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The structural and magnetic properties of room-temperature �RT: 300 K�-grown and low-temperature �LT:
100 K�-grown Mn/Cu3Au�100� thin films were investigated. Mn films deposited at RT and LT demonstrate
very different behaviors in the crystalline structure, morphology, and magnetism. RT-Mn films reveal apparent
layer-by-layer growth for 0–2 ML �monolayer� followed by reduced oscillations. Although the medium-energy
electron diffraction �MEED� oscillation is reduced, the intensity of specular spot increases monotonically after
6–7 ML, inferring the tendency of smooth morphology. The study of scanning tunneling microscopy also
shows that even in 19 ML Mn/Cu3Au�100�, the surface morphology is composed of large terraces with the
size up to hundreds of nanometers. The LT-Mn films reveal apparent layer-by-layer growth for 0–5 ML
followed by the reduced oscillations, and then the MEED intensity remains at low intensity, inferring the rough
surface. The RT- and LT-Mn films exhibit a thickness-dependent structural transition from a face-centered
cubic to a face-centered tetragonal structure at different critical thicknesses, �12–14 and �8 ML, respec-
tively. Significant exchange bias is observed in Fe/RT-Mn bilayers. It increases monotonously with Mn
thickness. The exchange bias coupling in Fe/LT-Mn is much weaker than Fe/RT-Mn and drastically varies
with Mn film thickness. The presence of exchange bias in the Fe/Mn bilayers also indicates the antiferromag-
netism of �-phase Mn/Cu3Au�100�.
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I. INTRODUCTION

Bulk Mn exhibits complicated structural transitions at
various temperatures. �-phase �58 atoms per cubic cell� Mn
is stable below 1000 K,1 revealing antiferromagnetic �AFM�
ordering with the phase transition temperature �TN��100 K.
�-phase �20 atoms per cubic cell�, �-phase �face-centered
cubic �fcc��, and �-phase �body-centered cubic �bcc�� Mn
also sequentially appear at the temperatures higher than
1000 K. Due to the high temperature, the magnetic ground
states of bulk Mn materials with the above structures are
unable to be characterized. How to prepare Mn samples with
stable fcc or bcc structure near room temperature thus be-
comes an important issue. About 30 years ago, the �-phase
bulk Mn samples were prepared by rapid quenching of Mn
with dilute concentration of Cu, Ni, Pd, or Fe, revealing the
AFM ordering with TN=540 K.2 However, since the last de-
cade, the pure �- and �-phase Mn films are prepared by
epitaxial growth on single-crystalline substrates such as
Cu�100�,3–5 Fe�100�,6 and Ag�100�,7 etc. Due to the com-
plexity and variety in the structure of Mn materials, the mag-
netic properties of Mn with different structures still attract
many theoretical8–11 and experimental3,4,6,7,12,13 efforts up to
now. In recent studies,12,13 Mn ultrathin films grown on
Cu3Au�100� substrate at room temperature reveal the well-
defined �-phase crystalline structure. A transition from a fcc
to a face-centered tetragonal �fct� structure is also observed
with film thickness.12,13 By capping the Fe overlayer, the
AFM properties of �-Mn films can be detected through the
exchange bias coupling in the Fe/Mn bilayers.13 However,
so far studies on the interrelation between the crystalline
structure, surface morphology, and magnetism in such �-Mn
films are still absent.

Experimentally, the growth temperature possesses crucial
effects on the crystalline structure, morphology, and the mag-
netic properties of thin films. In general, growth at low tem-
perature �LT� highly enhances the surface roughness with
increasing thickness. Usually, the magnetic properties includ-
ing the surface anisotropy, crystalline anisotropy, etc., are
strongly dependent on the surface morphology and crystal-
line structure. Thus, the magnetic behavior of ultrathin films
can be affected by the growth temperature seriously. For ex-
ample, Fe/Cu3Au�100� �Refs. 14 and 15� films reveal a fcc
to bcc structural transition and simultaneously the perpen-
dicular to in-plane spin-reorientation transition at the critical
thicknesses of 3.5 and 5.5 ML �monolayer� for room-
temperature �RT� and LT growths, respectively. Similar in-
stances of the crucial effects induced by variation of
growth temperature are also reported in Ni/Cu�100�,16

Fe/Cu�100�,17 Ni/Cu3Au�100�,18 Co/Cu�100�,19,20 etc.
Since varying the growth temperature might result in signifi-
cant differences in the crystalline structure, morphology, and
magnetic properties, the comparison on the �-phase Mn films
grown at LT and RT can be a good way for clarifying their
interrelation. Thus, in this study, the systematic comparison
between the RT-grown and the LT-grown films in various
aspects is made. The correlations between the crystalline
structure, surface morphology, and magnetic properties in the
�-Mn thin films are also discussed.

II. EXPERIMENT

The thin-film preparation and measurements were carried
out in a multifunctional ultrahigh-vacuum chamber with the
base pressure better than 2�10−10 torr. After cycles of
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3 keV Ne+ sputtering and annealing, the clean substrate of
Cu3Au�100� with well-ordered c�2�2� superstructure and
flat surface was obtained.21 Mn was evaporated onto the sub-
strate with the substrate temperatures of 300 K �RT� and
100 K �LT�. During the evaporation, the pressure was better
than 4�10−10 torr and the growth was monitored by
medium-energy electron diffraction �MEED� with the beam
energy of 5 keV and the grazing angle of 1°. From the peri-
odicity of MEED oscillations, the deposition rate was cali-
brated precisely. The LT-grown Mn films were annealed to
300 K for 5 min right after the deposition, so that the LT-
and RT-grown films underwent the same annealing pro-
cesses. A 21 ML Fe layer was sequentially deposited over
the Mn/Cu3Au�100�films at RT.

