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Spin-Density Wave in Ultrathin Fe Films on Cu(100)
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For Fe films epitaxially grown on Cu(100) at 300 K, the total magnetic moment as a function of film
thickness and its temperature dependence have been investigated in situ with a multitechnique approach.
The results exclude the collinear type-1 antiferromagnetic configuration as the magnetic structure for
face-centered-cubic Fe films on Cu(100). It is proposed that a spin-density-wave state is responsible for
the magnetic structure.
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Among the magnetic 3d transition metals in their ele-
mental form, Cr and Mn have the strong tendency to be
antiferromagnetic (AFM) at low temperature, while on the
other hand Co and Ni are always found to be ferromag-
netic (FM) at low temperature. As an element located
between the two extremes, Fe exhibits a rich variety of
magnetic phases. While body-centered-cubic (bcc) Fe is
the prototype ferromagnet, face-centered-cubic (fcc) Fe is
predicted to be nonmagnetic, antiferromagnetic, ferromag-
netic, or spin-density-wave, depending on the lattice con-
stant [1–7]. Experimentally, it is known that bulk fcc Fe
exists only at temperatures above 910 ±C. However, the
low temperature fcc Fe phase can be stabilized as small
particles �d � 50 nm� in a Cu matrix, and its magnetic
structure has been determined to be an antiferromagnetic
incommensurate spin-density wave (SDW) [8,9].

In fact, the low temperature fcc Fe phase can also be
stabilized by epitaxial growth on a Cu(100) substrate. Pre-
sumably it is one of the most challenging and controversial
magnetic thin-film systems to date because of its structural
and magnetic instability [10]. With an extensive amount
of experimental work, the understanding of this system
is converging [11]. Most of the recent work agrees on
the following for thermally deposited films at 250–300 K
[12–17]: (a) At large thickness (region III), a bcc Fe
phase is formed. (b) Below about 4 monolayers (ML)
(region I), the ferromagnetic face-centered-tetragonal
(fct) Fe phase is obtained. (c) A third phase which
consists of antiferromagnetic fcc Fe covered with ferro-
magnetic fct Fe surface layers can be realized between 5
and 11 ML (region II). It is this rich variety of structural
and magnetic phases that makes the Fe�Cu�100� system a
unique system in exploring the close correlation between
film structure and magnetic properties.

However, several puzzling questions still exist on the
ground state magnetic structure in region II: (i) The
SDW state has a lower energy than the collinear type-1
AFM state for fcc Fe particles precipitated in a Cu matrix.
Should this also be reflected in the ground state magnetic
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structure of fcc Fe films on Cu(100)? (ii) Theoretically, so
far all the ab initio calculations on Fe�Cu�100� [18–21]
were carried out based on the assumption of collinear
spin states. It was not clear whether some noncollinear
magnetic structures in regime II were lower in energy
than those collinear spin states [21]. (iii) Experimentally
a clear oscillatory behavior of the total magnetic moment
versus film thickness was observed [11,17], but a quanti-
tative determination of the oscillation is still incomplete,
which would be extremely important for establishing a
correct theoretical model.

In this Letter, we are going to demonstrate experimen-
tally that except for the top two FM surface layers the
SDW state is the magnetic structure of underlying fcc Fe
on Cu(100) in region II. As compared to previous work,
the uniqueness of our approach to this problem is three-
fold. (i) In situ scanning tunneling microscope (STM) is
used together with reflection high energy electron diffrac-
tion (RHEED) intensity oscillations and a quartz crystal
monitor to measure accurately the deposited film thick-
ness. This is obviously very crucial in determining quanti-
tatively the magnetic moment versus film thickness curve
[22]. (ii) Employing the high sensitivity of STM in de-
tecting the phase transition from fcc Fe to bcc Fe [23], it
is guaranteed that the magnetic properties to be discussed
here are indeed coming from pure fcc Fe instead of a mixed
fcc and bcc Fe phase. (iii) Again with the accurate cali-
bration of the absolute film thickness, instead of measur-
ing thickness differences [17], the temperature dependent
magnetization �60 , T , 300 K� of 6, 7, and 8 ML of Fe
on Cu(100) can be measured separately and independently.

The experiment was carried out in a multifunctional
ultrahigh vacuum system, equipped with RHEED, STM,
low energy electron diffraction (LEED), cylindrical mirror
analyzer based Auger electron spectroscopy (AES), and
magneto-optical Kerr effect (MOKE). Prior to Fe deposi-
tion, the clean Cu(100) surface was prepared by cycles of
1 keV argon-ion bombardment at 300 K until no contami-
nations were detectable by AES, followed by annealing at
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873 K for 15 min. This cleaning procedure was repeated
until a sharp �1 3 1� LEED pattern was observed, co-
inciding with large atomically flat terraces as seen by STM.
The pressure was kept better than 2 3 10211 mbar during
evaporation. The film thickness of Fe on Cu(100) was
cross checked by a quartz microbalance, by RHEED oscil-
lations, and by STM with an accuracy within 0.1 ML.

