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Two Oscillatory Behaviors as Functions of Ferromagnetic Layer Thickness
in Fe/Cr(100) Multilayers
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Oscillatory magnetoresistance as a function of the Fe layer thickness has been found in Fe/Cr(100)
multilayers deposited on MgO(100). It is mainly attributed to an oscillatory interlayer exchange cou-
pling between adjacent Fe layers as a function of the Fe layer thickness. Further, oscillatory variation of
the saturation resistivity with Fe layer thickness was also observed. Both the oscillation periods are ap-
proximately 8 A. These two oscillations can be understood in terms of the partial confinement of the
perpendicular motion to the layer plane of Fe majority spin electrons.

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

In recent years metallic layered materials have been
gaining interest for designing new materials with desir-
able properties. One of the essential features in magnetic
multilayers is an exchange coupling between ferromag-
netic layers across nonmagnetic spacer layers. Since the
discovery of the long-period oscillations in exchange cou-
pling as a function of the spacer thickness in Co/Ru,
Co/Cr, and Fe/Cr multilayers [1], the oscillatory ex-
change coupling between ferromagnetic (F) and antifer-
romagnetic (AF) coupling has created widespread in-
terest because of its universality in a wide variety of mag-
netic multilayers and the unusual oscillation periods
(9-23 A) [2,3]. Furthermore, the AF-coupled films ex-
hibit “giant” negative magnetoresistance (MR) [4] which
has potential applications in magnetic storage technology.
The oscillatory exchange coupling is accompanied by os-
cillations in magnetoresistance.

Explanations of the oscillatory exchange coupling have
generally been based on the RKKY theory. Although
naive RKKY theory predicts a single period A =Ag/2 =1
ML which is much shorter than the experimental ones,
the long periodicity of the oscillations can be obtained by
considering the discreteness of the spacer thickness [5].
Further refinement by Bruno and Chappert [6] showed
that the coupling can be understood in terms of the topo-
logical properties of the Fermi surface of the spacer ma-
terial; oscillation is determined by one or more extremal
wave vectors parallel to the growth direction which con-
nect two points of the Fermi surface with antiparallel
Fermi velocities. Multiperiodic oscillations predicted in
[6] have been actually found in Co/Cu(100) [7] and
Fe/Au(100) [8] systems, and predicted orientational
dependence of the coupling strength [6] has been reported
for the Co/Cu system [9]. Moreover, strong dependence
on the Fermi surface dimensions of the oscillation period
has been found in Cu-Ni alloy spacer materials [10].

On the other hand, the oscillatory exchange coupling
based on the idea of quantum confinement of the elec-
trons within the individual spacer layers has been pro-
posed by Edwards et al. [11]. In general, the component
of the wave vector of electrons in the direction perpendic-

ular to the film plane becomes discretized by thinning the
film thickness to confine the electrons in this direction.
This leads to so-called quantum size effects. Since the
first observation in a low-energy electron transmission ex-
periment for thin Au films [12], quantum size effects in
metal films have been experimentally observed in many
phenomena: oscillatory variations of the electrical resis-
tivity with increasing film thickness, low-energy electron
tunneling experiments, and direct observations of quan-
tum well states by means of photoemission and inverse
photoemission spectroscopies (Refs. [13-15] and refer-
ences therein). The treatment [11] provides another
quantum size effect characteristic of the magnetic multi-
layers in which the spin polarized carriers are confined in
the individual layers. Further treatment of the quantum
confinement by Barnas [16] has predicted that the cou-
pling strength oscillates also as a function of the fer-
romagnetic layer thickness. So far, the coupling strength
has been observed to be constant, irrespective of the
thickness of the ferromagnetic layers (e.g., [17]) and lit-
tle attention has been paid to the ferromagnetic layer
thickness.

Most recently, a unified theory of interlayer exchange
coupling which includes the RKKY theory and the quan-
tum confinement theory in terms of the spin asymmetry
of the reflection at the interfaces has been presented by
Bruno [18], in which it is indicated that the interlayer ex-
change coupling also oscillates as a function of the fer-
romagnetic layer thickness.