The morphology of RT-grown Mn films was characterized
by scanning tunneling microscope �STM�. Due to the limited
instruments, STM study of LT-Mn was not performed here.
The STM images shown in the text were taken under the
constant current mode at RT. The lateral crystalline structure
was characterized at 100 K by low-energy electron diffrac-
tion �LEED�. In this experiment, a spot-profile-analysis-
LEED was used to take the LEED images. Besides, from the
LEED-I /V curves, the average vertical interlayer distance
�d�� of the film was determined using the kinetic
approximation.21,22 Magnetic properties of the films were de-
tected by magneto-optical Kerr effect �MOKE�. The MOKE
measurement was performed in both in-plane and perpen-
dicular geometries with the modulation and lock-in tech-
nique. All the MOKE measurements of Fe/Mn bilayers were
performed after a field-cooling process from 300 to 100 K
under an in-plane magnetic field of 1000 Oe along the �001�
direction.

III. RESULTS

A. Growth of RT-Mn/Cu3Au„100… and LT-Mn/Cu3Au„100…

Figure 1 shows the MEED intensities of �0 0� and � 1
2

1
2

�
spots for RT-grown and LT-grown Mn films. In Fig. 1�a�, Mn

grown on Cu3Au�100� at RT reveals apparent layer-by-layer
growth for 0–2 ML. After 2 ML, the oscillation amplitude is
reduced and then gradually disappears after 6–7 ML. Inter-
estingly, although the MEED oscillation amplitude is re-
duced with film thickness, the intensity of specular spot in-
creases monotonically after 6–7 ML. It inhibits the tendency
of smooth surface morphology with increasing film thick-
ness. The STM studies shown later also prove the inference.
Even in 19 ML Mn/Cu3Au�100�, the surface morphology is
composed of the large terraces with size up to several hun-
dred nanometers. In contrast, the LT-grown films reveal ap-
parent layer-by-layer growth for 0–5 ML followed by the
reduced oscillations. Unlike the monotonic increase of the
�0 0� spot intensity in RT-grown films after 6–7 ML, the
�0 0� spot intensity of LT-grown films significantly decreases
after �10 ML, indicating the rough surface morphology for
LT-Mn at higher thickness. That also might be why we get
such dramatic changes in Hc and He after �10 ML, which
will be discussed later in the text.

The period of the first peak for LT-Mn film is much less
than 1 ML. After 2 ML, each peak regularly matches the
integer layers until the disappearance of oscillation. The
unique peak always repeats in LT-Mn films. The shoulder in
RT-Mn MEED for 0–1 ML also repeats in each preparation.
Something seems to happen for 0–1 ML for LT- and
RT-Mn films. It might be due to some alloy effect or struc-
tural variation at the interface, but it is still unclear to us.
Further LEED or STM work is needed for the detailed
mechanism, which is beyond the content of this paper.

The MEED oscillation in Fig. 1 is different from the pre-
vious study by Schirmer et al.12 The possible reasons might
be the following. �1� The different MEED geometries: in our
MEED geometry, the grazing angle=1° and the beam
energy=5 keV. In the previous study,12 the grazing angle
=8.6° and the beam energy=3 keV. These differences might
affect the oscillation curves seriously. For example, in the
Ni/Cu3Au�100� system,21,23 the different MEED geometries
do result in obvious differences in the MEED curves. �2� The
different deposition conditions of Mn, such as deposition
rate, direction, etc.: some reports have already shown that
these parameters can affect the thin-film growth seriously.24

The reason may be quite complicated and need further de-
tailed studies. Basically the trends of MEED curves in our
study and the previous study12 are quite similar: the intensity
increases for RT growth and decreases for LT growth with
film thickness. The trend of MEED intensity roughly indi-
cates the roughness condition, which is also confirmed by
STM to be consistent in this work in RT-Mn films. The
crystalline structures of our work and the previous study are
also consistent, as shown later in the text. The most distinct
differences are the number and amplitude of MEED oscilla-
tions. The latter is supposed to be quite sensitive to the
e-beam energy and grazing angle.

The initial intensity of MEED � 1
2

1
2

� spot denotes the
c�2�2� structure of Cu3Au�100�. In general, the � 1

2
1
2

� spot
disappears after the deposition of 1–2 ML film, just like the
case of LT-grown Mn shown in Fig. 1�b�. The first and the
second ML LT-grown Mn cover the original c�2�2� struc-
ture of Cu3Au�100�. For the RT-grown Mn, the intensity of

FIG. 1. Recorded intensity of MEED �0 0� and � 1
2

1
2

� spots for
Mn films grown on Cu3Au�100� at RT and LT.
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the � 1
2

1
2

� spot, instead of drastically diminishing right after
deposition, oscillates with film thickness with the local
maxima at 0.5 and 1.5 ML and becomes invisible after
�6 ML. The presence of the � 1

2
1
2

� spot for RT-grown Mn
films at such high thickness indicates the formation of an
additional ordered structure on the surface. There are two
possibilities for the ordered structure. It might just come
from the reconstruction of Mn surface itself. Besides, from
the comparison on the Auger signal as a function of Mn
thickness in RT- and LT-Mn/Cu3Au�100� films, the disap-
pearance of Au Auger signal �at 69 eV� with increasing Mn
thickness is delayed by �2 ML in RT-Mn films as compared
with LT-Mn films. This result indicates the Au segregation in
the first few monolayers for the RT-grown Mn films. In the
previous studies of Co-Ni/Cu3Au�100� alloy films,18,21,25

similar results of Au segregation have also been reported.
Thus, the Au segregation might be another reason for the
presence of superstructure. Besides, in the previous study of
Mn/Cu3Au�100�,12 the critical annealing temperatures for
Cu- and Au segregation are nearly the same, indicating simi-
lar behavior of interdiffusion at Mn/Cu3Au interface. Our
Auger electron spectroscopy �AES� data reveal that �10 ML
Mn film is enough to cover the Cu signal. This result as well
as the previous study on Mn/Cu3Au�100� �Ref. 12� also
demonstrate the limited interdiffusion at the Mn/Cu3Au in-
terface. In other words, significant Mn-Cu-Au alloying may
extend to only 1–2 ML near the interface. The possibilities
of the interface alloy effect on the crystalline structure and
magnetic behavior will be discussed later in the text.

