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A vapor-deposition technique was employed to investigate the magnetic properties of iron —noble-

metal multilayers. The thickness, periodicity, chemical composition, microstructure, and the magnetic
moment of the films were characterized and measured by various methods. The experimental results in-

dicated that the magnetic moment per Fe atom in iron —noble-metal multilayers was significantly
enhanced with decreasing Fe-layer thickness, with a fixed noble-metal thickness. The magnetic enhance-
ment was found to be up to 120% for Fe(4.5 nm)/Au(7. 5 nm), 120% for Fe(1.2 nm)/Ag(9 nm), and 160%
for Fe(1.5 nm)/Cu(7. 5 nm) multilayers, respectively, within an error of 6%. Also, when the thickness of
the Fe layer decreased, there was an increasing tendency for perpendicular magnetization in the
iron —noble-metal multilayers. The possible mechanism of the magnetic-moment enhancement is dis-

cussed in terms of the metastable atomic configuration of Fe atoms at the iron —noble-metal interfaces.

I. INTRODUCTION

In the last few years, magnetic multilayer films on a
nanometer scale with artificial periodicity have attracted
much attention because these films have the possibility of
exhibiting anomalous magnetic properties, e.g. , the
change in magnetization as the magnetic layer thickness
is reduced and the appearance in some cases of a uniaxial
interfacial anisotropy, etc. The iron —noble-metal multi-
layers have been the most extensively studied systems, '

because these systems have the advantage of a good lat-
tice match, which reduces interfacial strain, and
iron —noble-metal mutlilayers have weak electronic cou-
pling between and unique chemical protection when the
noble-metal layers are deposited on top.

Based on an all-electron total energy local spin density
approach, Freeman and co-workers predicted that
there would be a significant enhancement in the two-
dimensional (2D) magnetism at surfaces and interfaces in
transition metals on noble metals, e.g. , the magnetic mo-
ment of the Fe atom, in comparison to its value of 2.15

pz in bulk Fe, could be up to 2.98 pz for the topmost Fe
overlayer and the clean Fe(001) surface, 2.96 p~ for a
monolayer of Fe/Ag(001), 2.8S p~ for a monolayer of
Fe/Cu(001), 2.80 p~ for the Ag/Fe/Ag(001) sandwich,
and 2.92 p~ for the Au/Fe/Au(001) sandwich, respec-
tively. Tight-binding calculations of the magnetic prop-
erties of surface, interface, and multilayers by Krom-
piewski, Krauss, and Krey, Tersoff and Falicov, ' and
Falicov, Victora, and Terrsoff, " gave a similar predic-
tion; e.g., Krompiewski, Krauss, and Krey predicted
that the magnetic moment of Fe/Ag multilayers could be
up to 2.86 pz by adopting an atomic sphere approxima-
tion and using a first principle tight-binding linear
muffin-tin orbital method. Similarly, Maclaren et al. '

predicted that the magnetic moment of Fe/Au superlat-
tices and interfaces could be up to 2.78 p~ by a spin-
polarized layer Korringa-Kohn-Rostoker method. In
short, from the theoretical calculations, the magnetic mo-

ment per Fe atom could be enhanced up to 130%%uo to
140% in thin films. Besides, these calculations, also
made a prediction for a tendency of out-of-plane (perpen-
dicular) magnetic anisotropy, because of the very weak
coupling in Fe—noble-metal systems.

