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The interlayer magnetic coupling of polycrystalline Fe/Cr/Fe and Nig,Fe,/Cr/Nig,Fe,, trilayers
has been studied with spin-polarized secondary-electron emission (SPSEE) and magneto-optic Kerr
effect. The exchange coupling between the two magnetic layers is observed to oscillate between fer-
romagnetic and antiferromagnetic as a function of Cr spacer thickness. The sign of the coupling de-
pends on the temperature at which the trilayer structures are grown but is not affected by further
changes due to contamination or interdiffusion (~2 atomic layers) at the interface resulting from
post deposition thermal cycling up to 450 K. A NigFe,o/(12 A Cr)/ NigoFe,, structure deposited at
T=90 K is antiferromagnetically coupled for T =90-450 K, whereas the same structure deposited
at 300 K shows a reversible transition between ferromagnetic and antiferromagnetic coupling as a
function of temperature between 180 and 330 K. SPSEE measurements of Cr overlayers on both
Ni-Fe and Fe set an upper limit to Cr polarization effects at 2X 1073, which has important
ramifications for theoretical attempts to understand the coupling mechanism.

INTRODUCTION

Magnetic interlayer coupling phenomena in layered
thin-film structures have attracted considerable attention
in recent years, in part because of the prospect of
artificial layered structures with novel magnetic proper-
ties. One point of interest is the coupling of two fer-
romagnetic layers through a nonmagnetic spacer layer.
In Fe/Au/Fe, for example, the ferromagnetic (FM) cou-
pling decreases with increasing Au thickness and dis-
appears for 1nter1ayer thicknesses larger than 20 A but
never changes sign.! In striking contrast, it was
discovered that epitaxial Fe/Cr/Fe exhibits antiferro-
magnetic (AFM) coupling for certain Cr thicknesses.!
Several groups have studied this phenomenon using
different techniques and the reported Cr thicknesses x
that result in AFM couphng differ somewhat x=4-9,1
25,2 8-15,3 9-18, 9-20,% and 12-25 A.® One group ob-
served decoupling of the two magnetic layers for x > 16
A3 whereas another group reported strongest coupling
for x =16 A.S These discrepancies may be attributed to
differences in film structure as well as to uncertainties in
the film-thickness calibration.

More recent experiments have shown that the inter-
layer coupling does not just change from FM to AFM
once, it oscillates as a function of spacer thickness. This
oscillation has been observed in the Fe/Cr/Fe,
Co/Cr/Co, and Co/Ru/Co systems’ as well. Superlat-
tices of these materials which showed AFM coupling also
showed the giant magnetoresistance effect.!® Most of
the reported measurements are of epitaxially grown lay-
ers, but the AFM coupling does not depend on ideal sin-
gle crystallinity. For example, epitaxially grown layers of
Fe/Cu/Fe that exhibited AFM coupling did not show a
change in coupling properties when a change in structure
was observed.!! Even polycrystalline films with nonideal
interfaces have now exhibited AFM coupling”’!? in con-
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trast to earlier experiments with polycrystalline
Nig,Fe,o/Cr/Nig,Fe,, which did not.!* This discrepancy
can be attributed to differences in film structure, which is
often not as well controlled in polycrystalline films.

The theoretical explanation for this coupling oscilla-
tion is currently a subject of intense debate. The decay-
ing oscillatory behavior of the coupling is strongly sug-
gestive of a Ruderman-Kittel-Kasuya-Yosida (RKKY)-
type coupling but the wavelength of the oscillations is
unexpectedly large (15-20 A). A number of different
theoretical approaches have been investigated,'*~!° but
at this point there is no generally accepted model that
will explain the experimental observations. A few general
comments can be made about this phenomenon. First,
the antiferromagnetic properties of bulk Cr cannot be in-
volved because the AFM coupling exists at temperatures
higher than the Néel temperature of Cr. In addition,
AFM coupling has been observed with spacers of Cu and
Ru as well. Second, calculations prove that the coupling
is much too strong to be of dipolar origin.?’ Further ex-
perimental work is needed to explore the influence of film
structure and interface quality on the strength and thick-
ness dependence of the coupling.

