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Magnetic domain images of thin (2 nm) Fe films on Cr(100) are presented. Upon cooling a single-

domain state transforms into a state with a locally varying in-plane magnetization direction.

This

transformation is partially reversible and highly reproducible. It is suggested that the in-plane rotation
is driven by frustration that favors 90° coupling, and that the local magnetization direction reflects

pm-scale variations of the atomic scale roughness.

PACS numbers: 75.70.Ak, 75.50.Ee, 75.70.Cn, 75.70.Kw

There is currently a great interest in ferromagnetic/
antiferromagnetic (FM/AF) interfaces. “Exchange bias-
ing” is becoming increasingly important in novel mag-
netic devices. In exchange biased films the hysteresis
loop due to the coupling to the AF film is shifted from
zero field as if an externa field was present. Although
discovered more than forty years ago the effect is not well
understood on an atomic scale [1]. In addition, short-
period oscillations in the exchange coupling between Fe
films through Cr in very flat samples [2] have kindled
interest in the magnetic structure of Cr layers since the
coupling is believed to be closely tied to the AF structure
of the Cr films. The magnetic order in thin Cr layersin
relation to the well-known incommensurate spin density
wave ordering of bulk Cr [3] is actively being investi-
gated [4].

The present study was motivated by a magneto-optical
Kerr effect investigation of Fe films on Cr(100) [5], which
showed unusual temperature dependent magnetic proper-
ties. Fe films thinner than 5 nm show anomalous tem-
perature dependencies of the coercive field and the
remanent magnetization decreases below the Cr Néel
temperature (311 K). The effects were attributed to
frustrated magnetization structures. Frustration is a
common phenomenon when AF interactions and steps
are present simultaneously, and it plays a crucia role in
most theoretical models of AF/FM interface structures
[6]. A recent example is “biquadratic” (or 90°) coupling
between FM layers [7]. Steps were recently shown to
induce the Fe magnetization on stepped Cr surfaces to
switch between parallel and perpendicular to the steps as
afunction of step density [8].

This paper gives a microscopic picture of the tempera-
ture dependent magnetization of an ultrathin FM film
(2 nm Fe) on anominally flat AF substrate (Cr). A single-
domain state evolves into a state in which the magneti-
zation direction varies on the micron scale when cooled
below TN.

The experiments were performed in a new UHV
system that combines molecular-beam epitaxy growth and
characterization capabilities with magnetic microscopy

0031-9007,/ 99/ 83(6) / 1227(4)$15.00

using secondary electron microscopy with polarization
analysis (SEMPA) [9]. The rectangular Cr(100) crystal
and the cleaning and growth conditions are the same
as the ones used in Ref. [5]. However, the Cr crysta
has been reoriented and repolished [10]. The electron
gun for SEMPA measurements consists of a Shottky
field emission tip, single-lens focusing, and an octupole
deflection unit [11]. For sample alignment the SEM
can be operated in the usual TV mode. The low-
energy secondary electrons are extracted into a medium-
energy Mott detector [12]. Two components of the spin
polarization can be measured simultaneously. Figure 1
shows the sample and measurement geometry. The
incoming electron beam is about 35° off normal and
the extraction lens into the Mott detector about 10° off
normal so that one measures basicaly the two in-plane
magnetization components (P, and Py), as indicated. In
addition, an intensity image can be obtained by adding
the four channels from the Mott detector. In the intensity
images the samples show no contrast except for a few
“spots,” as the one shown in the image in Fig. 1. These
spots were used to position the sample reproducibly. All
images shown are 256 X 256 pixels and about 85 um X
70 um (due to the off-norma aignment of gun and
sample). The primary electron beam energy is 5 keV and
the current is a few nA. The lateral resolution is about
500 nm. Count rates in the Mott detector are typically
5 X 10* counts/sec per channel. The Fe films can be
magnetized by a field pulse of 50 Oe in the x direction,
which coincides with an easy axis. The Fe films show
a high secondary electron polarization of about 40%.
The sample stage can be cooled to about —100 °C and
heated to about 80 °C, which is well above the Cr Néel
temperature.

Figure 2 contains the principal observations of this
paper. It shows the two in-plane polarization components
starting in the top row with a one-domain state at RT
after the film was magnetized above Ty. There is a
uniform high x-polarization (left column) except for a spot
with zero polarization in the center of the image. Upon
cooling, a domain pattern as shown in the second row

© 1999 The American Physical Society 1227



VOLUME 83, NUMBER 6

PHYSICAL REVIEW LETTERS

9 AucusT 1999

Fe/Cr(001) A[010]
y /@ [100]
Mott X

Detector

R Intensity

FIG. 1. Geometry of the experiment and sample orientation
with respect to the polarization measurement. The two in-plane
components (x and y) of the magnetization are measured. An
external magnetic field can be applied in the x direction.

(LT) evolves which was taken at the final temperature
of —100°C. This domain pattern with the emergence
of a perpendicular component (P,) and a corresponding
reduction in P, is, of course, a microscopic picture of the
observed magnetization reduction reported in Ref. [5]. A
pixel-by-pixel analysis showsthat the absol ute polarization
values (yP; + P}) stay constant at about 40%. This
proves that the magnetization stays in plane (no “missing”
out-of-plane component) and only rotates in plane as
a function of temperature while the local magnetization
value is temperature independent. It also proves that
there are no significant magnetic structures smaller than
the beam diameter (500 nm) since averaging over those
structures would lead to a reduction of the polarization
values. The magnetization structures are quite irregular
and range from a few um to some tens of um. When
the film warms to above the Néel temperature the domain
pattern changes to the one shown in the third row (RT).
The images become sharper. The domains boundaries
become smoother and most of the small-scale structures
have coalesced into bigger domains. The change between
the LT and RT state isreversible. When cooled again the
domain images in the lower row of Fig. 2 result in amost
all detail identical to the second row.