From the experimental results reported in the litera-
ture, however, considerable enhancement of magnetic
moment of Fe atoms has not yet been observed, though
iron —noble-metal multilayers have been studied by many
research groups, ' ' instead only a slight enhance-
ment of magnetic moment in Fe/Ag superlattice and
multilayers has been shown recently. ' ' It is believed
that different preparation techniques would result in
different morphologies at the interface of the prepared
multilayers and thus modify the magnetization
differently. In those previous studies, the iron —noble-
metal mutlilayers were prepared by ion sputtering and
magnetron sputtering techniques, which probably result-
ed in a rough interface or even interfacial mixing, as the
sputtered atoms were quite energetic. These results can
therefore not match the calculations based on an ideal
magnetic and/or nonmagnetic interface. Very recently,
Himpsel' and Macedo, Keune, and Ellerbrock ' reported
that Fe grew epitaxially in an fcc structure on Cu single
crystals and formed a sharp interface. In our recent
study, it was also found that Fe grew epitaxially on
polycrystalline Cu by electron-beam (electron-gun) vapor
deposition, in which the energy possessed by the eva-
porated atoms was considerably lower than those in pre-
viously reported techniques. A vapor-deposition tech-
nique was therefore employed to conduct a systematic
study of the magnetic properties of the Fe/noble-metal
systems. In this paper, we report the experimental results
of magnetic-moment enhancement observed in the
iron —noble-metal multilayers prepared by electron-gun
vapor deposition, the correlation between the magnetic
properties and the microstructure of the films, and dis-
cuss the possible mechanism responsible for the observed
magnetic properties.
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II. EXPERIMENTAL PROCEDURE

The iron —noble-metal multilayered films were
prepared by depositing alternatively pure iron (99.99%)
and noble-metal (Cu, Ag, and Au; 99.99%) at rates of
0.1 —0.2 nm/s onto a NaC1 single-crystal with a freshly
cleaved surface (for microstructure analysis) and glass
substrates of 0.1 mm thick (for magnetic property mea-
surement) in an electron-gun evaporation system with a
vacuum of 5X10 Pa. The thickness of the constituent
metals varied from 1.2 to 12 nm controlled by an in situ
quartz oscillator in the system. The total thickness and
geometrical parameters of the multilayers are listed in
Table I. Rutherford backscattering (RBS) was employed
to measure the thickness and the periodicity of the sam-
ples. The samples were also analyzed by transmission
electron microscopy (TEM), selected area electron
diffraction (SAD), and x-ray diffraction to identify the
structure of the films. The magnetic properties were mea-
sured with a vibrating-sample magnetometer (VSM) with
a resolution of 2 X 10 emu under a magnetic field of 4
kOe at room temperature. The size of the VSM samples
was 5 mmX 5 mm. Since the measurements of the total
magnetic moment of the films and the content of the Fe
in the samples are of vital importance in calculating the
magnetic moment per Fe atom, some precautions were
taken. The hysteresis loop of the substrate and holder
was first measured and the largest magnetic moment of
the substrate and the holder was about 4X10 emu,
which was about 1 —2 orders of magnitude lower than
that of the iron —noble-metal multilayers to be shown
below. The hysteresis loops of iron —noble-metal multi-
layers were then measured and the magnetization of the
substrate and holder was subtracted automatically by the
computer during measuring. To reduce measuring error,
four same specimens were put together in one measure-
ment to obtain the hysteresis loops. Consequently, in-
terference of the magnetic moment from the substrate
and holder has a negligible effect on the measured values
and the precision of the measured magnetic moment of
the films was estimated to be less than 1%. After
measuring the magnetic properties, the alloy films were
dissolved in 5 ml aqua regia (HNO3. HCl = 1:3) and
PLASMA-SPEC-I inductive coupled plasma (ICP) atom-
ic emission spectrum was employed to determine the real
Fe content in the multilayers. An average magnetic mo-
ment per Fe atom was then calculated using the obtained

data. Taking into account of an error involved in the
ICP measurement being 5%, the total measured error of
the magnetic moment per Fe atom was reasonably es-
timated to be around 6%%uo.

