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Oscillatory exchange coupling in Co/Cu(111) superlattices
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By probing the magnetization profile of high-quality molecular-beam-epitaxy-grown Co/Cu(ill)
superlattices with spin-polarized neutron reflectivity (SPNR), we have observed a coherent antiferro-
magnetic spin structure and confirm that this coupling behavior sensitively depends on the Cu spacer
thicknesses. We present magneto-optical Kerr-eÃect data from which the oscillation period of the
exchange coupling can be determined to be about 9 A, consistent with theory and the SPNR data.
With these results we confirm the existence of an oscillatory exchange coupling in this controversial
system.

The discovery of an exchange coupling between mag-
netic layers, which oscillates between ferromagnetic (FM)
and antiferromagnetic (AF) as a function of spacer thick-
ness in layered magnetic rare-earth (RE)i and transition-
metal structures has initiated major activities both in
fundamental and applied research. This oscillatory ex-
change coupling has since been observed in a large num-
ber of systems. ' For the RE materials this coupling
behavior has been attributed to the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction. s Similarly, it was
shown that also in the case of transition metals the cou-
pling can be understood in terms of this mechanism
by taking into account the topological properties of the
Fermi surface of the spacer material. 7 According to
Refs. 7 and 8 the coupling is mediated by one or more
nesting vectors parallel to the respective growth direc-
tion, which connect parts of the Fermi surface with an-
tiparallel Fermi velocities. Consequently the coupling be-
havior depends sensitively on the growth direction and
on details of the Fermi surface. Since fcc Co/Cu can be
grown epitaxially in various orientations it has been re-
garded as a model system for the test of these theoretical
predictions.

Whereas Co/Cu(100) was one of the first systems in
which AF exchange coupling had been demonstrateds
a dispute erupted over its existence in Co/Cu(ill) for
which an oscillation period of 4.5 ML ( 9 A.) had
been predicted. 7 After the first report of oscillatory ex-
change coupling in sputtered Co/Cu(ill) multilayerss
with a rather weak (111) texture, the absence
of any convincing evidence for AF spin alignment in
molecular-beam-epitaxy- (MBE) grown highly textured
Co/Cu(ill) trilayers was reported. In Ref. 12 it was
suggested that the AF coupling in the sputtered multi-
layers could have been mediated by minority components
of grains which were oriented at or near (100) instead of
(111).Since then a number of groups have reported posi-
tive evidence for the existence of AF exchange coupling in

Co/Cu(111) grown by MBE methods for a copper thick-
ness of t&A„(1) —9 A. . These conclusions were drawn from
techniques which probe macroscopic properties like the
magneto-optical Kerr effect (MOKE), o torsion oscilla-
tion magnetometry, superconducting quantum interfer-
ence device (SQUID) magnetometry, 4 and magnetoresis-
tance (MR) measurements. 4 s Nevertheless, in none of
these reports has convincing evidence for the existence of
the second regime of AF coupling at t&„(2) = 19 A been
provided so far, as would be expected from the nature of
an oscillatory coupling for Co/Cu(111). 7

In this paper we present spin polarized neutron
reflectivity (SPNR) data on high-quality MBE-grown
Co/Cu(111) superlattices which, since SPNR directly
probes the magnetization profile, unambiguously proves
the existence of a coherent AF order for both t&AF(1) and
tAcF(2) in this system. Furthermore we demonstrate the
absence of AF order for an intermediate tc„. We cor-
relate these results with MOKE data which show a dis-
tinct oscillation of the saturation fields with three max-
ima, again indicating an oscillatory exchange coupling in
Co/Cu(111).

Using a commercial two-chamber MBE system (Riber
EVA 32) the samples were grown on 25 x 25 mm
A120s(1120) substrates at pressures below 2 x 10 Pa
during evaporation. 7 First, a 50—100-A Nb(110) buffer
was deposited with a rate of 0.5 A./s at a substrate
temperature of 900'C. As shown by in situ reHection
high-energy electron difFraction (RHEED), annealing at
950'C for 20 min increased the smoothness of the Nb
surface considerably. To maximize the degree of crys-
tallinity, the growth of the superlattice was started with
a Cu seed layer at an optimized substrate temperature
of 375'C. By continuing the growth at RT the interface
diffusion of the subsequent alternating Co and Cu layers
was minimized. The growth rates were 0.1 A/s and 0.07
A/s for Co and Cu, respectively.

