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A significant change in the oscillatory exchange coupling corresponding to the contraction of the Fer-
mi surface in the spacer layers is found in the Co/Cuj-xNix (110) system. The oscillation period be-
comes longer with increasing Ni concentration: from 12 A (0% Ni) to 23 A (35% Ni). This change
manifests that the long-period oscillation across Cu-Ni (110) arises from the singularity at the neck or-
bit of the spacer Fermi surface. The neck diameters estimated from the measured periods are in good

agreement with those of bulk Cu-Ni Fermi surfaces.

PACS numbers: 75.50.Rr, 73.20.Dx, 75.30.Et

The exchange coupling between ferromagnetic layers
across nonmagnetic interlayers has attracted great atten-
tion since the discoveries of antiferromagnetic (AF) cou-
pling [1] and “giant” negative magnetoresistance (MR)
in AF-coupled films [2]. One of the most striking fea-
tures is the oscillatory behavior between AF coupling and
ferromagnetic (F) coupling as a function of the spacer
layer thickness. Since the discovery of this phenomenon
by Parkin, More, and Roche in Fe/Cr, Co/Cr, and Co/Ru
multilayer systems [3], it has become known to be
characteristic of a whole new class of materials [4-9].
Most of the systems show oscillatory behavior with a
periodicity of 10-18 A, which is much longer than would
be expected on the basis of a conventional RKKY model.
Furthermore, multiperiodic oscillatory coupling has been
observed in MBE-grown wedge-shaped sandwiches with
sharp interfaces [10-13]. Various theoretical approaches
have been proposed to explain this phenomenon [14-16].
A simple approach takes into account the discreteness of
the spacer layer thickness in the RKKY model [15].
From the periodicity of the lattice planes, the wave vector
is reduced to the first Brillouin zone of the one-
dimensional lattice, which leads to the period of more
than two monolayers. Further, Bruno and Chappert [16]
have argued that the oscillation is determined by the
singularity in the Fermi surface of the spacer layer which
connects extremal points by the vector q along the growth
direction of the layered system. They have predicted the
number and values of the oscillation periods for noble
metal spacers. While this is a most likely approach, be-
cause both long and short periods predicted for (001)
have been found in Cu and Au [12,13] and an orientation
dependence of the coupling strength in accordance with
the theory has been reported for Cu [6], it is still not
quite clear to what extent the period of the oscillation
reflects the Fermi surface of bulk spacer materials. The
differences in the spacer materials and in the orientations
have not been clearly reflected in the experimental
periods. The experimental long periods of the oscillations
for fec Cu(111), (001), and (110) and Au(001) are all
within 10-14.5 A [5-9,12,13]. Furthermore, systematic
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study for transition metal spacers has shown that all the
spacer layers, except for Cr, give the same oscillation
period of 9-11 A [4].

In this Letter, we report a direct relation between the
oscillation period and the extremal wave vector at the
Fermi surface of the spacer. We have investigated a
series of Co/Cuj—xNi,(110) multilayers (x=0, 0.14,
0.23, and 0.35) by means of field-dependent magnetiza-
tion and MR measurements. Cu-Ni alloys are a suitable
candidate to examine the effect of the spacer layer on the
oscillatory coupling because they form solid solutions over
the entire concentration range, they are nonmagnetic up
to ~45 at.% Ni in bulk Cu-Ni alloys, and the Fermi sur-
face can be altered continuously according to the Ni con-
centration [17]. We have found that the long-period os-
cillation becomes longer as the Ni concentration in-
creases. The observed oscillation periods were discussed
quantitatively using Fermi surfaces of bulk Cu-Ni alloys.

Co/Cu) —xNi, multilayers were grown epitaxially on
single crystal MgO(110) substrates by ion beam sputter-
ing at a base pressure of 5%10~7 Torr. For Cu-Ni
spacer layers, 0, 14, 23, and 35 at.% Ni concentrations
were chosen. The individual Co layer thickness was held
constant at ~10 A, and the number of bilayers was 16
for all films studied. The Cu-Ni layer thickness was
designed to be between 3 and 50 A for each Cu-Ni com-
position. The thicknesses for the Co and Cu-Ni layers
were confirmed by a chemical analysis using inductively
coupled plasma-optical emission spectroscopy and by the
bilayer thickness estimated from x-ray satellite peaks
around main diffraction peaks. For x-ray diffraction
measurements, each sample exhibits first to third order
satellites around the main peak and superlattice peaks at
low angle depending on the Cu-Ni thickness, indicating
that the films are well layered. A conventional 6-26 scan
and tilted sample measurements reveal that the films are
grown with an orientation of Co/Cu-Ni(110)IMgO(110)
and Co/Cu-Ni(100)IMgO{100). For reference, the lat-
tice spacings of the single-layered Cu;—,Ni, films (500
A thickness) deposited on the MgO(110) substrates were
examined and were 1.274, 1.270, and 1.267 A for
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x=0.14, 0.23, and 0.35, respectively, which are in good
agreement with the predictions from Vegard’s law.