III. RESULTS AND DISCUSSION

A. Determination of the periodicity

RBS was used to verify the thickness and the periodici-
ty of the iron —noble-metal multilayers. The experimental
results indicated that the thickness and periodicity of all
samples agreed well with our nominal values (Table I).
For example, Figs. 1(a) and 1(b) show the Rutherford
backscattering spectra of [Fe(11 nm)/Au (9 nm)]i (the
subscript is the periodicity number of the Fe/Au bilayers
and is the same hereafter) and [Fe(8 nm)/Au(7. 5 nm)]s
multilayers, respectively. The spectra were obtained with
2.1 MeV He+ ions and the laboratory backscattering an-
gle was 165'. From the spectra, one can learn that the
peak corresponding to the high channel is the peak of
gold or silver and the low channel is the peak of iron, and
both iron and noble-metal consisted of seven peaks for
[Fe(11 nm)/Ag(9 nm)]7 and eight peaks for [Fe(8
nm)/Au(7. 5 nm)]s films, corresponding to seven Ag/Fe
and eight Au/Fe bilayers in these two mutlilayers, re-
spectively. The total thicknesses of the samples were
about 140 nm for Fe/Ag multilayers and 125 nm for
Fe/Au ones, respectively, by calculating the RBS spectra.

B. Magnetic properties

1. Fe-Au system

The VSM results indicated that all the iron —noble-
metal multilayers in our experiment have an in-plane
easy-axis magnetization. Figure 2 shows the hysteresis
loops of four Fe/Au multilayers under a magnetic field of
4 kOe, which was parallel to the film plane. Table II and
Fig. 3 show the magnetic moment per Fe atom in Fe/Au
multilayered films as a function of Fe layer thickness. It
can be observed from Fig. 3 that the magnetic moment
per Fe atom in Fe/Au mutlilayers was about the same as
in the bulk Fe when the Fe layer thickness was about 8
nm, and that the magnetic moment per Fe atom was con-
siderably enhanced with decreasing Fe layer thickness
and reached a highest value of 2.59 p~ at an Fe layer

TABLE I. The geometrical parameters of the iron —noble-metal mutlilayers. (Note: tF, and tc„
stand for the thickness of the Fe and Cu layers, respectively. )

Specimen

Fe/Cu films

Fe layer
thickness

(nm)

1.5, 3.0, 4.5, 7.5, 12
tFe: tcU: 1, 5& 3.0~ 4 5~ 7 5& 12

Cu layer
thickness

(nm)

7.5

Total
thickness

(nm)

75, 275
75

Fe/Ag films

Fe/Au films

1.2, 2.5, 3.5, 5.6,

1.4, 2.5, 4.5,

7.8

8.0, 11 7.5

140

125
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( a ) t Fe( 8nm) /Au( 7.5nm) ] 8
Au

Specimen (10 emu)
Weight of Fe

(pg)
a

(pg )

TABLE II. The magneic moment per Fe atom in different
Fe/Au multilayers.
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A
0
lQ
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Fe

Fe(1.4 nm)/Au(7. 5 nm)
Fe(2.5 nm)/Au(7. 5 nm)
Fe(4.5 nm)/Au(7. 5 nm)
Fe(8.0 nm)/Au(7. 5 nm)
Fe(11 nm)/Au(7. 5 nm)
Bulk Fe

4.800
5.967
9.835

12.22
14.05

20.16
24.65
37.37
55.51
61.08

2.35
2.39
2.59
2.17
2.26
2.15

300 400 500
Channel Number

Ag
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(Q
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0
lQ

1 l

360 400 440 480
Channel Number

FICx. 1. RBS spectra of the iron —noble-metal mutlilayers. {a)
[Fe(8 nm)/Au(7. 5 nm)]~ and (b) [Fe(11 nm)/Ag(9 nm)]7 multilay-
ers.

thickness of 4.7 nm, and then it slightly dipped with de-
creasing Fe layer thickness, while the Au layer was fixed
at 7.5 nm in all the mutlilayers.

