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FIG. 2. SEMPA image of the magnetization M, (axes as in

Fig. 1) showing the domains in the clean Fe whisker (lower
panel) and in the Fe layer (top panel) covering the room-
temperature-evaporated (2.7 ML/min, ML denotes monolayer)
Cr wedge which varies linearly in thickness as shown on the
bottom scale. Each image represents a region 490 pm long and
280 p m high.

of two vector components of the magnetization from a
measurement of the spin polarization of the secondary
electrons. For this study, the components of magnetiza-
tion parallel to the surface of the Fe whisker are mea-
sured. The easy axes of magnetization, (100), are the x
and y directions, transverse to and along the length of the
whisker, respectively. The region of interest on the clean
Fe whisker has the simple domain structure shown in the
SEMPA image in the lower panel of Fig. 2 and schemati-
cally in Fig. 1. There are two domains with only a y
component, M~„ofthe magnetization along the length of
the whisker. In the SEMPA image, the white (black) re-
gions correspond to M~ in the positive (negative) y direc-
tion. The domains in the top Fe layer of a Fe/Cr/Fe
sandwich for room-temperature evaporation of the Cr
wedge are displayed in the top panel of Fig. 2. The thick-
ness of the wedge is zero at the left of the panel and in-
creases linearly over a distance of 490 pm to a thickness
of 11 nm at the right edge. The coupling starts off fer-
romagnetic at small Cr thickness, then changes to anti-
ferromagnetic as the thickness increases, and oscillates in
this manner for a startling six periods. The period or
wavelength of the oscillations varies between about 1.4 to
1.7 nm, equivalent to the thickness of 10 to 12 Cr layers,
with the first antiferromagnetic oscillation longer than
the others.

In Fig. 3 we show SEMPA images of the Fe-top-layer
magnetization for two different cases of Cr wedge
growth. The Cr wedges in the lower panel and upper
panel were grown on Fe whisker substrates at room tem-
perature and elevated temperature, respectively. In both
cases the initial RHEED pattern for the Fe whisker sub-

I

0
I

2 3
Thickness, T (nN)

I

4

FIG. 3. The diff'erence in the magnetic coupling of the Fe
layers in the Fe/Cr/Fe sandwich for the Cr wedge grown (2.7
ML/min) on a substrate at room temperature (lower panel) and
grown (7.2 ML/min) on a substrate. at elevated temperature
(upper panel) is clear in these SEMPA M,. images. The images
in the upper and lower panels represent areas 300X 280 and
350X 290 pm, respectively.

strate shows an arc of sharp spots characteristic of a per-
fect single crystal. The RHEED pattern for the room-
temperature-grown Cr exhibited a slight streaking of the
spots indicative of some disorder. The streaking was ab-
sent in the pattern for the Cr grown at higher tempera-
ture which looked as well ordered as the substrate. The
difference in the crystalline quality of the Cr layer drasti-
cally changes the coupling of the Fe layers as can be seen
in the SEMPA magnetization images. The lower panel
of Fig. 3 shows the characteristic long-period oscillatory
coupling of the Fe through the Cr seen in Fig. 2. In strik-
ing contrast, the magnetization in well-ordered Cr shown
in the top panel changes to the much shorter period of
about two atomic layers (0.288 nm); that is, the magneti-
zation changes with each atomic-l. ayer change in Cr
thickness.

We measure the wedge thickness by measuring the
variation in the specular RHEED beam intensity as the
incident electron beam is scanned along the wedge. This
is analogous to the conventional measurement of the os-
cillation in the specular RHEED intensity as the film
thickness changes with time during growth. The mea-
sured RHEED intensity osci11ations are shown in the top
part of Fig. 4. The RHEED oscillations are registered
with the SEMPA image by aligning three defects which
are manifested both in the RHEED oscillations and in
the SEMPA magnetization image of Fig. 3. The varia-
tion in M~, obtained by averaging line scans over the top
half of the upper panel of Fig. 3, is displayed in the lower
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FIG. 4. The positive and negative variations of M, . derived
from the upper half of the image in the top panel of Fig. 3 is
compared to RHEED intensity oscillations measured by scan-
ning the electron beam across the same region. The solid circles
identify defects which allow registry of the RHEED oscillations
and the magnetization image. There is an uncertainty of 0.5
layer in the zero position of the thickness scales in Figs. 2-4.

r/

P

part of Fig. 4. The oscillations in MJ line up with the
RHEED oscillations except for a "phase slip" of 1 mono-
layer between 21 and 24 monolayers.