Two different experimental approaches have been em-
ployed to study this interlayer coupling. The first is to
deposit a multilayer and measure the interlayer coupling
by ex situ magnetometry in which the magnetization
curve or the ferromagnetic resonance of the whole stack
is used to determine the strength of the coupling. The
second is to deposit a trilayer structure and use surface
sensitive techniques. In the present work the second ap-
proach was used to study the interlayer coupling through
Cr in situ, primarily by spin-polarized secondary-electron
emission (SPSEE). In contrast to the ex situ techniques,
the SPSEE magnetic signal comes from the top surface of
a multilayer rather than from the entire structure. This
study is therefore very closely related to the early experi-
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ments on epitaxial Fe/Cr structures by Carbone et al.’
The recently discovered oscillatory behavior of the Cr
(Ref. 7) coupling motivated us to reexamine this
phenomenon with SPSEE. If a RKKY mechanism is
producing the coupling, the Cr conduction electrons
should be spin polarized and.the polarization should
display oscillations that correspond to the oscillations of
the interlayer coupling. A measurement of the Cr polar-
ization is therefore an important part of the investigation
of this coupling mechanism.

The present results show that ion beam deposited poly-
crystalline Fe/Cr/Fe and NigyFe,,/Cr/NigFe,, trilayers
exhibit oscillatory coupling behavior. No statistically
significant Cr magnetization was seen in the present
study, establishing an upper limit of 2X 1073 for the Cr
spin polarization. The effects on the coupling of deposi-
tion temperature, post deposition thermal cycling, and in-
terface contamination will also be discussed.

EXPERIMENT

The apparatus used in this experiment has been de-
scribed in detail elsewhere.?! Magnetic information was
obtained by magneto-optic Kerr effect (MOKE) and
SPSEE. The low-energy cascade electrons were excited
by a primary unpolarized 3.2-keV electron beam and
were imaged with an extraction lens system onto the en-
trance diaphragm of a medium energy (40-keV) Mott
spin-polarization analyzer.?!

The probing depth for MOKE is ~ 100 A, whereas the
probing depth of SPSEE is ~5 A (for transition met-
als).2~2* Figure 1 illustrates the complementary nature
of these techniques which result from their different
probing depths. Hatched areas indicate ferromagnetic,
open areas nonmagnetic material, and the probing depth
of the measurement is indicated by shading. (1)
represents the surface of a ferromagnet, (2) an ultrathin
ferromagnetic film on top of a nonmagnetic substrate,
and (3) an ultrathin magnetic overlayer separated from a
ferromagnetic substrate by a nonmagnetic spacer. In all
three cases the left-hand side labeled (a) schematically
shows the probing depth of MOKE and the right-hand
side labeled (b) shows the probing depth of SPSEE. In
(1), (b) may reveal properties of the very surface inaccessi-
ble to (a). In (2), the magnetic information obtained with
both techniques is expected to be equivalent. (3) is the
most interesting case because here (a) and (b) are comple-
mentary measurements. If the magnetic substrate is
much thicker than the magnetic overlayer, (a) will mainly
see the magnetic substrate and (b) will mainly see the
magnetic overlayer, so comparison of hysteresis loops
from MOKE and SPSEE will yield the relative magnetic
alignment of the two layers.

The films were sputter deposited onto a 4-mm wide
polished Cu band by Xe ions from a plasma gun directed
at a sputtering target. The Cu band was mounted on a
ultrahigh vacuum (UHYV) precision manipulator which
could be cooled to 90 K or heated to 450 K. An electric
current flowing through the band was used to produce an
in-plane homogeneous magnetic field of up to 25 Oe.
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FIG. 1. Schematic diagram of probing depth (shaded area) of
(a) MOKE and (b) SPSEE. The hatched area is ferromagnetic
and the open area nonferromagnetic. (1) Represents the surface
of a ferromagnet, (2) an ultrathin ferromagnetic film on top of a
nonmagnetic substrate, and (3) an ultrathin magnetic overlayer
separated from a ferromagnetic substrate by a nonmagnetic
spacer.

