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Magnetoresistance efFect and interlayer exchange coupling in epitaxial Fe/Au(100)
and Fe/Au(111) multilayers
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Single-crystal-like Fe/Au(100) and polycrystalline Fe/Au(111) multilayers were prepared by
ultrahigh-vacuum deposition. In the Fe/Au(100) system, a distinct oscillation in the magnetoresistance
(MR) ratio in accordance with the changes of interlayer exchange coupling was observed at room tem-
perature as a function of Au-spacer-layer thickness. In the Fe/Au(111) system, an antiferromagnetic
coupling was also confirmed. Flatness of interfaces and well-controlled spacer-layer thicknesses are cru-
cial factors to ensure observation of the MR-oscillation eftect.

The giant-magnetoresistance (GMR) effect and its os-
cillation as a function of nonmagnetic spacer-layer thick-
ness have attracted much attention as a peculiar
phenomenon in metallic multilayers; this is not only be-
cause of the primary importance of the subject of physi-
cal science but also because of potential technological ap-
plications. ' An antiferromagnetic (AF) interlayer ex-
change coupling of magnetic layers through nonmagnetic
spacer layers is regarded as one of the origins of the
GMR effect. However, since the mechanism has not
been fully understood, well-controlled single-crystal-like
multilayer films are necessary to get reliable and
comprehensive data.

Fe layers are epitaxially grown on Au substrates be-
cause there is very little difference in the atomic distances
of their metal structures. Therefore, we can obtain
single-crystal-like Fe/Au films with high quality as model
materials to study interlayer exchange coupling of mag-
netic layers spaced by a nonmagnetic layer. Oscillatory
magnetic exchange coupling as a function of Au-spacer-
layer thickness was reported in Fe/Au/Fe trilayer films
with the use of ferromagnetic resonance (FMR) mea-
surements and in Fe/Au/Fe trilayer films with wedge-
shaped Au layers with the use of the surface magnetic-
optical Kerr effect (SMOKE). However, oscillation in
the magnetoresistance (MR) was not reported. In partic-
ular, for polycrystalline Fe/Au(111) multilayers prepared
by magnetron sputter deposition, no interlayer exchange
coupling is observed. We have observed clear oscilla-
tions in both the MR and exchange coupling in single-
crystal-like Fe/Au(100) multilayers prepared with
ultrahigh-vacuum (UHV) deposition. Moreover, the
shape of the oscillation is different from ones reported in
many systems so far.

The samples were prepared by alternate deposition in
UHV conditions with electron-gun heating. The pressure
reached (1—4) X 10 torr before deposition and
remained at (5—9) X 10 torr during deposition.
GaAs(100) single crystals chemically etched with a con-
ventional method (H2SO4. H20z. H20=3:I:I) (Ref. 7) and
glasses were used as substrates in order to change crystal-
lographic orientations and crystallinity. The deposition
rate was 0.2 —0.3 A/sec for Au and 0. 1 —0.2 A/sec for
Fe. A typical film-growth process is as follows. After

heating substrates at 300 C for more than an hour; 470-
A-thick Au were evaporated on the substrates at the sub-
strate temperature (T, ) of 200'C. Fe/Au multilayers
were grown with 20 repetitions on buffer layers at
T, =50'C. 47-A-thick Au protection layers covered the
multilayers. Since the quartz-crystal oscillator as a thick-
ness monitor in situ cannot resolve the film thicknesses

0
less than 1 A, a geometrical condition of the substrates'
holder in the preparation chamber was utilized to
prepare the samples by controlling the film thickness less
than 1 A.

The fatness of the film surfaces during film growth was
confirmed by reAection high-energy electron-diffraction
(RHEED) patterns. The structures of the prepared sam-
ples were investigated by x-ray diffraction (XRD) using
the 0-20 scan method with Cu Ke radiation. A cross-
sectional image of the film was observed with a
transmission-electron microscope (TEM).

The magnetization curves were measured with a
vibrating-sample magnetometer (VSM). The MR mea-
surements were carried out by a conventional four-
terminal method. In all cases, the magnetic fields were
applied along the easy axis of Pe[100] in the film plane.
In MR measurements, the applied fields were perpendicu-
lar to the current direction. All measurements were per-
formed at room temperature (RT).

Single-crystal-like growth of Au and Fe layers on
GaAs(100) substrates was confirmed by RHEED observa-
tion. The RHEED patterns for Au buffer layers on
GaAs(100) substrates change from spots to streaklike pat-
terns around 150 A thick and become clear streaks thick-
er than 350 A. When Fe layers are grown on Au layers,
the RHEED patterns become slightly spotlike until 4 A
thick, but do not change after that. On the contrary, the
RHEED patterns for Au layers on Fe layers revert to
clear streaks for 10 A thick. Figure 1 shows examples of
RHEED patterns. The incident beam is parallel to
GaAs[110]. The streak patterns become neater as the
number of bilayer repetitions increases, which indicates
that film Aatness becomes better with film growth. On
the other hand, for the samples on glass substrates,
RHEED patterns were rings which indicate the samples
being polycrystalline.