Figure 4 shows two hysteresis loops of the Fe/Au mul-
tilayers measured with the magnetic field parallel and
perpendicular to the film plane, respectively. From the

figure, it can be seen that the saturation magnetization
field, for a perpendicular orientation, depended on the
thickness of the Fe layer in a varying manner, when the
Au layer was fixed at 7.5 nm. The saturation magnetiza-
tion of the Fe(1.4 nm)/Au(7. 5 nm) multilayers was much
easier than that of the Fe(8 nm)/Au(7. 5 nm) one. It was
revealed that as the thickness of the Fe layer decreased,
there was an increasing tendency for perpendicular mag-
netization in the Fe/Au mutlilayers, which was similar to
that observed in Fe/Ag multilayers by Gutierrez, Mayer,
and Walker. '

2. Ie-Ag system

The hysteresis lops of the Fe/Ag multilayers were also
measured by the VSM to a maximum magnetic field of 4
kOe parallel to the film plane. The shape of the loops is
similar to that of the Fe/Au rnultilayers. Table III and
Fig. 5 show the magnetic moment per Fe atom in Fe/Ag
multilayered films as a function of Fe layer thickness.
From Fig. 5, it can be found that the magnetic moment
per Fe atom in Fe/Ag multilayers was about the same as
in the bulk Fe when the Fe layer thickness was about 11
nm, and that the magnetic moment per Fe atom was con-
siderably enhanced with decreasing Fe layer thickness
and reached 2.60 p~ at an Fe layer thickness of 1.2 nm,
while the Ag layer was fixed at 9 nm.

Figure 6 shows two hysteresis loops of the Fe/Ag mul-
tilayers measured with the magnetic field parallel and
perpendicular to the film plane, respectively. From the
figure, one sees that the saturation magnetization field
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FICJ. 2. The hysteresis loops of Fe/Au mutlilayers: (a) Fe(1.4
nm)/Au(7. 5 nm); (b) Fe(2.5 nm)/Au(7. 5 nm); (c) Fe(4.5
nm)/Au(7. 5 nm); (d) Fe(8.0 nm)/Au(7. 5 nm).

FIG. 3. Magnetic moment of Fe/Au multilayers as a func-
tion of the thickness of the Fe layer, while Au layer thickness
was kept at 7.5 nm.
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FIG. 4. The hysteresis loops measured in a magnetization
field parallel (solid line) and perpendicular (dotted line) to the
film plane for (a) Fe(1.4 nm)/Au(7 5 nm) and (b) Fe(8 0
nm)/Au(7. 5 nm).

perpendicular to the film plane depended on the thickness
of the Fe layer in a varying manner when the Ag layer
was fixed at 9 nm. The saturation magnetization of the
Fe(1.2 nm)/Ag(9 nm) multilayers was much easier than
that of the Fe(11 nm)/Ag(9 nm). It was revealed that as
the thickness of the Fe layer decreased, there was also an
increasing tendency for perpendicular magnetization in
the Fe/Ag multilayers similar to the above-mentioned
Fe/Au mutlilayers.

3. j'e-Cg system

FIG. 5. Magnetic moment of Fe/Ag multilayers as a function
of the thickness of the Fe layer, while Ag layer thickness was
kept at 9 nrn.

Fe/Cu multilayers of same periodicity but with a total
thickness of 275 nm. Similar values of magnetic moment
per Fe atom were obtained, implying that the total thick-
ness and the Fe/Cu bilayer number have no detectable
effect on the atomic magnetic moment. From Fig. 8,
however, one can see that, when the thickness of the Fe
layer is equal to that of the Cu and less than 7.5 nm, the
magnetic moment per Fe atom weakened with decreasing
Fe layer thickness, which was in agreement with the ex-
perimental results reported by Kozono et al. ' Similar to
the Fe/Au and Fe/Ag mutlilayers, there was also an in-
creasing tendency for perpendicular magnetization in the
Fe/Cu mutlilayers as the Fe thickness decreased.

Table IV, Fig. 7, and Fig. 8 show the magnetic moment
per Fe atom in Fe/Cu multilayered films as a function of
Fe layer thickness. From Fig. 7, it can be seen that the
magnetic moment per Fe atom in Fe/Cu mutlilayers was
about the same as in the bulk Fe when the Fe layer was
thicker than 7.5 nm, and that the magnetic moment per
Fe atom was considerably enhanced with decreasing Fe
layer thickness and reached 3.44 pz, i.e., about 1.6 times
that of the bulk Fe, at an Fe layer thickness of 1.5 nm,
while the Cu layer thickness was kept at 7.5 nm. The
above magnetic properties of the Fe/Cu multilayers were
measured with the specimens of a total thickness of 75
nm. We have studied the magnetic properties of the