B. Structures of RT-Mn/Cu3Au„100… and LT-Mn/Cu3Au„100…

Figure 2 shows the LEED patterns of Cu3Au�100� and
various Mn films grown at RT and LT. Figure 2�a� exhibits
the c�2�2� structure of Cu3Au�100�. From the presence of
the MEED � 1

2
1
2

� spot, 0–6 ML RT-Mn films are supposed to
reveal superstructure on the surface. In more detail, as shown
in Fig. 2, 0.5 and 1 ML RT-Mn films reveal p�2�2� struc-
ture. For 5 ML, a transition to c�2�2� structure is observed.
With the larger coverage of more than �9 ML, the RT-Mn
films always reveal the p�1�1� LEED pattern. Moreover, as
shown in Figs. 2�e�–2�h�, the LEED spot profile of
9.2–11.5 ML RT-Mn is apparently broader than that of
17–24.5 ML films. This observation indicates two possibili-
ties for the difference. There might be a structural transition
or some significant variation in morphology between 11.5
and 17 ML RT-Mn. In the following sections, the studies of
LEED-I /V and STM indeed show that both of the two sug-
gestions truly happen. The sharp p�1�1� LEED pattern in
Fig. 2�h� indicates the well-ordered crystalline structure and
coherent growth of RT-grown Mn on Cu3Au�100� up to
�24 ML.

Since the MEED � 1
2

1
2

� spot intensity is drastically reduced
right after the deposition at LT, the LT-grown Mn films al-
ways reveal a p�1�1� LEED pattern as shown in Fig. 2. The
LEED spots become sharper for 8.3–13.3 ML. Afterward,
the spot intensity gets more and more unclear with thickness.
For the quantitative analysis, the LEED line profiles normal-

ized by the background are shown in Fig. 3. The consistent
peak positions indicate the coherent growth throughout the
investigated thickness region. RT-Mn exhibits sharp LEED
spots and a high ratio of peak intensity to background even
in high coverages. In contrast, LT-Mn exhibits sharp spots
around �13 ML, after which the peak intensity gradually
decreases. The thickness-dependent evolution of LEED data
suggests the possibilities of the structural transition and the
variation in surface morphology, which are, as discussed
later, also strongly correlated to the exchange bias behavior
in the Fe/Mn bilayers.

Besides the LEED images, the LEED-I /V curves of
specular spot are also recorded for the analysis of interlayer
distance �d��.13 Figure 4 shows the LEED-I /V curves of
LT-grown Mn films. The LEED-I /V curves of RT-grown Mn
films have been reported in our previous studies.13 The inte-
gers denote the orders of the maximum conditions in Bragg
interference. The indexed peak positions shift toward high
energy both in RT- and LT-Mn films with increasing thick-
ness. The shift toward high energy indicates a structural tran-
sition toward the smaller d�. Figure 5 shows the d� deduced
from the LEED-I /V curves. Mn films with low coverage
reveal a d� almost the same as that of the substrate
Cu3Au�100�. At a higher thickness, the d� is reduced to
about 1.77 Å. Since the LEED studies inform the coherence
growth of Mn on Cu3Au�100�, the Mn films are concluded to
perform a structural transition from a fcc to a fct structure
with the c /a ratio �95%. The gray regions in Fig. 5 indicate
the critical thicknesses for the structural transition. For the
RT- and LT-grown Mn films, the critical thicknesses are
�12–14 and �8 ML, respectively.

FIG. 2. LEED images of the RT- and LT-grown
Mn/Cu3Au�100� films with different thicknesses. All the images are
taken at 100 K with the beam energy=150 eV.
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C. Morphology of RT-Mn/Cu3Au„100…

In the above sections, for the RT-Mn, the recorded MEED
intensity implicates the smoother surface with increasing
thickness, and the LEED-I /V analysis also indicates a struc-
tural transition from fcc to fct at �12–14 ML. The morphol-
ogy evolution with film thickness for RT-Mn will be an in-
teresting issue and might be strongly correlated to the MEED
and LEED results. Figure 6 shows the STM images of
RT-grown Mn/Cu3Au�100� films with various thicknesses.
The insets in Figs. 6�a�–6�e� and 6�g� exhibit the line profile
at the solid lines in each images. In Figs. 6�a�–6�c�, the
RT-Mn reveal atomically flat surface with small two-

dimensional �2D� islands of single atomic height. This obser-
vation is consistent with the layer-by-layer growth indicated
by MEED oscillation. For the films with a higher coverage
�Figs. 6�d� and 6�e��, no further 2D islands are observable.
The surface is composed of elongated terraces and multi-
steps. Furthermore, a clear plaid pattern is observed on the
surface. Figures 6�f�–6�h� show the morphology of 19 ML
RT-grown Mn/Cu3Au�100� in different scales. The terraces
become very large with the size up to several hundred na-
nometers and the shape is no longer elongate �Fig. 6�f��. The
plaid pattern still exists on the surface for 19 ML
RT-Mn and the corrugation is less than 1 Å �Fig. 6�g��. In
more detail, the edge of the rectangularlike units in the plaid

FIG. 3. �Color online� Line
profile analysis of the LEED pat-
terns shown in Fig. 2. The inset in
�a� indicates the position of the
line profile.