Both MOKE and SPSEE measurements were configured
to measure magnetization components along the applied
magnetic field. Film thicknesses were measured by a pre-
viously calibrated quartz microbalance. The absolute
thickness error is estimated to be £15%, but the relative
error is less than =5%. The chemical composition of the
films as well as the growth behavior was monitored by
Auger electron spectra (AES) obtained with a single pass
cyclindrical mirror analyzer.

To make the trilayer structures described here, first
several hundred A thick permalloy (NigFe,,) film was
deposited at room temperature in the presence of a mag-
netic field. In this way Ni-Fe films with uniaxial aniso-
tropy were obtained leading to square loops with coer-
civity H =10 Oe as verified by MOKE and SPSEE.
Square loops with low coercivity were essential because
the low-energy secondary cascade electrons were extract-
ed in a direction perpendicular to the applied magnetic
field. Measurement of complete hysteresis loops is essen-
tial to insure that the sample is in a single domain state.
Thin Fe layers deposited on top of the Ni-Fe film were
found to be strongly coupled to it and exhibited the same
hysteresis behavior, although with increased spin polar-
ization due to the larger magnetic moment in Fe.”® In
this way it is possible to produce a low coercivity poly-
crystalline Fe surface by overwhelming the intrinsic an-
isotropies by strong exchange coupling to the thicker Ni-
Fe film. Each magnetic thin-film structure was deposited
onto an underlayer of several hundred A of Cr which
provided magnetic isolation from the underlying layers.

Figure 2 shows an example of SPSEE hysteresis-loop
measurements of the film structure (400-A Ni-Fe)/(10-A

Fe)/(x/Cr). The flat wings of the loops demonstrate the
single magnetic domain state of the sample, and the aver-
age of the measured spin-polarization values at magnetic
saturation is taken as the value of the secondary cascade
polarization P.. The rapid polarization decrease as a
function of Cr thickness proves that the short probing
depth of this technique previously observed for Fe (Refs.
22 and 24) and Ta (Ref. 23) also applies to Cr.
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FIG. 2. SPSEE hysteresis loops of a (400-A Ni-Fe)/(10-A Fe)
surface before and during deposition of a sequence of 2-A thick
Cr layers. x is the total Cr thickness.

THICKNESS-DEPENDENT OSCILLATIONS
OF THE EXCHANGE COUPLING

Trilayer structures of two different types were studied:
Fe/Cr/Fe and NigyFe,,/Cr/Nig Fe,,. The lower Fe film
in the Fe/Cr/Fe structures was deposited onto a Ni-Fe
film for the reasons described above. The thickness of the
top ferromagnetic layer varied from 5 to 15 A, but this
variation did not affect the sign of the coupling. Except
for a few special cases, which will be described in another
section of this paper, the Cr spacer layers and the top fer-
romagnetic layers were deposited at 7=90 K. The lower
of the two ferromagnetic layers was purposely made
much thicker than the top layer so it would line up with
the applied magnetic field. In this case, the sign of the
SPSEE hysteresis loop directly determines the parallel or
antiparallel alignment of the layers without further com-
parison with the MOKE loop.