From XRD measurements, a number of small-angle
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diffraction peaks and middle-angle satellite peaks were
observed for the samples on both substrates, indicating
epitaxial growth with controlled periodicity. Figure 2
shows an XRD pattern of the sample of Au(470
A)/[Fe(9. 6 A)/Au(66 A)] i9/Fe(9. 6 A)/Au(47 A) on GaAs
and a glass substrate. It is worth noticing that the eighth
peaeak in the small-angle region disappears for the sample
on the GaAs substrate. This indicates that an ideal mu-1-

tilayer with a thickness ratio of Fe:Au=1:7 is grown.
The film thicknesses of the Fe and Au layers were es-
timated from the spacings of satellite peaks. The orienta-
tional relationships of Fe layers and Au layers on GaAs
substrates determined from XRD and RHEED observa-
tions are [GaAs(001)]II[fcc Au(001)]II[bcc Fe(001)] in the
stacking direction and [GaAs(110)] IIfcc Au(110)] IIbcc
Fe(100)] in the film plane. On the other hand, for the
samples on glass substrates, the orientations are [fcc
Au(111)]II[bcc Fe(110)] in the stacking direction and poly-
crystalline in the film plane [see Ref. 8 regarding the
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XRD study on Fe/Au(100) multilayers].
TEM images of the cross section of Au(470 A)/[Fe(9. 6

A)/Au(28 A)]i9/Fe(9. 6 A)/Au(47 A) on GaAs and glass
substrates are shown in Fig. 3. Figure 3(a) indicates that
the sample on the GaAs substrate has Aat interfaces all
over the sample. On the other hand, the sample on the
glass substrate as shown in Fig. 3(b) has fairly rough in-
terfaces compared with that on the GaAs substrate.

The difference in film structure on both substrates
affects interlayer exchange coupling and MR. Figure 4
shows the magnetization curves and MR curves for
Fe/Au(100) films on GaAs substrates exhibiting a fer-
romagnetic (F) and an AF interlayer exchange coupling.
The role of the Au buffer layer is crucial in the
Fe/Au(100) system. Without Au buffer layers of ade-
quate thickness more than 400 A, which is consistent
with the results of RHEED observation, the AF state in
Fe/Au(100) multilayers on GaAs substrates as shown in
Fig. 5(b) is not realized, that is, the remanent magnetiza-
tion (M„/I,) is relatively large and the saturation fields
(M, ) is small. As a result, the MR effect is small. Thus,
film flatness is necessary to get AF coupling for the sam-
pes onles on GaAs substrates. The MR change at RT in Fig.
4(d) is fairly large considering the rather thick Au buffer
layer of 470 A. Figure 5 shows the magnetization curves
for Fe/Au(111) films on glass substrates exhibiting AF
and F coupling. Figure 6 shows Au-spacer-layer depen-
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FIG. 1. RHEED patterns of Au(470 A)/[Fe(9. 6 A)/Au(28
A)] /Fe(9. 6 A)/Au(47 A) on GaAs substrate after depositing19 0

A cthe (a) Au buffer layer of 470 A, (b) first Fe layer of 9.6, (c)
first Au layer of 28 A, (d) tenth Fe layer of 9.6 A, (e) tenth Au
layer of 28 A (f) 20th Fe layer of 9.6 A, and (g) 20th Au layer of
28 A.
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FIG. 2. XRD patterns of GaAs/Au(470 A)/[Fe(9. 6

A)/Au(66 A)]»/Fe(9. 6 A)/Au(47 A) on the (a) GaAs substrate
and (b) glass substrate. Inset: small-angle regions.
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FIG. 3. Cross-sectional TEM images of
Au(470 A)/[Fe(9. 6 A)/Au(28 A)],9/Fe(9. 6
A)/Au(47 A) on the (a) GaAs substrate and (b)
glass substrate.
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dence of the MR ratio, M, /M„and H, for the samples
with fixed Fe layers of 9.6 A. The thickness of Au buff'er

layers is 470 A for both substrates. The MR values
are defined as bp/p, =tp(H) p(H=H—, )I/p(H=H, ),
where p(H) is an electrical resistivity when the applied
field is H Oe. The magnitude of p(H=H, ) is 5—7 pQ cm
and 6—9 pQ cm for the samples on GaAs and glass sub-
strates, respectively. For the samples on GaAs sub-
strates, at least four maxima of the MR ratio are clearly
observed and the three maxima at Au-spacer-layer
t icknesses of 22, 33, and 47 A are extremely sharp as
shown in Fig. 6(a). The peak width of the MR ratio as a
function of Au-spacer-layer thickness is about 1 A. A
slight difference in Au-spacer-layer thickness greatly
affects MR values. The peak-to-peak intervals are not
constant but seem to become gradually longer with in-
creasing Au-spacer-layer thickness (11, 14, and 21 A). In
accordance with the MR oscillation, the magnetization