FIG. 4. LEED-I /V curves of various LT-grown Mn/Cu3Au�100�
films with different thicknesses measured at 100 K. The integers
denote the orders of the maximum conditions in Bragg interference.

FIG. 5. The solid circles indicate the interlayer distances of
various �a� RT-grown and �b� LT-grown Mn/Cu3Au�100� films with
different thicknesses measured at 100 K. The dotted line indicates
the interlayer distance of Cu3Au�100�.
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pattern is about 10–20 nm and aligns roughly along the
�001� directions. The grid lines of the pattern in different
terraces follow and continue even across the step �Fig. 6�h��.
Unlike the morphology of 4–9 ML RT-Mn �Figs.
6�a�–6�c��, there are no more 2D islands on the surface with
the coverage up to 19 ML. Although the MEED oscillation
ceases after 6 ML, the intensity of specular spot keeps on
increasing, and the STM studies also prove the smooth sur-
face composed of large terraces. The above observations also

suggest the possibility of step-flow-growth of the RT-grown
Mn films on Cu3Au�100�.

Figure 6�i� reveals the roughness and histogram of the
STM images: Figs. 6�a�–6�e� and 6�g�. The roughness ana-
lyzed as a function of Mn thickness is qualitatively consis-
tent with the MEED curve in Fig. 1�a�: the roughness ini-
tially increases �at 13.9 ML� and then goes back to a smooth
surface �at 19 ML�. More STM images will be needed for
the quantitative statistics. Besides, from the histogram analy-

FIG. 6. �Color online� STM images of various RT-grown Mn/Cu3Au�100� with different thicknesses. These STM images were taken
under the constant current mode at RT with the following tunneling currents and bias voltages: �a� 0.9 V, 1.2 nA; �b� −1.8 V, 0.8 nA; �c�
1.3 V, 0.8 nA; �d� 1.8 V, 0.8 nA; �e� 1.8 V, 1.0 nA; �f� 1.5 V, 1.5 nA; �g� 1.5 V, 1.5 nA; and �h� 0.8 V, 1.5 nA. Since the Mn/Cu3Au�100�
is a good conducting sample, the variations of the bias voltage and tunneling current do not cause significant differences on the scanning
results. �i� Roughness and histogram of the above STM images: �a�–�e� and �g�.
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sis, the discrete peaks indicate the layerwise structure in sur-
face morphology. In this case of RT-Mn films, for
13.9–16 ML, the roughness is increased by extending the
range of height distribution, but meanwhile keeping the
atomic terraces with the size � tens to hundreds of nanom-
eters.

D. Growth of Fe films on RT-Mn/Cu3Au„100…
and LT-Mn/Cu3Au„100…

Since there are no hysteresis loops observed in polar and
longitudinal geometries at 300–100 K, the Mn films are sus-
pected to be antiferromagnetic �AFM�. 21 ML Fe films are
deposited on the RT- and LT-grown Mn films in order to
detect the possible AFM properties of these Mn films
through the FM/AFM exchange bias coupling. Figure 7
shows the MEED oscillation of Fe films deposited on various
RT- and LT-Mn films. For Fe/8 ML and 15 ML RT-Mn, the
MEED oscillations reveal nearly the same features: apparent
layer-by-layer growth sustains up to 6–7 ML and then
gradually disappears. However, for Fe grown on LT-Mn, the
MEED oscillations become more and more faint with in-
creasing Mn thickness. This effect is ascribed to the evolu-
tion of surface roughness in the LT-Mn. From the monotonic
decrease of the MEED intensity after �5 ML �Fig. 1�b��, the
LT-Mn films should reveal the rougher surface morphology
with increasing thickness, which results in the disappearance
of the layer-by-layer growth for the Fe overlayer. In contrast
to LT-Mn, the flat surface morphology of RT-Mn with vari-
ous thicknesses still promises the layer-by-layer growth of
the Fe overlayer. It is worth noticing that the consistent re-
sults of Figs. 1 and 7 point out the clear contrast of the
smooth surface for RT-Mn to the rough surface for LT-Mn
films at a high thickness.

E. Magnetic properties of 21 ML Fe/RT-Mn/Cu3Au„100…
and 21 ML Fe/LT-Mn/Cu3Au„100…

In order to detect the AFM properties of Mn films, the
21 ML Fe layer is deposited on the Mn films. The 21 ML Fe

layer is characterized to be always of body-centered-cubic
structure with in-plane easy axis along the �001�
directions.14,15 After a field-cooling process from 300 to
100 K under an in-plane magnetic field of 1000 Oe, the ex-
change bias coupling in the FM Fe/AFM Mn bilayers is in-
vestigated by MOKE. The investigation of exchange bias
coupling indicates the AFM properties of Mn films. Figure 8
gives two examples of the temperature-dependent MOKE
hysteresis loops for Fe/RT- and Fe/LT-grown Mn bilayers.
At �100 K, the apparent shift of MOKE hysteresis loops is
observed for both Fe/RT-Mn and Fe/LT-Mn. In Fig. 8�a�,
21 ML Fe/14.2 ML RT-Mn bilayer reveals an exchange bias
of 180 Oe at 110 K with the blocking temperature �Tb� up to
290 K. However, for 21 ML Fe/13.3 ML LT-Mn bilayer, as
shown in Fig. 8�b�, an exchange bias of only 40 Oe was
measured at 110 K with Tb=170 K. Since there is only very
limited difference between the Mn coverage of the above
two cases, the exchange bias coupling in Fe/LT-Mn bilayers
is concluded to be much weaker than that in Fe/RT-Mn.
Both the MEED oscillations of Mn on Cu3Au�100� �Fig. 1�
and Fe on Mn/Cu3Au�100� �Fig. 7� indicate the rougher sur-
face of LT-grown Mn than RT-Mn after �10 ML. Thus, the
roughness in the Fe/Mn interface might be the origin of the
significant difference in the exchange bias properties.