A survey of several spots on the sample showed that the
magnetization behavior described above is indeed typical.
A gquantitative evaluation of the images reveals more de-
tails about the magnetization state. From the measured P,
and P, values one can determine the local magnetization
angle for every pixel. Figure 3 shows the distribution of
angles with respect to the macroscopic magnetization di-
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FIG. 2 (color). The evolution of the magnetic domain state

as the temperature is changed. The images show on the left
(yellow-blue contrast) the P, and on the right the P, component
(red-green). All images are taken on the same spot, except
for a small thermal drift of the sample stage. The images are
85 um X 70 um. Top row: One-domain state at RT; second
row: cooled down to low temperature (—100 °C). Third row:
After warming above Ty; fourth row: cooled down againto LT.

rection. A four-pixel average was applied in order to im-
prove statistics. The single-domain state shows a fully
aligned magnetization. The width of the distribution is
solely dueto counting statistics. The LT state, on the other
hand, shows a broad asymmetric distribution of angles
with a maximum around 25° and the average at about
45°. After warming to above Ty the maxima at 0° and
at 90° correspond to easy axes of the bce Fe films. Thus,
above Ty the magnetization direction is governed by crys-
talline anisotropies. By comparing the RT and LT images
inFig. 2itisclear that the areas that have a strong perpen-
dicular component at LT are most likely to “flip over” into
the 90° direction upon warming to RT.

Not only isthe temperature cycling between LT and RT
reversible but even the domain patterns that result after
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FIG. 3. Histogram of the angular distribution of the local
magnetization with respect to the axis of the macroscopic
magnetization. The images from Fig. 2 were used after a four-
pixel average to improve statistics.

remagnetization (above Ty) and cooling again are highly
reproducible. Reversing the magnetization direction, as
well as rotating the sample 90° and magnetizing in that
direction, shows that it is always the same areas that
turn away from the macroscopic magnetization direction,
independent of the initial magnetization direction.

What drives the magnetization reorientation? It seems
unlikely that the images reflect some aspect of the mag-
netic structure of the Cr, e.g., an antiferromagnetic domain
structure, because of the reproducibility of the structures
even after heating above the Cr ordering temperature. It
can also be safely excluded that the domains reflect the
atomic terrace structure of the Cr substrate. Atomic terrace
widths on well-prepared single crystal metal surfaces are
typically not more than afew hundred A wide [13]. Thus,
the magnetic structures are a hundred times larger than the
terraces. The mechanism that then springs to mind is a
roughness driven transition due to frustration, very simi-
lar to the mechanism that |eads to biquadratic coupling be-
tween FM layers due to interface roughness. Since the
Fe magnetization cannot follow the Cr terrace structure,
because it would cost too much energy in domain walls,
it tends to turn perpendicular to the Cr surface moments.
The Cr surface magnetization was induced by the single-
domain Fe film and was frozen in when the sample was
cooled through Ty. Thus the images show the biquadratic
coupling already at the single AF/FM interface. Evidence
for perpendicular spin orientations has been reported re-

cently in very different systems. Fe;O,/CoO superlattices
[14] and Fe films on FeF, [15].

In order to demonstrate the roughness/magnetization
connection a little better, Fig. 4 shows the polariza-
tion and the corresponding intensity image (digitally en-
hanced) taken very close to the sample edge, where one
can actually see scratches in the SEM image as well as
under an optical microscope. A correlation between mag-
netization and topography is obvious in a very general,
qualitative way. On this “rough terrain” hardly any hori-
zontal (P,) magnetization is left over, i.e., everything has
turned amost by a full £90° with respect to the original
magnetization direction. Notethat it is not the direction of
the scratches that determines the magnetization direction
but that the magnetization is perpendicular to the original
magnetization direction, i.e., dominated by the Cr inter-
face moments. Also, during cooling the rough regions
start switching sooner than the flat areas consistent with
a roughness driven mechanism. Some dight preferential
orientation of the roughness, e.g., step edges, probably is
also the cause of the preferential angle in which the mag-
netization turns at low temperature. In Fig. 2 almost ev-
erything turns towards +90° and very little towards —90°.
This preference seems to vary localy over the sample.
Finally, because of the similarity of the images | want to
mention a study of the exchange coupling in Co/Cr/Co
trilayers by TEM during magnetization reversal [16]. Itis
shown that some areas start switching consistently sooner
than others. This is attributed to a spatially varying ex-
change coupling due to thickness fluctuations.

FIG. 4 (color). Domain (P, and P,) image in the top row
taken a RT (same parameters as in Fig. 2); below: SEM
intensity image derived from the Mott detector counts, with
the contrast greatly enhanced. This image was obtained on a
rough area very close to the sample edge, showing the genera
correlation between roughness and magnetic structure.
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In summary, it was shown that upon cooling one-
domain 2-nm Fe films on nominaly flat Cr(100) surfaces
form a nonuniform magnetization state with a spatially
varying 90° (in-plane) magnetization component. The do-
main evolution is partialy reversible and highly repro-
ducible. It issuggested that atomic scale roughnessis the
driving force for the magnetization reorientation, and that
the magnetization direction reflects the average local step
density. When warmed to above the Cr Néel temperature
the Fe magnetization relaxes into the easy magnetization
directions. Evidence for the correlation between rough-
ness and magnetization direction was presented. The
origin of the 90° alignment is suggested to be frustration
due to interface roughness similar to the mechanism in bi-
quadratric coupling in FM/AF/FM structures.
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