The samples were thoroughly characterized chemically
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by x-ray fluorescence and structurally by x-ray low-angle
reflectivity, high-angle Bragg scattering, and grazing in-
cidence diKraction techniques as detailed elsewhere.
These measurements confirmed the high quality of the
samples with an fcc structure of both Cu and Co (bulk
Co is hcp at RT). The superlattices have a very strong
(ill) texture in the growth direction which is evidenced
by the very small full width at half-maximum (FWHM)
of the out-of-plane rocking curves of only 0.02'—0.1'. No
(100) or (110)peaks were observed. Due to a misfit of the
lattice constants of Co and Cu of about 2%, the super-
lattices are strained with coherent in-plane matching and
corresponding out-of-plane Poisson response. i7 In Fig.
1 typical x-ray data are shown together with theoreti-
cal fits plotted as a function of normal scattering vector
~Q~ = (4vr/A) sin 8 for x rays of wavelength A = 1.542 A
incident at angle e onto the sample surface. Both high-
and low-angle data show strong superlattice peaks and
finite thickness oscillations. In the high-angle data these
oscillations indicate a coherence length along the growth
direction extending over 80%%uo of the total film thickness.
The broad peak around 2.75 A i is due to the Nb buffer.

From the fits to the data a roughness, defined as the
rms deviation g(z2) from the ideal interface, of 4 A.

(high-angle scattering) and 7 A. (low-angle reflectivity)
of the Co/Cu interfaces was found. Therefore, despite
the care taken during sample growth, a certain degree of
intermixing of the layers cannot be ruled out. The dif-
ference between the high- and low-angle roughnesses is
discussed in Ref. 17. No Huctuation of the individual tg„
had to be assumed to quantitatively explain the data.

The SPNR measurements were carried out at the Na-
tional Institute of Standards and Technology in Gaithers-
burg/USA on the reflectometer BT-7.is A monochro-
mated thermal neutron beam was polarized and an-
alyzed by Fe/Si supermirrors. 8/28 specular reflec-
tivity scans were performed for all four cross sections
0 (+, +),0'( —,—), cr(+, —), and cr( —,+), where + (—) in-
dicates the neutron spin state parallel (antiparallel) to
an applied field in front of and behind the sample, re-
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spectively. The first two non-spin-Hip (NSF) cross sec-
tions contain information on the nuclear structure and on
the sample in-plane spins parallel and antiparallel to the
applied field, respectively. The two spin-flip (SF) cross
sections, on the other hand, exclusively yield magnetic
information on the in-plane spins normal to the applied
fieldis (see inset in Fig. 2). Further details about the
application of SPNR with polarization analysis are de-
scribed in Ref. 20. DifFuse scattering and background
were measured by off-specular (8 —6'8)/28 scans with a
small offset b'8. To force the AF coupled spins into a spin
Hop state with the moments parallel to the SF axis the
samples were magnetized in a field of 300—700 Oe paral-
lel to the NSF axis before starting the scans. During the
measurements a small guide field of 14 Oe was applied to
prevent depolarization of the neutrons.

Magnetic hysteresis curves were measured up to 5 kOe
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FIG. 1. Low- and high-angle x-ray data of the superlattice

14.1 A Co/24. 8 A Cu together with theoretical fits (solid
lines). The superlattice peaks are indicated by arrows. For
more details see text.

FIG. 2. Specular four cross-section SPNR data for three
superlattices with to„(1) (a), tc™(2)(c), and for an inter-
mediate tc„(b) together with model calculations (solid lines).
The data have been corrected for the efficiencies of the polar-
izing elements and the geometrical efFect of the finite beam
width. To obtain the true specular reAectivity the off-specular
data were subtracted leaving some q regions without specu-
lar intensity. The inset schematically shows a superlattice of
period A with the applied 6eld direction, the NSF and SF
axis, and the scattering geometry used. For more details see
text.
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by MOKE in the longitudinal geometry with the external
field parallel to the film plane. The existence of a mag-
netic in-plane anisotropy of the superlattices was ruled
out by rotating the samples around an axis perpendicu-
lar to the film plane by a few degrees between subsequent
measurements. In addition, the polar geometry with the
external field perpendicular to the film plane was used to
confirm that the magnetic moments had no out-of-plane
component.

Figure 2 shows specular SPNR data together with
model calculations (solid lines) for the four spin cross
sections described above for three diff'erent superlattices
plotted as a function of IQI. The open circles represent
NSF (—,—), the closed circles NSF (+, +), and the in-
verted triangles the sum of the SF (+, —) and (—,+)
data, shifted downwards by two orders of magnitude
relative to the NSF data. The SF cross sections are
equal in this experiment and were added to improve the
counting statistics. All NSF (—,—) data sets show a
regime of total external reHection up to QNcsF at low-Q,
finite-thickness oscillations related to the overall thick-
ness of the superlattice and the first superlattice peak

at Qs = (27r/A) 2 + (Q&sF)~, corresponding to the

structural superlattice period A = tc + tc„. The NSF
(+, +) and SF data, on the other hand, exhibit weak
or no superlattice peaks at Qs~ . As confirmed by the
model calculations, this feature can only be explained as
a consequence of at least a major part of the Co moments
being aligned parallel to the initially applied field along
the NSF axis. This leads to a lack of contrast between
Co and Cu for the NSF (+, +) cross sections. Conse-
quently, at least a major part of the sample area must
be FM coupled in all samples, since in this case magnetic
and nuclear periodicity are equal, leading to the observed
splitting of the NSF cross sections at Qs". Whereas in