The existence of the exchange bias field strongly suggests
the antiferromagnetism of the �-phase Mn films. Besides the
AFM Mn films, there are other two possible origins of the
AFM phase which may induce the exchange bias: �1� Near
the Fe/Mn interface, there might be a few monolayers of
residual fcc Fe which is predicted to be AFM in some theo-
retical calculations. �2� The Fe-Mn alloy formed at the inter-
face might be AFM in certain composition.

Figure 9�b� shows the AES ratio of Mn-542 eV/
Fe-703 eV as a function of Fe thickness in n ML
Fe/10 ML Mn. Apparently, the AES ratio decays to �0.2
after 7–8 ML Fe. The residual AES ratio of �0.2 is due to

FIG. 7. Recorded intensity of MEED specular spot for Fe
films deposited on various RT-Mn/Cu3Au�100� and
LT-Mn/Cu3Au�100� films. All the Fe films were deposited with the
substrate temperature at RT.

FIG. 8. MOKE hysteresis loops of �a� 21 ML Fe/14.2 ML RT-
grown Mn/Cu3Au�100� and �b� 21 ML Fe/13.3 ML LT-grown
Mn/Cu3Au�100� measured with increasing temperatures after a
field-cooling process from RT to 100 K under a 1000 Oe magnetic
field along the �001� direction.
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the small Fe peaks around 542 eV, not the residual
Mn-542 eV signal �see the spectra in Fig. 9�a��. Since LT-
growth can reduce the interdiffusion at the interface, the
comparison between RT-Fe/Mn and LT-Fe/Mn can help tell
if the RT-Fe/Mn have serious interdiffusion. As shown in
Fig. 9�b�, the decay rates of RT-Fe/Mn and LT-Fe/Mn are
nearly the same, indicating the same condition at the inter-
face. Although the AES data in Fig. 9 cannot exactly exclude
the possibility of 1–2 ML FeMn alloy at the interface, it can
still exclude the possibility of serious alloy formation �for
example, �4–5 ML FeMn� at the interface. In the atomi-
cally and chemically resolved STM studies on Mn/Fe�001�,
grown at 370 K by Yamada et al.,26 Fe atoms intermix with
the first �14%�, the second �4%�, and the third Mn layer
�2%�, while a negligible amount of Fe atoms is found above

the third layer. This study also supports the limited Fe/Mn
intermixing in our system.

In Fig. 10, we compare the remanent MOKE signal,
which is also the saturation signal due to the square loops, of
n ML Fe on Cu3Au�100� and 15 ML Mn/Cu3Au�100�. Be-
cause of the same MOKE geometry and Fe crystalline struc-
ture �bcc�, the comparison provides the information about the
“dead layer” of Fe film, which is nonferromagnetic due to
Fe-Mn intermixing at the interface or the possible AFM fcc
Fe. Figure 10 clearly exhibits that the dead layer of Fe is
only about �2 ML, which is consistent with the AES data in
Fig. 9. Such thin dead layer is not enough to provide the
exchange bias with blocking temperature near RT. �In the
previous studies,27–29 9–10 ML FeMn is needed to have
blocking temperature near 300 K.�

Besides, the MOKE measurement of 21 ML
Fe/n ML Mn/Cu3Au�100� is also performed, as shown in
Fig. 11. For both RT- and LT-Mn, the Tb and He become
smaller with thinner Mn layer, since the formations of fcc Fe
and thin FeMn alloy are strongly correlated to the condition
of the Fe/Mn interface, not to the total Mn thickness. If the
FM/AFM coupling comes from the fcc Fe or thin FeMn
alloy films, Mn thickness will not result in such a strong
effect on the He and Tb. Therefore, the AFM is concluded to
come from the Mn film, rather than the fcc Fe or thin FeMn
alloy films near the Fe/Mn interface.

As mentioned in Sec. III A, the AES results reveal that
significant Mn-Cu-Au alloying may extend to only 1–2 ML
near the interface. In the x-ray magnetic circular dichroism
studies of Huttel et al.,30 a c�2�2�MnCu�100� surface pre-
pared by 0.5 ML Mn/Cu�100� reveals long-range magnetic
ordering with TC=50 K. In our MOKE measurement, no
hysteresis loop was observed in n ML Mn/Cu3Au�100� at

FIG. 9. �a� Auger spectra of RT- and LT-grown Fe
films on 10 ML RT-Mn/Cu3Au�100�. �b� Auger ratio of
Mn-542 eV/Fe-703 eV as functions of Fe film thickness. The AES
data conclusively exclude the possibility of serious alloy formation
at the Fe/Mn interface.

FIG. 10. The remanent MOKE signal �Mr�, which is also the
saturation signal due to the square loops, of n ML Fe on
Cu3Au�100� and 15 ML Mn/Cu3Au�100�. All the Fe films are de-
posited with the substrate temperature at RT. The dead layer of Fe
on Mn/Cu3Au�100� is only about �2 ML due to the intermixing at
Fe/Mn interface, which is consistent with the AES data in Fig. 8.
The absence of Mr for 0–12 ML Fe on 15 ML Mn/Cu3Au�100� is
due to the exchange-bias-induced very large coercivity field, which
is beyond the accessible range of our magnetic field.
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110–300 K, indicating the absence of ferromagnetic MnCu
alloy interface layers at the measurement temperature. As
shown in Fig. 12, the monotonic increase of bias field �He� in
Fe/8–15 ML RT-Mn and Fe/8–13 ML LT-Mn also contra-
dicts the decaying behavior of Ruderman-Kittel-Kasuya-
Yosida �RKKY� coupling,31,32 indicating the very minor ef-
fect from the possible FM or AFM alloy interface layers with
RKKY coupling.