It may seem straightforward to assume that observed
parallel and antiparallel configurations are necessarily
caused by FM and AFM coupling across the Cr spacer
layer, but it is important to discuss this relationship in
more detail. A parallel alignment could be due to FM
coupling, but could also be produced by the absence of
coupling. Since we measure the full SPSEE loop, not just
the remanent polarization, we have another important
measure of coupling, the coercivity of the top layer. To-
tal decoupling should cause a marked difference between
the coercivity of the underlayer and the overlayer, and
this coercivity difference was observed for Cr spacer lay-
ers with a thickness larger than 50 A. This observation
indicates that stray field coupling (e.g., domain-wall cou-
pling) is most likely not what is keeping the two coercivi-
ties equal because its range would be larger than 50 A.
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Therefore, the observation of parallel arrangement of the
two layers combined with the coercivity measurements
proves the existence of genuine ferromagnetic coupling.
Antiparallel alignment of the layers can only be due to an
effective AFM coupling, either of dipolar or exchange
origin. The dipolar origin for our observed AFM cou-
pling was ruled out by the following test. Several tri-
layers that showed AFM coupling were extended to five
layer structures by deposition of another identical spacer
and an identical thin magnetic overlayer. The combined
thickness of the two overlayers was still much smaller
than the underlayer thickness. If the couplings in the
stack were dipole dominated, the two thin overlayers
would arrange themselves parallel to one another and an-
tiparallel to the underlayer in order to minimize the stray
magnetic field. It was observed instead that the two mag-
netic overlayers were antiparallel, proving that exchange
coupling through Cr was the dominant coupling. It is for
these reasons that we can conclude that parallel-
antiparallel alignment of the two magnetic layers corre-
sponds to FM-AFM coupling through the Cr spacer.
In Fe/Cr/Fe, with a Cr spacer thlckness X, we ob-
served FM coupling for x =4 and 8 A, AFM coupling for
=12 and 18 A and FM coupling again for x =25 A.
For 25-A Cr, the two Fe layers were almost decoupled,
but by adding 3 A of Ni-Fe on top of the Fe overlayer, we
were able to detect the FM coupling. This is in good
agreement with the broad range of values reported in the
literature.?~’ In Ni- Fe/Cr/Ni-Fe trilayers, we found FM
coupling for x =1-6 A mixed or weak coupling for x =7
A, AFM coupling for x =10, 12, and 15 A, mixed or
weak coupling for x =16 A, FM coupling for x =18, 20,
and 25 A, AFM coupling for x =30 A, and FM coupling
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FIG. 3. SPSEE hysteresis loops of a Ni-Fe/(x Cr)/Ni-Fe tri-
layer structure for different values of x. The spin polarization of
the secondary cascade electrons P is plotted vs magnetic field.
The changes of sign of the hysteresis loops correspond to the os-
cillation of the interlayer coupling as a function of x.
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for x =41 A. For x =50 A, the system became decou-
pled, as indicated by the H . of the overlayer being
different from the H. of the underlayer. The boundaries
between the FM and the AFM thickness regions showed
a flat polarization signal which could be caused by a mix-
ture of FM and AFM coupled domains or by coupling
which was too weak to magnetically switch the top layer.

Figure 3 shows representative SPSEE hysteresis loops
of Ni-Fe/Cr/Ni-Fe trilayers for different Cr thicknesses
x. The periodic reversal of the hysteresis loops is evident.
The slight differences in coercivity between the various
trilayers is not significant; the coercivity of the under-
layer shows the same variability.

POLARIZATION OF SECONDARY ELECTRONS
FROM Cr ON Fe AND Ni-Fe

The unique capabilities of SPSEE were used to deter-
mine if these striking oscillations of interlayer coupling
were accompanied by corresponding magnetization of the
Cr spacer layer. The spin-density-wave value of the Cr
moment is 0.6ug, which translates to an average polar-
ization of the six Cr conduction electrons of 10%. Obvi-
ously one would not expect a detectable SPSEE signal if
the Cr just orders in its bulk antiferromagnetic state.
Even if the Cr layers grew with uncompensated (fer-
romagnetic) planes at the top surface, roughness and the
finite probing depth (2-3 atomic layers) of SPSEE would
suffice to wash out any observation of such localized po-
larization. The presence of an indirect exchange coupling
through Cr strongly suggests, however, that Cr conduc-
tion electrons may acquire an additional polarization due
to the contact with a ferromagnet. If such a polarization
is responsible for the oscillating coupling, an oscillating
polarity would be expected for the polarization as well.
SPSEE is well suited to measure even small induced
magnetism in Cr because its resolution, taking into ac-
count systematic errors, is about 0.1-0.2 %. If one as-
sumes that the polarization of secondary electrons from
Cr is at least equal to the polarization of the Cr conduc-
tion electrons (reasonable within a factor of 2), SPSEE is
therefore sensitive to an induced moment as small as
0.01pp/Cr-atom. For comparison, in (bulk) Gd, where
the exchange coupling is also indirectly transmitted
through the conduction electrons, the latter aquire an in-
duced moment of 0.55up/atom. Another important ca-
pability of SPSEE is that its probing depth is three to
four times smaller than the period of the coupling oscilla-
tions. The experimental task of measuring Cr polariza-
tion by means of SPSEE is nevertheless complicated by
the fact that the detected signal is not element specific. A
thin layer of Cr must be grown on a ferromagnetic under-
layer, and the presence of Cr polarization must be detect-
ed on top of a large polarization background emitted
from the underlayer. The Cr polarization should appear
as a periodic modulation, however. It should also help
that the attenuation of the underlayer polarization with
Cr thickness is more rapid than the expected decay of the
Cr polarization (as assumed from the decay of the cou-
pling strength’). The earlier spin-polarized low-energy
electron diffraction (SPLEED) experiments (Carbone

13 167

et al.?) already indicate that Cr polarization effects, if
present, are very small.