It is noticed that the RHEED oscillations in Refs. [15]
and [17] behave quite differently in region I. The first os-
cillation peak was missing in region I in the former but was
clearly seen in the latter. Because of the delicate correla-
tion between the structure and magnetism of this system,
the first point to be addressed in the present work is to
try to verify that we are all investigating the same system.
Figures 1(a) and1(b) show two sets of RHEED oscillations
that are obtained under the same film deposition conditions
but measured at different azimuthal angles. Based on the
fact that we can reproduce both sets of RHEED oscilla-
tions reported in Refs. [15] and [17], it is fair to assume
that we are dealing with the same system.

FIG. 1. (a) and (b) Two types of RHEED oscillations for
Fe�Cu(100) grown at 300 K; (c) and (d) STM image for 8 ML
Fe on Cu(100) and its histogram, 7, 8, and 9 indicate the layer
number of Fe; (e) and (f ) STM images for 9 ML Fe�Cu(100)
before and after cooling.
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Controlled by the quartz crystal thickness monitor and
RHEED intensity oscillations, the Fe deposition in each ex-
periment is stopped at the desired film thickness. However,
the exact final thickness determination is done using STM
after film deposition [22]. For example, Fig. 1(c) shows an
STM image after deposition of 8 ML Fe on Cu(100), and
Fig. 1(d) gives its corresponding histogram, from which it
can be seen that the exposed surface area consists of about
80% of the 8th layer, 10% of the 7th layer, and 10% of the
9th layer; i.e., about 90% of the 8th layer is filled, while
the missing 10% of this ML goes to the 9th layer. Each
film thickness discussed in the following has been deter-
mined this way.

It is well known that a martensitic phase transition from
fcc Fe to bcc Fe takes place at about 10–12 ML. Because
the main focus of this work is on the magnetic structure of
fcc Fe in region II, it is very critical to verify that all the
magnetic properties to be discussed are really from the fcc
Fe phase rather than a mixture of fcc and bcc Fe phases.
It has been demonstrated that STM is a very sensitive and
powerful technique to detect this martensitic phase tran-
sition, since an STM picture with ridges can immediately
be observed once the transition from fcc to bcc Fe hap-
pens [23]. Based on the accurate thickness calibration, it
is determined that the fcc Fe phase becomes unstable at
�9 10 ML. Figures 1(e) and 1(f) are two STM images
taken for 9 ML Fe on Cu(100) before and after cooling to
70 K, respectively. It can be seen from Fig. 1(e) that the
film as prepared consists of pure fcc Fe, but the phase tran-
sition occurs during the heating up to 300 K as shown in
Fig. 1(f). Correspondingly, the split spots of the bcc phase
are also observed in the LEED pattern when the transition
takes place (not shown here). Meanwhile as far as the
magnetism is concerned, we realized, by measuring both
the polar and longitudinal MOKE loops, that the magnetic
moment stays perpendicular to the plane during the cooling
while it tends to lie down in the plane irreversibly during
the subsequent warming up. After all these careful evalu-
ations it is guaranteed that the magnetism data presented
below (taken before warming up) are all from the pure fcc
Fe phase.

The polar Kerr rotation angle at remanence as a func-
tion of film thickness is measured at 70 K as indicated
by the square dots shown in Fig. 2. It can be clearly seen
that the oscillation valley is located at �7 ML, which is
an important fact in establishing or verifying any theo-
retical model. It is also noticed that the MOKE signals at
8.5 and 9 ML do not drop down as would be expected
from a collinear type-1 antiferromagnet. Therefore the
type-1 antiferromagnetic structure can definitely be ex-
cluded for the magnetic structure of fcc Fe on Cu(100)
in region II. However, it is impossible in this figure
to separate out the contributions from the top two FM
surface layers and the uncompensated AFM underlayers.
Thus a temperature dependent investigation is further car-
ried out for this purpose.
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FIG. 2. Polar MOKE as a function of film thickness measured
at 70 K together with the fitting curve using incommensurate
SDW with Sz � Sz0 cos�qz� and q � 2p�2.7d.