The 21 ML Fe/Mn bilayers with higher Mn thickness up
to 20–30 ML are also prepared. The enhanced coercivity is

also observed in these bilayers, indicating the existence of
exchange bias coupling. However, since as shown in Fig. 11
the blocking temperature of 21 ML Fe/14 ML Mn is close
to RT, for 21 ML Fe/20–30 ML Mn we need to perform the
field-cooling process from temperature much higher than RT
in order to observe the bias field. Such high-temperature an-
nealing might lead to more serious interdiffusion at the in-
terfaces and might create more complexities. That is why the
data of RT-Mn above 15 ML are not shown in Figs. 11 and
12.

Figures 12�c� and 12�f� summarize the Hc and He of
Fe/RT-Mn and Fe/LT-Mn bilayers measured at 110 K as
functions of Mn thickness. The insets give examples of the
hysteresis loops with or without the FM/AFM exchange bias
coupling. For RT-Mn, the Hc and He monotonously increase
with Mn thickness up to 15 ML. This result is reasonable
considering the finite-size effect. The higher thickness means
higher TN and stronger AFM properties, which result in the
larger Hc and He.

33 For LT-Mn, initially the He and Hc in-
crease with thickness and reach the maximum at �13 ML.
However, after �15 ML, the Hc drastically decreases and the
He disappears. It indicates the absence of exchange bias cou-
pling in the Fe/LT-Mn bilayers with Mn thickness �15 ML.
Just like the case of RT-Mn, the increase of He and Hc in the
low coverage region is related to the finite-size effect. How-
ever, the morphology of LT-Mn films becomes rougher and
rougher with increasing thickness. The enhanced roughness
strongly reduces the exchange bias coupling. Thus, after
15 ML, the features of exchange bias coupling, including the
bias field and the enhanced Hc,

33 disappear.
In a short summary, significant exchange bias coupling is

observed in Fe/RT-Mn bilayers. The exchange bias coupling
in Fe/LT-Mn is much weaker than that in Fe/RT-Mn and
drastically varies with film thickness. The presence of ex-
change bias in the Fe/Mn bilayers also indicates the antifer-
romagnetism of �-phase Mn/Cu3Au�100�.

IV. DISCUSSION

A. fcc and fct structures of Mn films

From the analysis of LEED patterns and LEED-I /V
curves, both the RT- and LT-Mn films reveal a fcc to fct
structural transition with increasing thickness. The atomic
volumes �V� and tetragonal distortion ratios �c /a� are V
=13.3 and 12.4 Å3 and c /a=1.01 and 0.95 for fcc and fct
structures,34 respectively. For comparison, the structural in-

FIG. 11. �a� and �b� show the exchange bias
field of the 21 ML Fe/n ML RT- and LT-grown
Mn bilayers on Cu3Au�100� as functions of tem-
peratures. The arrows indicate the critical tem-
peratures for the disappearance of exchange bias,
the so-called blocking temperature Tb. These re-
sults exhibit that both the growth temperature and
the Mn film thickness affect the exchange bias
field significantly.

FIG. 12. The summarized results of ��a� and �d�� the growth
�MEED� and ��b� and �e�� the crystalline structure �d�� for RT- and
LT-grown Mn films as functions of thickness. The magnetic prop-
erties �Hc and He� for �c� 21 ML Fe/RT-grown Mn/Cu3Au�100�
and �d� 21 ML Fe/LT-grown Mn/Cu3Au�100� as functions of Mn
film thickness. All the data were measured from the MOKE hyster-
esis loops at 100 K. The insets show the MOKE hysteresis loops of
the indicated data points. The x-axis of the insets is the magnetic
field with the unit of Oe.
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formation of Mn films epitaxially grown on
20 ML Co/Cu�100�,35 Ag�100�,7 Fe�100�,6 and Pd�100�36

are summarized in Table I. In the studies of Schirmer et al.,12

5.2 and 16 ML Mn/Cu3Au�100� films �grown at 173 K�
were investigated by dynamic LEED calculation. Our results
are the same as theirs within the errors. Moreover, our stud-
ies not only reveal the consistent structural information but
also clarify the detailed critical thickness for fcc-fct transi-
tion with different growth temperatures. Besides, alloyed
bulk �-Mn can be prepared by rapid quenching, revealing a
�100� layer-by-layer antiferromagnet with the Néel tempera-
ture of 540 K. By extrapolating the lattice constants of alloys
to zero concentration of impurity, the crystalline structure of
pure �-Mn can be estimated as a=3.796 Å, c=3.592 Å,
V=12.94 Å3, and c /a=0.946, very close to the results of
Mn/Cu3Au�100�. As compared with other systems listed in
Table I, Cu3Au�100� is very unique in sustaining the pure
�-Mn up to more than 30 ML �see Fig. 5�. The main reason
might come from the small lattice misfit between �-Mn and
Cu3Au�100�. In addition to these experimental studies, theo-
retical calculations11 on Mn also show an AFM equilibrium
state at c /a=0.96. The significant exchange bias coupling of
Fe/Mn bilayers shown in Figs. 8 and 9 confirms the AFM
state of pure �-Mn, in agreement with the alloyed bulk
�-Mn and the theoretical calculation. Furthermore, the
roughness-induced disappearance of exchange bias in
Fe/LT-Mn bilayers �Fig. 10� might also provide the indirect
evidences for the �100� layer-by-layer AFM structure in pure
�-Mn.