In the thin part of the Cr wedge the short-period mag-
netization angle does not reverse by 180, as seen in the
lower part of Fig. 4, but rotates toward the x direction.
In this region, the long-period oscillations are still evi-
dent. A rotation of the magnetization into the x direction
can be seen clearly in Fig. 5, where 5(a) and 5(b) show

M~ from the regions marked in Fig. 3, and 5(c) and 5(d)
are the corresponding M images of the same regions. In
the thick part of wedge, where M~ reverses completely
with each atomic layer as in Fig. 5(b), it does so by turn-
ing continuously in the plane through either the +x or
—x direction as seen in the fine-scale domain structure in

the M„image, Fig. 5(d). As is evident from the plot of
M~ in Fig. 4 and from Fig. 5(d), there is a variation in

the distance along the Fe whisker over which the transi-
tion from +MY to —M~ takes place, from less than 1 pm
for the sharpest transition to about 5 pm for the broader
ones.

Our observation of short-period oscillations places ad-
ditional demands on theories of the magnetic coupling.
Since all previous measurements on transition-metal
sandwich structures have only seen long-period oscilla-
tions, the theoretical eA'ort has been directed toward ex-
plaining the long-period oscillations which are unexpected
based on experience with RKKY interactions. While
Yafet [15] was able to explain the behavior of Gd-Y su-
perlattices with an RKKY interaction, such an explana-
tion is likely to be more problematical for transition-
metal sandwiches where the magnetic moments are not
localized as in the rare earths. Nevertheless, Wang,
Levy, and Fry [8] have calculated the thickness depen-
dence of the coupling for a Fe/Cr/Fe structure using an
RKKY-like indirect exchange induced by the mixing of
the conduction electrons of Cr with Fe d states. Their

FIG. 5. M, images from the outlined areas of Fig. 3 in the
thin and thick parts of the sandwich are shown in (a) and (b),
respectively, and compared to the corresponding M, images in

(c) and (d), respectively.

calculation yields a short-period oscillatory coupling in
remarkable agreement with our experimental results.
This oscillatory coupling is due to the Fermi-surface nest-
ing that gives rise to the spin-density wave in bulk Cr.
They also showed that introducing a roughness of two
layers at each Fe/Cr interface smears the short-period os-
cillations leaving only the longer-period oscillations. It is
hard to diA'erentiate between such an RKKY-like cou-
pling and an explanation where the Fe is locked to the
spin-density-wave antiferromagnetism of Cr [16], al-
though the latter explanation does not explain the long-
period oscillation for less well-ordered surfaces. We did
observe short-period coupling at 473 K which is well
above the Neel temperature, T~ =311 K, of bulk Cr.
However, the ordering temperature for such a thin-film
sandwich system is not known, and the spin-density wave
could be stabilized by coupling to the Fe.

The importance of our results is that we see changes in
the magnetic coupling with both a long and, for a very-
well-ordered Cr interlayer, a short period. The short
period is consistent with that determined by the Cr
Fermi-surface nesting vector. The 1-layer slip in the
phase of the alignment of magnetic oscillations and
RHEED oscillations after 21 to 24 layers is consistent
with a Fermi-surface wave vector 4% diA'erent from the
lattice wave vector [16]. In the upper panel of Fig. 3 it is
apparent that the long-period oscillations are visible for
thinner regions of the Cr. If one pictures the measured
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results as arising from a superposition of interactions, one
of long and one of short period, the data from the
sandwich with the Cr wedge grown at elevated tempera-
ture suggest that the relative amplitude of the long-period
to short-period interaction decreases with increasing Cr
thickness. If both the long- and short-period oscillations
are RKKY-like, the slower falloA' in the envelope of the
short-period oscillations is consistent with their deriving
from the special situation of nesting Fermi surfaces [17].

We have benefited greatly from very helpful discus-
sions with M. Stiles. The experimental contribution of
M. Hart during the apparatus development is greatly ap-
preciated. Useful discussions with J. Fry, F. Herman,
and P. Levy are gratefully acknowledged. The Fe whisk-
ers kindly provided by A. Arrott were grown at the
Simon Fraser University under an operating grant from
the National Science and Engineering Research Council
of Canada. This work was supported in part by the
Oftice of Naval Research.

Note added. —Since the submission of this paper, we
have received preprints describing the optical observation
of the short-period oscillations [18].
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