Figures 4(a) and 5(a) show the polarization of
secondary cascade electrons as a function of Cr thickness
for Fe/Cr and NigyFe,,/Cr. A representative SPSEE
hysteresis loop is shown on both figures. In the case of
Cr on Fe (Fig. 4), a full loop was measured on the fresh
Fe surface. Since the loop was essentially square, in the
subsequent steps of Cr depositions, only the remanent po-
larization was measured. This was done to minimize any
potential artifacts due to the application of an external
magnetic field. In the Cr on Ni-Fe case, a full hysteresis
loop was measured for each Cr thickness and the plotted
polarization value is the average of all the points at mag-
netic saturation. In both cases, enough electrons were
counted that the statistical uncertainty in the polariza-
tion would be smaller than the residual systematic errors.
The combined errors limit the accuracy to an estimated
AP =+0.2%. Both measurements were performed at 90
K. In order to emphasize any modulation in the polar-
ization curve, the experimental data is fitted to a simple
exponential P(x)=P,e' */". This would accurately de-
scribe the measured curve if the Cr secondaries were un-
polarized and if the production of secondary electrons
was material independent. In both cases, the fitted curve
[solid lines in Figs. 4(a) and 5(a)] closely follows the mea-
sured data. The low values at zero Cr thickness may sim-
ply indicate that the surface magnetization of the fer-
romagnet is slightly reduced upon initial coverage with
Cr. What is more important is that the values obtained
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FIG. 4. (a) Remnant P: of Cr on Fe as a function of Cr
thickness x. The inset MOKE hysteresis loop verifies the loop
squareness needed for remnant measurements. (b) AP, the de-
viation from the fitted exponential decrease as a function of x.
(c) Sign of interlayer coupling, FM or AFM, in Fe/Cr/Fe tri-
layer structures as a function of x. There is no evidence of oscil-
lating Cr magnetization.
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FIG. 5. (a) P¢ of Cr on NigyFe,, as a function of the Cr thick-
ness x. A typical SPSEE hysteresis loop is inset; the average of
the measured polarization values at magnetic saturation yields
Pc. (b) AP, the deviation from the fitted exponential decrease
as a function of x. (c) Sign of interlayer coupling, FM or AFM,
of Ni-Fe/Cr/Ni-Fe trilayer structures as a function of x. There
is no evidence of oscillating Cr magnetization.

for A=3.7+0.5 A for Cr on Fe and 4.3+0.5 A for Cr on
NigyFe,, are consistent with the attenuation length ex-
pected for an unpolarized transition-metal overlayer, so
there is no evidence for a monotonically decaying polar-
ization in Cr. The bottom panels of Figs. 4(c) and 5(c)
summarize the sign of the coupling observed in the tri-
layer experiments. The most favorable range for observa-
tion of an oscillating Cr polarization is between 10 and 20
A, the location of the first AFM region. The strongest
polarization feature (either maximum or minimum)
should be located here, and the polarization background
is already much reduced at this point. Expanded views of
the data after background subtraction are shown in Figs.
4(b) and 5(b). In both cases, even for the first and strong-
est AFM region, there is no extremum in the polariza-
tion. This negative result certainly does not imply the to-
tal absence of Cr polarization. Attempts at explaining
the oscillatory coupling should, however, be consistent
with polarization effects in Cr no greater than 0.002 or
induced moments no greater than ~0.01uB.