About the fcc-fct structural transition, it is interesting to
ask why the LT growth advances the critical thickness from
12–14 to �8 ML as compared with RT growth. Up to now,
no conclusive prediction is given in theory and the experi-
mental results are also diverse. For example, LT growth of
Fe/Cu3A�100� delays the fcc-bcc structural transition to
5.5 ML as compared with the critical thickness of 3.5 ML
for RT growth.14,15 In contrast, as shown in this work, LT
growth of Mn/Cu3Au�100� advances the fcc-fct structural
transition to 8 ML as compared with the higher critical thick-
ness of 12–14 ML for RT growth. Therefore, the growth-
temperature effect on the structural transition in ultrathin
films is quite complicated and drastically varies with the dif-
ferent systems. For the present case of Mn/Cu3Au�100�, the
following possibilities are proposed. LT growth usually en-
hances the roughness, which also means the enhancement of

island, defect, and dislocation densities, and thus easily trig-
gers the structural transition at lower thickness. In the
LT-Mn films, given the larger roughness of these layers,
which will most likely grow in the form of pyramids, the
upper atomic levels of these islands will become occupied
much earlier than in the flatter, RT-Mn films. Thus, the in-
fluence of the substrate template will be lost at an earlier
stage of growth, and the top of the islands might start relax-
ing sooner.

From the studies of LEED patterns and LEED-I /V curves
shown in the above sections, the fcc and fct Mn films reveal
the different values of volume per atom: 13.3±0.4 and
12.4±0.4 Å3, respectively.34 As mentioned in Sec. III A, Au-
segregation is observed in RT-grown Mn films. Similar phe-
nomenon is also observed in Ni films grown on the same
substrate Cu3Au�100�. Since the size of Au atom is larger
than Mn, the segregation may help sustain the structure of
the larger atomic volume: the fcc structure. However, if we
also consider the Cu segregation, since the Cu atom size is
smaller than Mn, the above deduction may not be necessarily
true. It is difficult to conclude if the Cu- and Au-segregation
effects prefer delaying or advancing the fcc-fct transition.

Although both the theoretical calculation11 and experi-
mental results12,13 already show the fct structure to be the
ground �most stable� state for AFM �-phase Mn, it is still
worth asking why the fcc structure exists in low thickness
regions ��8 ML for RT-Mn, �12 ML for LT-Mn�. One rea-
son might come from the substrate effect. The epitaxial films
usually reveal similar crystalline structure as the substrate
with low thickness, for example, the fcc-Fe films on
fcc-Cu�100� or fcc-Cu3Au�100� substrates, although bulk Fe
is of bcc structure. Besides, it should be noticed that the
theoretical calculations also indicate the fcc structure
�c /a=1� to be the most stable state in nonmagnetic �NM�
�-phase Mn.11 In ultrathin films, due to the finite-size effect,
which comes from the limited thickness and the symmetry
breaking on the surface and interface, the TN is significantly
reduced with the decreasing thickness. The Tb of Fe/Mn ex-
change bias coupling shown in Fig. 11 also infers that TN of
low thickness Mn films might range to lower than 300 K. It
is known that when above or near TN, the thermal energy is
high enough to overcome the energy difference between the
AFM and NM states. Accordingly, at such growth tempera-
tures compatible with TN, it is difficult to tell which of the
fct-AFM phase or the fcc-NM phase is stable. It also might
be one of the reasons why the fcc-fct structural transition is
easily tuned by growth temperature.

TABLE I. The atomic volumes and tetragonal distortion ratios c /a of bcc and fct Mn films on different
substrates as well as the alloyed bulk �-Mn.

Substrate Alloyed bulk �-Mna Cu3Au�100�b Co/Cu�100�c Ag�100�d Fe�100�e Pd�100�f

V �Å3� 12.94 13.3�fcc�, 12.4�fct� 12.46 13.8 13.5 13

c /a 0.946 1.01�fcc�, 0.95�fct� 1.055 0.81 0.81 0.88

aReference 2.
bReference 34.
cReference 35.
dReference 7.
eReference 6.
fReference 36.
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B. Origin of plaid pattern in RT-Mn

In the STM studies, a plaid pattern is observed in the
surface morphology of RT-grown Mn/Cu3Au�100� with the
thickness �14 ML. The grid lines of this plaid pattern are
not very straight, but roughly along the �010� directions.
Since the periodicity is not regular ��10–20 nm�, the LEED
images shown in Fig. 2 do not reveal any information about
the plaid pattern. From the line profile shown in the insets of
Fig. 6, the height of the grid lines is less than 1 Å. It indi-
cates not that this pattern is composed of additional atoms on
the flat terraces but that the grid might be some kind of
defect or dislocation. Accordingly, the grid lines follow and
continue even across the step between two different terraces
�Fig. 6�h��.

Since the pattern appears right at the thickness region of
the fcc-fct structural transition, the grid might be the defects
or dislocations induced by the structural transition. In the
case of 6.2 ML LT-Fe/Cu3Au�100�,14 a similar networklike
fine structure with nearly square units is also observed on the
closed film. Upon a more detailed analysis, the nearly square
units have heights of �0.15 Å and sides of 7–14 Å. Inter-
estingly, in the LT-Fe/Cu3Au�100� system, the appearance
of the networklike structure is also at the same critical thick-
ness as the fcc-bcc structural transition ��6 ML�. It strongly
implies the connection between the networklike structure and
the structural transition. For the case of Mn/Cu3Au�100�, the
lattice mismatch between the Cu3Au and the bulk �-phase
Mn-rich alloys ranges from 1.1% to −1.9%. The projection
of the nearest-neighbor length in the �001� directions is
�1.88 Å. If during the fcc-fct transition the in-plane relax-
ation of �1% is triggered, then the average length needed to
release the strain will be 1/ �1% ��1.88 Å�20 nm, which is
roughly consistent with the size of the grid. Due to the finite
size of the LEED spots, the possible relaxation in lateral
lattice within 1% is difficult to observe from the analysis of
LEED images. Therefore, no direct evidence can prove if the
in-plane relaxation within 1% truly happens. Eventually, it
can be concluded that the plaid pattern is connected to the
onset of fcc-fct structural transition. Meanwhile, the possibil-
ity of the in-plane relaxation within 1% cannot be excluded.