Figure 3 shows three representative polar MOKE sig-
nal (at remanence) versus temperature curves for 6, 7, and
8 ML of Fe on Cu(100), respectively. Contrary to pre-
dictions of the type-1 antiferromagnetic model [10], it is
found that the total moment for 7 ML (odd layer) Fe on
Cu(100) increases monotonically as the temperature de-
creases, while the total moment for 6 and 8 ML (even
layers) shows an additional steplike increase when the
cooling temperature passes �200 K, the effective order-
ing temperature Te of the antiferromagnetic underlayers
[17]. It is also noticed from this figure [hysteresis curves
Figs. 3(a)–3(e)] that the coercivity Hc of these systems in-
creases significantly when the temperature drops below Te.
A representative curve of Hc vs T for 8 ML Fe on Cu(100)
is plotted in the inset of Fig. 3. Because of its temperature
reversibility, the increase of coercivity by 2 orders of mag-
nitude cannot be due to any impurity or defect effects. It
is rather a kind of fingerprint of turning on the exchange
coupling between the top two FM surface layers and the
bulk AFM underlayers below the effective ordering tem-
perature Te. However, no exchange-biased loops are ob-
served under our experimental conditions, presumably due
to the fact that the antiferromagnetic pinning effect is not
strong enough at this limited number of AFM layers.

Therefore it becomes clear that a type-1 antiferromag-
netic structure model does not fit the experimental facts
for Fe on Cu(100). By contrast, the SDW model proposed
for the magnetic structure of precipitated fcc Fe clusters
in a Cu matrix turns out to be a good candidate to explain
these new data. A SDW with Sz � Sz0 cos�q�z 2 z0�� is
assumed, where Sz is the z component of magnetic mo-
ment, Sz0 the normalization constant, q the wave vector
of SDW, z the position in space along the z direction, and
z0 the initial phase term determined by the choice of axis
origin. As far as magnetism is concerned, one can pre-
sumably state that the FM�AFM interface is a strongly
coupled one as manifested in the inset of Fig. 3(f), while
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FIG. 3. Temperature dependent magnetization as a function of
temperature for 6, 7, and 8 ML Fe on Cu(100), respectively;
curves (a)–(e) some representative hysteresis loops at differ-
ent temperatures; (f) coercivity versus temperature for 8 ML
Fe�Cu(100).

the AFM�Cu interface is a freestanding one because of the
fact that Cu is nonmagnetic. It is then deduced from the
additional signal increase below Te in Fig. 3 that the Fe
magnetic moments at the FM�AFM interface must be fer-
romagnetically rather than antiferromagnetically coupled
to each other. This simply means that z0 � 0, when choos-
ing the origin in the topmost AFM plane (i.e., the third
Fe layer from the top). The inset of Fig. 4 shows the
incommensurate SDW together with the layer dependent
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FIG. 4. Magnetic structures proposed for 6, 7, 8, and 9 ML Fe
on Cu(100); the inset gives the layer dependent magnetic mo-
ments for fcc Fe along the z direction, z�d� � 0 corresponding
to the first AFM layer. (Note: all the moments drawn here are
lying in the planes parallel to the front plane of the structure
section.)
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magnetic moments along the z direction, for the antifer-
romagnetic fcc Fe underlayers with a wave vector q �
2p�2.7d, where d is the interlayer distance of fcc Fe. The
wave vector is determined by the curve fitting to Fig. 2 as
shown by the solid line. Accordingly the magnetic config-
urations for 6, 7, 8, and 9 ML Fe on Cu(100) can be con-
structed one by one as shown in Fig. 4. For example, the
magnetic structure of 6 ML Fe on Cu(100) is constructed
by aligning the third (counting from the top) Fe layer mo-
ment parallel to those of the top two FM surface layers,
then the moments of the three lower antiferromagnetic fcc
Fe layers are set according to the local value of their z
component in the inset. It is obvious from the inset that
the contributions to the total film moment from the second
�z�d� � 1� and the fourth �z�d� � 3� AFM layers almost
cancel each other. The third AFM layer �z�d� � 2� con-
tributes only a little to the total signal signal, leading to a
situation that only the first AFM layer �z�d� � 0� of the
total four AFM fcc Fe underlayers contributes effectively
to the total magnetization. It is this uncompensated AFM
part that causes the additional increase of magnetization
below Te in Fig. 3. A similar analysis using the inset of
Fig. 4 yields immediately that the moments of five AFM
fcc Fe underlayers almost cancel each other completely,
which exactly explains why the valley in Fig. 2 is located
at 7 ML Fe on Cu(100), and why the 7 ML film mag-
netization in Fig. 3 increases only weakly even when the
temperature drops below Te. The results for 8 and 9 ML
can equally well be understood this way.

Finally several points are worth mentioning. (1) Accord-
ing to the amount of Kerr rotation angle increase below Te
in Fig. 3, the magnetic moment per Fe atom in the incom-
mensurate SDW fcc Fe is estimated to be about the same
as that of the top two FM fct Fe surface layers. (2) In prin-
ciple, a spiral-spin-density wave for the fcc Fe underlayers
cannot be excluded, because the information obtained in
this experiment is limited only along the z direction, while
the layer dependent in-plane magnetic structure is still an
open question.
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