In this Letter, we present the first observation of the
oscillatory magnetoresistance as a function of the fer-
romagnetic layer thickness in Fe/Cr(100) multilayers. It
is mainly attributed to the oscillatory exchange coupling
as a function of the Fe layer thickness. Furthermore, the
saturation resistivity also oscillates significantly with the
same period as the exchange coupling. These two oscilla-
tions are characteristic of the quantum size effect in thin
films, and from the comparison between band structures
of Fe and Cr, it is found that the Fe majority spin elec-
trons are partially confined to Fe layers.

Fe/Cr(100) multilayers were grown epitaxially on
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FIG. 1. Low-angle x-ray diffraction pattern for 8x[Fe(27

A)/Cr(12 A)] multilayer.

single crystal MgO(100) substrates using ion beam
sputtering (IBS) at a base pressure of 5x10~7 Torr.
Film orientation relative to the substrate confirmed by
the transmission electron diffraction was Fe/Cr(100)
IMgO(100) and Fe/Cr(100)IMgO(110). The ferromag-
netic layer thickness was designed from 5 to 29 A and the
individual Cr layer thickness was held constant at 12 A
which is just thicker than the thickness at which the first
maximum in AF coupling with Cr thickness occurs. On
the top of the multilayers, 38 A Cr layers were deposited
to prevent oxidation. The thicknesses for each multilayer
were confirmed by a chemical analysis using inductively
coupled plasma-optical emission spectroscopy which re-
vealed that the total Cr layer thickness for each multilay-
er was constant within +0.4 A throughout a series with
varying Fe thicknesses. In addition to Fe/Cr multilayers,
FeosCro2/Cr multilayers were also prepared for compar-
ison. Figure | shows a typical low-angle x-ray diffraction
pattern of an Fe/Cr multilayer. Superlattice Bragg peaks
up to fourth order and finite-size peaks between them are
clearly visible. High-angle x-ray diffraction patterns
showed 200 peaks with first to third order satellites.
These x-ray diffraction results suggest that the individual
layers are very flat and have relatively small interfacial
atomic mixing, although it is difficult to derive a quanti-
tative interfacial structure from the x-ray diffraction re-
sults. Here, we should notice further the interfacial
structure of the multilayers prepared by IBS deposition.
In the case of the IBS deposition, the atoms arriving at
the already deposited layers have higher kinetic energies
on the average in comparison to those in molecular-beam
epitaxy (MBE), permitting a little interfacial mixing de-
pending on the energy of the arriving atoms. If interfaces
are perfectly sharp, the coupling strength is very sensitive
to the small change in the Cr layer thickness within |
ML, because of the appearance of the 2 ML oscillation in
interlayer exchange coupling with the Cr layer thickness
which has been observed in the MBE-grown wedge-
shaped sandwiches [19]. However, the interfacial mixing
will smear the 2 ML oscillation and make the coupling
strength less sensitive to the small error in the Cr thick-
ness, which makes it possible to investigate the exchange

1554

15
- (a) 'o" 4
S ]
§ 10 / \\ /:\ B
b 'I .‘ A \\ .
Q‘.n : ! / \\0“‘ \® ;9 ]
by L I8 ‘o’ ‘\‘ N 4
3 5 7 \-\ /'~\OJ A
L ;) i
[, TN ]
0...,1.“‘11...\1”
:E: | (b) //° S B
s 6 : o, n
S b i .
o ab [ N e
: SR\ \ Y o
o (e}
S 2b s
° d
SR A RN
E 801 .\, N
s % Nae
g 60 tg_:t:!\xo-_o\\_o_‘o‘ |
@ or e NS
0w U
101 () -
/0\ 8__ ‘\\ —
8 N
\x/ 6_ e ]
- \o ]
L 4 ; \. o\
2— .‘.'\ ::’__—i\‘ox 7]
0....|.A..Y...$1..
0 10 20 30

Ferromagnetic Layer Thickness (A)

FIG. 2. (a) Magnetoresistance ratio (77 K), (b) resistivity
change and saturation resistivity (77 K), and (c) saturation
field (293 K) vs ferromagnetic layer thickness for 15x [Fe(s
A)/Cr(12 A)] (100) multilayers deposited by 500 eV sputter
Ar ions (large solid circles), 16x[Fe(r A)/Cr(12 A)] (100)
multilayers deposited by 400 eV sputter Ar ions (small solid cir-
cles), and 15x [FeosCro2(r A)/Cr(12 A)]1 (100) multilayers de-
posited by 500 eV sputter Ar ions (open circles). The external
magnetic field is applied parallel to the Fe(Cr) [100] in the film
plane. Oscillations are also observed with the applied field
parallel to the Fe(Cr) [110].