C. Interrelations between magnetism, structure, and interface
roughness

Since both the RT-grown and LT-grown Mn films reveal a
fcc-fct structural transition, the following question arises:
Does the structure transition connect to any change in mag-
netic properties? The summarized data of growth �MEED�,
crystalline structure �d��, and magnetic properties �Hc and
He� are shown in Fig. 12. The monotonic increase of He and
Hc in low coverage region for both RT- and LT-Mn is related
to the finite-size effect. The higher thickness means higher
TN and stronger AFM properties, and thus results in the
larger Hc and He.

It is interesting to observe that the onset of Fe/Mn ex-
change bias coincides with the critical thickness of the struc-
tural transition �Figs. 12�b�, 12�c�, 12�e�, and 12�f��. Thus,
there seems to be some correlation between the structural

transition and magnetic properties. However, the possibilities
of finite-size effect or roughness effect still cannot be ex-
cluded. The direct measurements of AFM �-Mn films by
x-ray magnetic linear dichroism37 and spin-polarized STM
�Refs. 38 and 39� are also ongoing for the more detailed
information about the spin configuration.

In another aspect, from the MEED oscillation curves of
LT-Mn on Cu3Au�100� and the growth condition of the sub-
sequent Fe layers on Mn/Cu3Au�100� shown in Fig. 7, we
can conclude there is a smooth surface for RT-Mn and a
rough surface for LT-Mn in the high thickness region �after
�10 ML�. From the comparison between RT- and LT-Mn
MEED curves, the roughness of 6–10 ML LT-Mn is similar
to that of RT-Mn. However, after 10 ML, the roughness of
LT-Mn is getting worse, and meanwhile RT-Mn film is get-
ting smoother and smoother. This also might be why we get
such dramatic changes in Hc and He after �10 ML�Fig. 12�
for LT-Mn. Besides, the fcc structure transforms into the fct
structure through relaxation of the interlayer spacing along
the c-axis �normal to the surface�. It maintains the highest
crystal symmetry and does not necessarily induce roughness.
Thus, although the fcc-fct structural transition of LT-Mn
happens at 8 ML, the surface morphology is not necessarily
getting worse at the same time. Also in the STM results of
RT-Mn �Fig. 6�, the fcc-fct structural transition does not
have significant effect on roughness.

In the previous studies, a layered �100� AFM structure of
�-Mn has been predicted by theoretical calculation40 and
measured in a study of �-FeMn and extrapolation to zero Fe
content.2 In this Fe/�-Mn bilayer system, the significant ex-
change bias field and the strong correlation between He and
surface morphology also indicate the possibility of the �100�-
layered AFM structure of the �-Mn films. For such uncom-
pensated layered AFM structure, the roughness creates areas
of different spin orientations; thus the total number of spin
pinning the FM in one direction usually will be reduced.41

Besides, we need to note that there are some experiments and
models that indeed reveal the increasing exchange bias with
roughness.42,43 However, in general, the roughness-enhanced
exchange bias is observed in compensated AFM
structures.44–46 In these cases, the roughness may induce lo-
cal areas with net spin moment, so that the exchange bias
may be increased by increasing the roughness. On the other
hand, in the case of single-crystalline �001�-layered AFM
structure for �-Mn, it is very possible for the roughness to
decrease the exchange bias since it creates areas of different
spin orientations.41 We need to agree that the roughness-
induced reduction of exchange bias in Fe/LT-Mn is an indi-
rect deduction. However, based on our detailed experimental
results, as well as the previous calculations40 and
experiments2 on �-Mn, this �-Mn/Cu3Au�100� system is
very likely to be �100�-layered AFM structure, and the inter-
face roughness can easily reduce the exchange bias coupling
in such layered AFM structure.

V. SUMMARY

Mn/Cu3Au�100� films deposited at RT and LT are shown
to reveal very different behaviors in the morphology, crystal-
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line structure, and magnetism. The following comparisons
and conclusions are made.

�1� From MEED and STM data, RT-Mn films exhibit
smooth morphology composed of large terraces at high cov-
erage. An interesting plaid pattern is observed on the
RT-Mn surface. It should be connected to the structural tran-
sition or relaxation. The LT-Mn films reveal a layer-by-layer
growth for 0–5 ML followed by reduced oscillations and
decreasing MEED intensity, indicating the rough surface.
The growth condition of the Fe overlayer also suggests the
rough surface in LT-Mn films.

�2� Both the RT- and LT-Mn films exhibit a fcc-fct struc-
tural transition, but at different critical thicknesses, �12–14
and �8 ML, respectively. From LEED, the LT-Mn and
RT-Mn films always sustain the coherent growth even after
the fcc-fct transition.

�3� Significant exchange bias is observed in Fe/RT-Mn
bilayers and monotonously increases with Mn thickness. The
exchange bias coupling in Fe/LT-Mn is much weaker than
that in Fe/RT-Mn and drastically varies with Mn film thick-
ness due to the enhanced roughness in LT-grown films. The
presence of exchange bias in the Fe/Mn bilayers also indi-
cates the antiferromagnetism of �-phase Mn/Cu3Au�100�.
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