Magnetization measurements were performed by using
a vibrating sample magnetometer with the magnetic field
applied in the film plane. The saturation magnetization
of the multilayers is almost constant, independent of the
spacer thickness, and is nearly the same as that of bulk
Co. However, the average magnetization over each Cu-
Ni composition becomes somewhat larger as the Ni con-
centration increases. Assuming that Ni atoms in Cu-Ni
alloys near the interface have the same magnetic moment
as in the bulk Ni metal, it is supposed that Ni atoms in
some 2 A of Cu-Ni at each interface are polarized by the
direct interaction with neighboring Co layers. Torque
measurement reveals that a uniaxial in-plane magnetic
anisotropy of the order of 10® erg/cm? is introduced in all
the samples deposited on MgO(110).

The magnetic coupling between adjacent Co layers
across the Cu-Ni spacer was investigated by means of the
field-dependent magnetization and MR measurements.
Figures 1(a),1(b) and 1(c),1(d) show typical M-H loops
and MR curves of Co/CuggsNig 35 multilayers for F- and
AF-coupled cases. The corresponding Cug¢sNig 35 thick-
nesses are 10.3 and 14.3 A, respectively. The external
magnetic field was applied parallel to the [100] (easy)
axis in the film plane. The M-H loop characteristic of the
F coupling [Fig. 1(a)] is square, and shows low saturation
field and high remanent magnetization. The correspond-
ing MR effect [Fig. 1(b)] is too small to be detected. In
the case of AF coupling [Fig. 1(c)], on the other hand,
the coupling aligns the adjacent Co layers antiferromag-
netically, to give a nearly zero remanence, and the exter-
nal magnetic field which overcomes the AF coupling
aligns Co layers parallel to the applied field, yielding a
magnetization characteristic of ferromagnetic saturation.
Large spin-dependent scattering of the conduction elec-
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FIG. 1. M-H loops and MR curves for Co(9.5 A)/Cugss-
Nio3s(110) multilayers which are (a),(b) F coupled across
10.3 A CugesNioss, and (c),(d) AF coupled across 14.3 A
Cug.e5Nio.35.
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trons, due to which the resistivity is large in AF align-
ment and small in F alignment, gives rise to large magne-
toresistance [Fig. 1(d)]. A detailed interpretation of the
magnetization process can be found in Ref. [18]. The AF
coupling strength between two adjacent Co layers with
in-plane uniaxial magnetic anisotropy (K,) follows
J=—dM H,/2 (K,>J/d), where d and M, are the
magnetic layer thickness and saturation magnetization,
respectively, and the saturation field H; is defined in Fig.
1.

The dependence of the MR ratio on the spacer layer
thickness for Co/CuggsNig 14, Co/Cug77Nig23, and Co/
Cug65Nig 35 multilayers (77 K) is shown in Fig. 2. Three
or two oscillations appear in the MR ratio with longer
periods with increasing Ni concentration. The saturation
field and the remanent magnetization also oscillate corre-
spondingly. These oscillatory behaviors indicate that the
exchange interaction oscillates between AF and F cou-
pling depending on the Cu-Ni spacer layer thickness; in
Fig. 2, the AF coupling arises at the thickness which
shows peaks and the F coupling corresponds to the flat re-
gions. The maximum MR ratios decrease with increasing
Ni concentration. The absolute values of p; for Co/Cu-
Ni samples are within 25-40 u Q cm depending on the Ni
concentration in the films. It is noticeable that Ap is
rather larger for the samples with a little Ni addition
than for the no-addition samples. A detailed description
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FIG. 2. MR ratio as a function of spacer layer thickness for
(a) 16x[C0(9.3 A)/CuossNio.1a(tr A)1(110), (b) 16x[Co(10.0
A)/Cup77Nig23(r A)1(110), and (c) 16%x[Co(9.5 A)/Cuges-
Nig3s(zr A)] multilayers at 77 K. The solid lines serve as guides
to the eye. Ap is defined as po — ps, which are shown in Fig. 1.
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of the magnetoresistance will be presented in a forthcom-
ing publication. For Co/Cugg¢Nig 14 multilayers [Fig.
2(a)], the position of the first AF peak is 11 A and the
oscillation period is 12 A. The maximum saturation field
yields an AF-coupling strength J=—0.26 mJ/m2. For
Co/Cug77Nig23 and Co/CugesNig3s multilayers [Figs.
2(b),2(c)], two wide peaks appear with a right-shoulder-
dropped shape with the same width. Since the oscillation
periods become noticeably longer, the width of the AF
peaks becomes wider. Consequently, a decrease of the
MR ratio through the increase of the spacer thickness ap-
pears in one AF region, giving the distorted shape. The
positions of the first AF peak and oscillation periods for
Figs. 2(b) and 2(c) are 14.5 A, 17 A and 17 A, 23 A, re-
spectively. The maximum AF coupling strengths are
—0.13 and —0.08 mJ/m?, respectively.