To complete the description of the polarization versus
thickness in these coupled structures, Fig. 6 shows the
polarization measured during the growth of an Fe layer
on Cr. The squares of Fig. 6 show, again for reference,
the polarization versus Cr thickness for Cr grown on Fe.
The asterisks are from a separate experiment in which
the Cr deposition was interrupted at 12 A, i.e., in the
AFM coupling range, and an Fe layer was grown on the
Cr. The experiment was carried out at 7=90 K. The
AFM coupling is indicated by the negative polarization
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FIG. 6. P for Cr on Fe as a function of Cr thickness x
(squares). P. for Fe AFM coupled to Fe through a 12-A Cr
spacer as function of Fe thickness y (asterisks). A typical
SPSEE loop is shown for each case.

values in the Fe layer. Also evident is a delayed onset of
polarization. About 3 A of Fe are needed for the onset of
the magnetic signal, because, for 2-A Fe, the signal is still
positive and fits the exponential decrease. At about 3 Aa
steep onset occurs and the data points fit an exponential
increase with a characteristic length of about 3 A. The
lack of polarization in the initial Fe layer could be due to
an interfacial layer with reduced magnetization, a Curie
temperature below the bulk value, or perhaps that the
overlayer is below a minimum thickness required for cou-
pling.

INFLUENCE OF INTERFACIAL CHANGES

ON THE COUPLING
The present results as well as the work of other
groups’!? show that an ideal single-crystalline interface is

not required for the existence of oscillating coupling. In
fact, even the local magnetic variations resulting from the
distribution of Fe and Ni atoms in the alloy do not dis-
turb the coupling. The chemical composition of the sur-
faces was monitored with AES and contamination by C
and O was always seen. As expected, the contamination
levels decreased as the experiment progressed. In the ab-
sence of depth-resolved chemical information, it is only
possible to estimate that the levels of C and O were in the
10-1 % range. No correlation was observed between the
presence of C and O in the AES and the sign or periodici-
ty of the coupling.

SPSEE measurements of ultrathin ferromagnetic layers
are an exquisitely sensitive test for interface diffusion be-
cause dilution of the magnetic material with nonmagnetic
atoms dramatically reduces the spin polarization of the
secondary cascade electrons. Figure 7(a) shows P. of a
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FIG. 7. (a) Temperature dependence of P¢ from a 4-A Fe
film AFM coupled to Fe through an 18-A Cr spacer. Arrows
indicate the temporal order of the data points. (b) Temperature
dependence of P. from a 10-A Fe film AFM coupled to Fe
through a 12-A Cr spacer. The temperature dependence is re-
versible. A typical SPSEE hysteresis loop is inset in (a) and (b).

4-A Fe film deposited on an 18-A Cr spacer. A represen-
tative hysteresis loop is shown and each data point is the
average value at magnetic saturation. The films were de-
posited at T=90 K, warmed, and then cooled again. P,
does not come back to the same value after the heating
cycle, which is evidence for interfacial diffusion. The sign
of the coupling did not change, however. Figure 7(b)
shows the temperature dependence of a 10-A Fe film de-
posited on a 12-A Cr spacer. The temperature depen-
dence of this film is reversible and corresponds to the
Bloch law as expected for a ferromagnetic thin film of
this thickness. Since this 10-A film shows a high value of
P, and the expected reversible temperature dependence,
diffusion at the Fe/Cr interface is apparently limited to,
at most, one or two layers at these temperatures.