Fig. 2(b) no peak in the SF scattering is observed, the
scans shown in Figs. 2(a) and 2(c) both clearly exhibit a
peak at the respective half-order nuclear peak position,
corresponding to twice the nuclear periodicity. There-
fore these data unambiguously prove that the samples
with tc„=9.8 A. and with tc„= 20 A. contain coherent
spin structures, which are consistent with an AF cou-

pling between the Co layers. Since the SF cross sections
contain information solely on the components of the Co
moments which are parallel to the SF axis, the AF cou-

pled regions have been forced into the spin Hop state by
the initially applied field. The fact that the sample with
tc„= 14.8 A. [Fig. 2(b)] does not exhibit a half-order
peak confirms the spacer thickness dependence expected
for an oscillatory exchange coupling.

In the inset of Fig. 3 the MOKE hysteresis curve of the
AF sample of Fig. 2(a) is shown. No obvious sign of AF
coupling, like the collapse of the Kerr rotation below a
certain critical field is observed at first sight. Instead, for
all tc„ the hysteresis curves exhibit a large remanence,
again indicative of a major ferromagnetic component in
all samples. On the other hand, when the saturation field
is plotted versus tc„,pronounced maxima around tc,„——
10 A. , tc = 19 A. , and tc„= 28 A. are observed, as can
be seen from Fig. 3. As indicated by the arrows in Fig.
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FIG. 3. Saturation fields determined from MOKE hys-
teresis curves from a series of Co/Cu superlattices as a func-
tion of tc„with the dashed line as a guide to the eye. The
inset shows one of the two hysteresis curves which were not
saturated at 5 kOe (as indicated by the arrows}.

3 the two samples with maximum saturation field were
not saturated at 5 kOe (see inset). The three maxima
of the saturation field correspond to the external fields
required to align the spins in the AF components in the
respective samples. The first two AF regions have been
verified by SPNR. The form of the hysteresis curves can
be understood from the absence of an in-plane anisotropy
in these samples, which allows for a gradual alignment of
the Co spins with increasing field. From these MOKE
results we actually infer evidence for a third AF coupling
region around 28 A. . Using the same relation as in Ref.
10 the AF coupling strengths Jiii are estimated to be
& 0.54, 0.15, and 0.10 mJ/m for the first, second, and
third maxima of the saturation field, respectively.

The AF domain fractions needed to reproduce the SF
half-order peaks in the specular SPNR model curves were
25% and 15% for Figs. 2(a) and 2(c), respectively. These
results coincide well with estimates of the AF fraction
from the MOKE curves. Details on the model calcula-
tions and the assignment of FM and AF domain popula-
tions including a consideration of ofI'-specular scattering
will be discussed elsewhere.

Regarding the existence of a nonzero remanence and
a maximum of the saturation fields for tc+F(1), our mag-
netometry results on MBE-grown Co/Cu(111) are con-
sistent with those published earlier. i However, we
find a much smaller oscillation period than the only other
one reported for MBE-grown samples. Our result is
close to the initially reported period of 10 A (Ref. 3) for
the sputtered superlattices.

Our experimental result of an oscillatory exchange cou-
pling in Co/Cu(111) with an oscillation period of about
9 A, agrees well with the theoretical prediction by Bruno
and Chappert. 7 They have also pointed out that, due
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to an angle p of about 65' between the corresponding
nesting vector and the Fermi velocities, the exchange cou-
pling in Co/Cu(111) is much more sensitive to the effects
of strain and interface roughness than in Co/Cu(100)
with p = O'. This result could explain, in part, the
initial experimental difhculties encountered in the search
for oscillatory exchange coupling in Co/Cu(111) and the
observed FM components. Furthermore, it has been
pointed out that local thinning of the Cu interlayers or
pinholes could be responsible for the FM coupling compo-
nent which has been observed in this work and in all ex-
periments published earlierio is is on MBE-grown sam-
ples. More detailed studies about the growth and struc-
ture of the Co/Cu(111) system are needed.

In conclusion we have observed an oscillation between
coherent AF and FM spin structures in Co/Cu(111) su-
perlattices as a function of tc„by SPNR, consistent with
a distinct oscillation in the MOKE saturation fields. Not
only the phase but also the period of the oscillatory
exchange coupling has been determined in MBE-grown
Co/Cu(111) samples, confirming its existence in this con-
troversial system consistent with theory. Nevertheless

the origin of the FM component in MBE-grown samples
remains yet to be clarified.

Note added in proof We recently received a manuscript
by Dupas et al. who confirmed our results by the ob-
servation of an oscillatory MR with the same period.
The observed amplitudes also indicate the presence of a
major FM component. Very recent scanning-tunneling-
microscope studies indicate that the observed FM com-
ponent could result from Co bridges across noncoalesced
Cu interlayers. This mechanism is discussed in Ref. 13
in more detail.
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