Im
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TABLE III. The magnetic moment per Fe atom in different
Fe/Ag multilayers. —0.010

Specimen

Fe(1.2 nm)/Ag(9 nm)
Fe(2.5 nm)/Ag(9 nm)
Fe(3.5 nm)/Ag(9 nm)
Fe(5.6 nm)/Ag(9 nm)
Fe(7.8 nm)/Ag(9 nm)

(10 3 emu)

4.735
7.075
9.350

12.350
11.100

Weight of Fe
(pg)

17.95
28.85
39.39
46.65
47.15

2.60
2.42
2.35
2.40
2.32

0 2 4

Magnetic Field ( kOe)

FIG. 6. The hysteresis loops measured in a magnetization
field parallel (solid line) and perpendicular (dotted line) to the
film plane for (a) Fe{1.2 nm)/Ag(9 nm) and (b) Fe(11 nm)/Ag(9
nm).
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Specimen (10 emu)
Weight of Fe

(pg)

TABLE IV. The magnetic moment per Fe atom in different
Fe/Cu multilayers. tQ

5
Q
g 0
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2 2 Bu1k Fe

Fe(1.5 nm)/Cu(7. 5 nm)
Fe(3.0 nm)/Cu{7. 5 nm)
Fe{4.5 nm)/Cu(7. 5 nm)
Fe(7.5 nm)/Cu(7. 5 nm)
Fe(12 nm)/Cu(7. 5 nm)
Fe(1.5 nm)/Cu(1. 5 nm)
Fe(3.0 nm)/Cu(3. 0 nm)
Fe(4.5 nm)/Cu(4. 5 nm)
Fe(12 nm)/Cu(12 nm)

3.925
6.300
6.125
8.825
9.800
2.908
2.981
3.666
4.325

11.25
20.83
22.90
40.15
43.78
20.24
20.40
20.60
20.87

3.44
2.98
2.64
2.17
2.21
1.42
1.44
1.75
2.04
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C. Microstructure analysis

FIG. 8. Magnetic moment of Fe/Cu mutlilayers as a function
of the thickness of the Fe layer, when the Cu layer thickness
was the same as the Fe one.

j. Ie-Au system

To probe the reason of the magnetic-moment enhance-
ment in the iron —noble-metal mutlilayers, the micro-
structure of the films was investigated by means of TEM
SAD. The analysis results revealed that all the Fe/Au
multilayers were composed of a mixture of the polycrys-
talline bcc Fe and fcc Au, and the size of the Fe and Au
grains was smaller than 30 nm. Figure 9 shows a typical
SAD pattern of the Fe(8 nm)/Au(7. 5 nm) multilayers.
From the intensity and distribution of the diffraction
rings, it can be seen that the Au and Fe grains nucleated
and grew homogeneously.

2. Texture relationship in I'e / Ag mutlilayers

Figure 10(a) shows a typical SAD pattern of the Fe(4.5
nm)/Ag(9 nm) multilayers taken at room temperature.
From this figure, the diffraction rings of the sample were
discontinuous, which was different from that of the
Fe/Au mutlilayers, although the crystalline structure of
Ag and Au was the same and their lattice parameters
were very close (the difference is less than 0.2%). These
results indicated that there were texture and specific

orientation relationships emerging in the films. It was
found by routine calculation that the (001) plane of most
of the silver and iron grains was parallel to the film plane
and that the (011) or (013) plane of some other silver
grains was parallel to the film plane. From Fig. 10(a), it
was figured out that there existed the following orienta-
tion relationships between most of silver and iron grains:

i.e., most of the Fe layers grew epitaxially on the (001)
plane of the silver grains. A schematic diagram of an
Fe/Ag bilayer is shown in Fig. 10(b). The reason of
forming this texture may be that the atomic arrangement
of the (001)F, plane was almost the same as that of the
(001)~s plane and that Fe and Ag are essentially immisci-
ble.