INFLUENCE OF GROWTH TEMPERATURE
ON THE COUPLING

Figure 8 shows a temperature-dependent series of
SPSEE hysteresis loops of a NigFe,y(12-A Cr)(15-A
NigoFe,,) trilayer structure. The loops show a
temperature-dependent change from FM to AFM inter-
layer coupling. This transition was found to be reversible
and reproducible, and was seen only if the Cr layer was
deposited at room temperature. If the Cr layer was de-
posited at 7=90 K, the coupling was AFM over the
range T=90-450 K. The temperature at which the Ni-
Fe layers were grown made no difference. The shape of
the loop at 264 K shows that the AFM coupling, which is
apparent at zero external magnetic field, is so weak at
this temperature that an external magnetic field of ~20
Oe is strong enough to rotate the top magnetic layer into
FM alignment. The AFM coupling obviously becomes
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progressively stronger as the sample is cooled. A careful
study of the film-growth mode was made with the Auger
electron intensities of overlayer and substrate and their
ratio following the model of Ossicini et al.?® For all ma-
terials and growth temperatures discussed in this paper,
the Awuger intensity ratios showed a positive second
derivative, indicating, or at least consistent with, continu-
ous layer growth. In particular, no indication for a
different growth mode was seen between the layered
structures that showed the reversible FM-AFM transi-
tion and those that did not. The reversibility of the FM-
AFM transition shows that it cannot be due to
interdiffusion caused by heating during the measurement
cycle. A plausible explanation for this striking transition
is competition between two different coupling mecha-
nisms with different temperature dependences. The two
layers are AFM coupled through the Cr interface, but
would be FM coupled through any pinholes that may ex-
ist in the Cr film. Since coupling through pinholes would
be much stronger than coupling through the Cr spacer,
only a few small pinholes are needed to produce a com-
petitive coupling. If the coupling through the Cr spacer
is weaker at high temperature, this could allow the
pinhole coupling to dominate. There is no direct evi-
dence for this explanation, but there certainly could be a
few small pinholes who number or size depended on
growth temperature, and the temperature dependence of

PC (20%/tickmark)

H (Oe)

FIG. 8. SPSEE hysteresis loops from a Ni-Fe/(12-A
Cr)/(15-A Ni-Fe) trilayer structure grown at room temperature.
The magnetic interlayer coupling exhibits a reversible transition
from FM to AFM when cooled.
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the AFM coupling is not known. If the AFM coupling
was weaker at higher temperatures, the net coupling
could reproduce the effect seen here. The AES analysis
of the film-growth mode is much too insensitive to detect
pinholes of such small coverage.

CONCLUSION

Fe/Cr/Fe and NigyFe,,/Cr/NigFe,, polycrystalline
trilayers deposited by ion beam sputtering have been in-
vestigated in situ with SPSEE and MOKE. The sign of
the polarization in the ferromagnetic layers was used to
determine their parallel or antiparallel arrangement. Full
hysteresis loops, the coercivity in particular, were used to
prove the existence of genuine FM and AFM exchange
coupling through the Cr spacer layer. It was found that,
in both systems, the coupling oscillate between FM and
AFM as a function of Cr laygr thickness. The wave-
length is of the order of 20 A for Fe and 16 A for
NigoFe,o. The surface-sensitive nature of SPSEE provides
a unique opportunity to study any induced polarization
in the Cr spacer layer. SPSEE can detect magnetism
present in Cr with a sensitivity of about 0.01uB/atom in-
tegrated over a probing depth of about 4 A. In spite of
this considerable sensitivity, no evidence was found for
any induced magnetism in ultrathin Cr layers deposited
on Fe and NiFe. The similarity of the coupling through
Cr with RKKY indirect coupling phenomena suggests
that the coupling could be transmitted through polariza-
tion of the Cr conduction electrons, and it further sug-
gests that an oscillatory polarization in Cr should be at
the origin of the observed coupling oscillations. A care-
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ful analysis of our polarization data reveals no oscillatory
polarization component, within the accuracy of our mea-
surement. Polarization effects associated with the first
(and strongest) antiferromagnetic Cr thickness range are
less than 0.002. Any future theoretical attempts to ex-
plain the coupling should be compatible with this low
value.

Experimental study of the effects of temperature re-
vealed that low deposition temperature seems to lead to
more continous Cr spacer layer growth. This was evi-
denced by the fact that, for a Cr thickness in the first an-
tiferromagnetic coupling range, structures deposited at
low temperature (90 K) were fully AFM coupled,
whereas similar structures deposited at room temperature
were AFM coupled at low temperatures but ferromagnet-
ic above 330 K. In the latter case, the coupling through a
portion of the Cr must be ferromagnetic, suggesting
discontinuities in the Cr layers. It can also be inferred
that the AFM coupling may decay with temperature
more rapidly than the direct (pinhole) ferromagnetic cou-
pling. A further important observation is that structures
deposited at low temperature and subjected to a tempera-
ture cycle to moderately high temperatures (450 K) do
interdiffuse. The interdiffusion is clearly revealed by
SPSEE, from which one can also estimate that the thick-
ness of the interdiffused layer at the interface is about 2
atomic layers.
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