coupling and the MR ratio as a function of the ferromag-
netic layer thickness by using the individually prepared
multilayered samples. For the multilayers with an Fe
layer thickness of more than 8 A, the saturation magneti-
zation M per volume unit of Fe at room temperature was
constant at 1700 emu/cm?, and a cubic in-plane magnetic
anisotropy of the order of 10° erg/cm?® was introduced
with the easy axis of the magnetization parallel to the
Fe(100) direction. For FeqsCrg2/Cr multilayers with an
FeosCro.2 layer thickness of more than 8 A, M, was 1200
emu/cm3. M, in both cases dropped rapidly with de-
creasing ferromagnetic layer thickness from 8 to 5 A.
Figure 2(a) presents the dependence of the MR ratio
on the ferromagnetic layer thickness. MR was measured
using a direct current four-terminal method with an ap-
plied magnetic field parallel to the Fe/Cr(100) in the film
plane. The MR ratio exhibits similar behavior for three
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sets of the multilayers, oscillatory behavior with fer-
romagnetic layer thickness: Peaks start at 9 A with a
period of 8 A. Figure 2(b) shows a numerator of the MR
ratio, resistivity change, Ap =po—ps; and a denominator,
saturation resistivity, ps, separately. Oscillations in Ap
corresponding to the MR ratio indicate that the oscillato-
ry behavior in the MR ratio is mainly attributed to the
change in Ap. However, p; also varies weakly with peaks
at the thicknesses corresponding to the valleys in Ap, also
contributing to the oscillation in the MR ratio. The satu-
ration field as a function of the ferromagnetic layer thick-
ness is shown in Fig. 2(c). It exhibits peaks around 8 A
followed by weak oscillations superimposed on the largely
decreasing curves with the ferromagnetic layer thickness.
The decrease in the saturation field above 8 A is due to
the increasing ferromagnetic layer thickness, because
H,=4J /Mt —2K /M, [20], where ¢ and K, are the fer-
romagnetic layer thickness and cubic anisotropy constant
of the ferromagnetic layers, respectively. Therefore the
actual oscillation in the coupling strength is more pro-
nounced than that in the saturation field; the coupling
strength derived from Fig. 2(c) was roughly proportional
to the MR ratio. Figure 2(c) indicates that the interlayer
exchange interaction between ferromagnetic layers across
Cr layers itself oscillates while maintaining AF coupling.
Average AF-coupling strength ignoring the oscillation is
0.3 mJ/m? for Fe/Cr multilayers deposited by 500 eV Ar
ions, which is equal to that of 12 A Cr thickness for a
Fe/Cr/Fe(100) MBE-grown wedge-shaped sandwich
[21]. The AF-coupling strength determines the antifer-
romagnetically aligned component of the magnetization
vectors of the adjacent ferromagnetic layers at zero field
by which the spin-dependent scattering of the conduction
electrons occurs. Therefore the oscillation in the coupling
strength yields the oscillation in Ap. Above the satura-
tion field, the external magnetic field which overcomes
the AF coupling aligns ferromagnetic layers parallel to
the applied field, to give p; independent of the coupling
strength. If the oscillation of p, originates from fluctua-
tions of the sample conditions such as layer thickness, in-
terface sharpness, and crystal perfection, a temperature
coefficient of p; should also fluctuate with ferromagnetic
layer thickness. However, the temperature coefficient of
ps between room temperature and 77 K increased linearly
without any deviating points from the line with increasing
ferromagnetic layer thickness for three sets of multilay-
ers. The oscillation in p; obviously indicates the oc-
currence of the size effect.