For the Co/Cu (Ni 0%) multilayers the MR shows
three oscillations in the Cu thickness range up to 40 A;
the first peak is at 10 A and the intervals are 12 A, which
is the same as the observations in CoggFeq /Cu(110)
multilayers on the same substrates [19]. Johnson et al.
[6] have observed a similar oscillation period (12.5 A)
but different first peak position (8.5 A) in a Co/Cu/
Co(110) MBE-grown wedge-shaped sandwich.

Measured coupling data for Co/Cu-Ni(110) systems
are summarized in Table I. The oscillation behavior in
the Co/Cu-Ni(110) system strongly depends on the Ni
concentration in the spacer layer; with increasing Ni con-
centration, the oscillation period becomes longer, the po-
sition at the first AF peak shifts toward greater thickness,
and the maximum AF coupling strength becomes weaker.
The change in J should be also affected by a difference in
the peak position. Thus, we compared J at the same
spacer layer thickness using the decay of J versus spacer
thickness derived from the first and second AF peaks for
each CuNi composition. It still showed a small decrease
with increasing Ni concentration; J at 10 A for 14, 23,
and 35 at.% Ni samples was —0.32, —0.29, and —0.26
mJ/m?, respectively.

A plausible cause of the change in oscillatory period is
a change in electronic state in the spacer layer. Although
Ni addition to the Cu spacer contributes to the change
in lattice spacing, this change is at most 0.86% for

TABLE I. Summary of measured coupling data for the
Co/CuNi (110) multilayers, including the oscillation period
(A), the position of the first AF coupling (¢), and the maximum
coupling strength at first AF coupling. The short-period oscilla-
tions are not found.

Ni concentration A t —-J
(at. %) (A) (A) (mJ/m?)

0 12 10 0.40

14 15 11 0.26

23 17 14.5 0.13

35 23 17 0.08

Cug6s5Nig.3s compared with Cu, which is too small to ex-
plain the approximate doubling of the oscillation period.
Ni addition should also change the interface state. Polar-
ized Ni atoms at the interface might contribute to the in-
crease of magnetic randomness at the interface. In order
to confirm the effect of roughness on oscillation periods
experimentally, we prepared Co/Cu multilayers with
rougher interface by increasing the argon acceleration
voltage in ion beam sputter deposition. They did not
show the oscillation between AF and F coupling, but
showed an oscillation in the weak AF coupling strength
with the same period as mentioned previously.

In a Cu-Ni alloy, the Fermi surface gradually con-
tracts with increasing Ni content, maintaining the topolo-
gy of the Cu Fermi surface [20]. In the light of the
theory [16], we discuss the relation between the measured
oscillation periods and the extremal points at the spacer
Fermi surface. In the Cu-Ni Fermi surface, there are
several extremal wave vectors along the [110] direction:
three wave vectors linking extremal points on neighboring
Fermi surfaces which include wave vectors relating to the
belly orbit, and one wave vector passing through the neck
diameter in the [110] direction, linking a pair of saddle
points of the opposite faces with velocities parallel and
antiparallel to [110]. We can select an extremal vector in
Cu-Ni(110) which determines the observed oscillations.
The former wave vectors become longer with increasing
Ni concentration. Thus, their oscillation periods A
=27r/|q| become smaller as the Ni concentration in-
creases, opposing the observed change in the period. The
size of the latter wave vector, which is equal to the neck
diameter, becomes smaller with Ni concentration in-
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FIG. 3. Comparison of the composition dependences of the
wave vectors obtained from measured oscillation periods of ex-
change coupling and neck diameters in Cu-Ni alloys. The open
circles give the wave vectors from periods of oscillations; closed
circles with error bars and squares give the positron annihilation
experimental results of Hasagawa and McGervey, respectively
[21]; and closed triangles give the calculated results from
KKR-CPA [20]. An open inverted triangle is the neck diame-
ter of pure Cu from the de Haas-van Alphen effect [22].
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crease. Thus, the oscillation period becomes longer with
Ni addition, which agrees with the experimental result.
In Fig. 3, the wave vectors obtained from measured oscil-
lation periods in Co/Cu-Ni(110) multilayers are com-
pared with the neck diameters of the bulk Cu-Ni alloys.
They are in good quantitative agreement. This manifests
that the long-period oscillatory coupling across Cu-
Ni(110) arises from the extremal points of the neck orbit,
strongly supporting the theoretical approach of Bruno
and Chappert [16]. Moreover, this suggests that the bulk
Fermi surface is maintained even in ultrathin films of
about 10 A thickness. The oscillations arising from the
other extremal points are expected to have short periods
of less than 4.2 A. These short-period oscillations were
not found in our multilayers probably because of the
somewhat rough interface.

In conclusion, we have observed the oscillatory ex-
change coupling in a series of Co/Cu;—;Ni,(110) multi-
layers and shown that the variation of the oscillation
period is well correlated with the variation of the neck di-
ameter of the Fermi surface of the bulk Cu,; —,Ni, alloy.
The present result has provided a strong experimental
proof for the recent theory [16].

The authors wish to thank H. Endo for measurements
of the inductively coupled plasma-optical emission spec-
troscopy.
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