curve shows alternately F states and AF states. Oscilla-
tions of M, /M, and H, accompany the MR ratio in Figs
6(b) and 6(c). Thus, the AF coupling corresponds to the
enhancement of the MR effect. The AF coupling energng energy

saturation magnetization of Fe and t„,is the Fe layer
thickness. M, of Fe layers is suggested to be the same as
bulk bcc Fe by conversion electron Mossbauer spectros-
copy. The maximum H, at a second peak of 22 A yields
J=0.02 erg jcm, which is much smaller than for
molecular-beam-epitaxy grown (100)bcc Fe/Cu(15 A)/Fe
(7=0. 1 erg/cm ).'

From Figs. 6(b) and 6(c) it is expected, for the samples
on GaAs substrates, that the first peak position is around
the Au-space-layer thickness of 7 A. It is, however, not
until Au layers more than 10 A are grown on Fe layers
that RHEED patterns become clear streaks for the sam-
ple on GaAs substrates. Therefore, due to the imperfec-
tion of Au layers, F layers may couple with each other
and MR oscillation and clear AF coupling are not ob-
served for a Au-spacer-layer thickness less than 20 A.
The peak positions of M„/M, in Fig. 6(a) and H, in Fig.
6(b) reasonably agree with the results of Fe/(wedge-
shaped Au)/Fe trilayers in Ref. 5, but the details are not
exactly the same. Shorter periods, which were predicted
theoretically" ' and confirmed using an Fe/(wedge-
shaped Au)/Fe(100) trilayer, were not detected in the
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FICr. 4. Magnetization and MR curve of Au(470 A)/[Fe(9. 6
A)/Au(t„„A)]»/Fe(9.6 A)/Au(47 A) on the (mAs substrate
with (a) and (b) tA„=28and {c) and (d) tA„=33 A at RT. The
field is apphed perpendicular to current direction in film plane.

FIG. 5. Magnetization curve of Au(470 A)/[Fe(9. 6
A)/Au(t~„A)], 9/Fe(9. 6 A)/Au(47 A) on the glass substrate with
{a) tA„=7.5 A and (b) tA„=33A at RT.
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FIG. 6. Au-spacer-layer thickness dependence of the (a) MR
ratio, (b) M„/M„and (c) H, of Au(470 A)/[Fe(9. 6 A)/Au(tA„
A)]»/Fe(9. 6 A)/Au(47 A) on GaAs substrates [, single-
crystal-like Fe/Au(100) multilayers] and glass substrates [o,
polycrystalline Fe/Au(111) multilayers] at RT. bp /p,
= [p(H) p(H =H, ) ]/—p(H =H, ).

confirmed extensively in many systems in the samples
prepared by sputtering. However, to reproduce the oscil-
lations in UHV grown samples was not very easy. It
seems to be for the first time in multilayer samples that
more than three peaks are clearly observed in the values
of the MR ratio as a function of spacer-layer thickness.
It is expected that the periods of oscillations depend on
the crystallographic orientations and structure of inter-
layer materials as predicted by theoretical calculation. '

A detailed analysis of the structure of Fe layers and Au
layers is in progress.

For the samples on glass substrates, on the other hand,
M„/M, and H, have one peak around the Au-spacer-

0

layer thickness of 7 A, whose magnetization curve cer-
tainly shows AF coupling type [Fig. 5(a)]. The MR ratio,
however, does not oscillate as a function of Au-spacer-
layer thickness and has only a broad maximum around 55
A. The maximum J is estimated to be about 0.1 erg/cm
at an H, peak of 7.5 A, which is almost the same as that
of the sputtered Fe(15 A)/Cu(15 A) multilayer. '

The difference between the samples on GaAs substrates
and glass substrates is regarded as being partly due to
film qualities such as crystallinity and fatness of inter-
faces, and partly due to crystallographic orientations.
The high-quality samples with fcc Au(111) orientations
are necessary to study this in further detail.

In summary, clear oscillations in the MR effect and in-
terlayer exchange coupling are observed for single-
crystal-like Fe/Au(100) multilayers on GaAs substrates
prepared by UHV deposition. In the case of the
Fe/Au(100) system, a well-controlled Au-spacer-layer
thickness and fatness of interfaces are crucial to observe
the oscillation in the MR effect. The AF exchange cou-
pling in polycrystalline Fe/Au(111) multilayers is also
confirmed.

present multilayer samples. This may be the difference
between trilayers with wedge-shaped Au layers and mul-
tilayers. Oscillations of the MR effect were found using
sputtered samples and such a phenomenon was
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