We interpret the observed oscillatory behaviors as
functions of the ferromagnetic film thickness to be caused
by the partial confinement of the majority spin band in
the Fe layers, because the oscillation of the resistivity has
been known as one of the typical quantum size effects
since the first prediction by Sandomirskii [22], and the
oscillation in the interlayer exchange coupling is expected
as a result of the quantum confinement of the spin polar-
ized electrons in ferromagnetic layers as shown by Barnas

[16]. Making a comparison between Fe and Cr band
structures, the minority spin-band structure of the Fe is
quite similar to the Cr band structure, while the majority
spin bands of Fe lie lower than the Cr bands [23]. There-
fore minority spin electrons can move freely passing
through interfaces, whereas, for majority spin electrons,
interfaces become potential barriers. Although this bar-
rier cannot truly confine the majority spin electrons to the
Fe layers because there are electronic states in the neigh-
boring layers to connect with, the partial reflection of the
wave function at the interface can yield quantum well
resonances giving rise to discrete states. Such quantum
well resonance states have been observed by photoemis-
sion and inverse photoemission experiments for Ag films
on Ni, Cu, Si, Ge, and Au substrates [13] and Cu films
on Co and Fe substrates [15].

As a result of the partial confinement of the majority
spin electrons in the Fe layers, the electron density of the
majority spin electrons at the Fermi level fluctuates with
respect to the Fe layer thickness. It should affect not only
the saturation resistivity and the coupling strength but
also the spin-dependent scattering directly. Most recent-
ly, oscillation in magnetoresistance with the layer thick-
ness, directly affected by the quantization of the perpen-
dicular electron motion to the film plane, was shown by
Vedyayev et al. [24]. Their calculations are performed
for perfectly antiferromagnetically aligned samples at
zero field. However, actual multilayers are not often per-
fectly antiferromagnetically coupled; in that case, the an-
tiferromagnetically aligned component of the magnetiza-
tion is determined by the coupling strength; hence, spin-
dependent scattering is also strongly affected by the cou-
pling strength as mentioned earlier. In our result in
which the MR ratio is roughly proportional to the derived
coupling strength, the influence of the quantum effect on
the spin-dependent scattering is thought to hide behind
that of the coupling strength.

In the simple free electron model, an expected oscilla-
tion period in coupling strength with ferromagnetic layers
is Ar/2 [6] and an expected oscillation period in resistivity
is also Ag/2 [22,25]. However, Ag/2 for Fe is 1.8 A,
which is too small to explain the observed oscillation
period. Although the detailed theories which deal with
the periodicity of the oscillatory behavior caused by
quantum size effect have not been presented, to our
knowledge, we suppose that the observed oscillation
period corresponds to the extremal wave vector of the Fe
majority spin Fermi surface, from an analogy with the de
Haas-van Alphen effect presented by Edwards et al.
[11]. In de Haas-van Alphen oscillations, the carrier en-
ergy is quantized by a magnetic field in a two-dimen-
sional plane perpendicular to the field, whereas in the
present problem, one-dimensional quantization in the
direction perpendicular to the film is caused by thinning
the film thickness. By analogy with de Haas-van Alphen
oscillations in which the oscillation period is determined
by the extremal area in the quantized plane, the oscilla-
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tion period of the quantum well state would be expected
to be determined by the extremal wave vector along the
direction perpendicular to the film plane. In the majority
spin Fermi surface of Fe, we tentatively assign such an
extremal wave vector to a wave vector q connecting the
large I'-centered majority spin electron surface and the
intermediate H-centered majority spin hole pocket along
the T'H line, because its length 0.38T°H [26] leads an os-
cillation period A=27/|q| =7.5 A and it gives rise to the
strongest oscillatory behavior among the extremal wave
vectors along the I'H direction. In the case of a Fe-Cr al-
loy, the Fermi level for the majority spin bands decreases
with increasing Cr content. Assuming that the change of
the Fermi level is proportional to the Cr content, the
length of this extremal vector does not change drastically
up to 20% Cr because the A;1 band and the Ast band in
the E-k curve [23] are almost parallel just below the Fer-
mi level. Thus the oscillation period would not be sensi-
tive to small additions of the Cr.

In conclusion, we have observed the magnetoresistance
in Fe/Cr(100) multilayers and found oscillatory inter-
layer exchange coupling and oscillatory saturation resis-
tivity as functions of the ferromagnetic layer thickness.
These oscillations can be understood in terms of the par-
tial confinement of the majority spin electrons to the Fe
layers.

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