3. Epitaxial growth in Fe/Cu multilayers

The TEM SAD results revealed that, in the electron-
beam vapor-deposited Fe/Cu mutlilayers, the microstruc-
ture of the Fe/Cu multilayers was apparently different
from those of Fe/Au and Fe/Ag mutlilayers. Figure 1!
shows four typical SAD patterns of the Fe/Cu multilay-
ers with various Fe and Cu thicknesses. One sees from

~+
a+

C

X

a

Q
X 3

Fe/Cu( 7 Snm )
rI 'l

I

W& SfV1'I1%1"4

~ii, i
' MIIg IIR h .~,.

~ XS ~ I ~ L

--il=g)1

'
llHII

I f

0 2 4 6 8 10 12
Fe Layer Thickness(nm)

&%41 M I I

LI

f?Ys)hajj'j j

I

Rla, .
N

~ Im'lI I
r ~1 ~g~~ ~g

FIG. 7. Magnetic moment of Fe/Cu multilayers as a function
of the thickness of the Fe layer, while Cu layer thickness was
kept at 7.5 nm.

FIG. 9. Electron diffraction pattern of the Fe(8 nm)/Au(7. 5

nm) rnutlilayers.
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the figure that when the thicknesses of Fe and Cu were
very close, the diffraction intensity of bcc and fcc phase
agreed with the proportion of the Fe and Cu contents.
However, when Fe layer thickness was thinner than that
of Cu, the diffraction intensity of the bcc Fe phase de-
creased sharply with decreasing Fe layer thickness. It
was also true that, when the thickness of the Cu layer was

FIG. 10. (a) Electron diffraction pattern of the Fe(4.5
nm)/Ag(9 nm) mutlilayers; (b) a schematic diagram of an Fe/Ag
bilayer.

thinner than that of Fe, the diffraction intensity of the fcc
Cu phase decreased sharply with decreasing Cu layer
thickness. Eventually, the diffraction lines from fcc Cu
disappeared, when the thickness of the Cu and Fe layers
were 3 and 12 nm, respectively. These results suggested
that when the Cu layer was thinner than that of Fe, the
crystalline structure of part of the Cu layer was not fcc
but probably bcc, which grew epitaxially on polycrystal-
line Fe. It was also evident from SAD analysis that meta-
stable fcc Fe grew epitaxially on polycrystalline Cu, when
the Fe layer was thinner than that of Cu.

To provide further evidence of epitaxial growth of
metastable bcc Cu or fcc Fe at the interfaces of Fe/Cu
multilayers, the structural transformation of the films
upon thermal annealing was studied by means of TEM
and SAD. Figure 12 shows the SAD patterns of the Fe(9
nm)/Cu(3 nm) sample taken at room temperature and
350 C, respectively. From the figure, the as-deposited
film is composed of bcc and fcc phases; however, the in-
tensities of the fcc Cu(200), (220), and (311) diffraction
lines are very weak. When the sample was heated, the in-
tensity of the fcc Cu diffraction lines increased with the
increasing of annealing temperature up to about 350'C,
indicating an increasing portion of fcc Cu in the sample.
Figure 13 shows the lattice parameter of the bcc Fe phase
in Fe(9 nm)/Cu(3 nm) multi[ayers as a function of anneal-
ing temperature. From the figure, one sees that the lat-
tice parameter in the as-deposited sample was 0.2895 nm,
which was greater than that of bulk Fe (0.2866). Upon
annealing, the lattice parameter of Fe first decreased with
an increase of the annealing temperature until 350 C, and
then increased as usual when the temperature was higher
than 350'C. These observations imply that in the as-
deposited Fe/Cu multilayers, there existed some strain
between Fe and Cu layers, resulting in an expanded Fe
lattice. When the sample was heated up to 350'C, the
strain between Fe and Cu lattices was released and the
unusual lattice expansion of the Fe disappeared. These
results supported the above argument that a certain por-
tion of the Cu grew epitaxially on polycrystalline Fe with
a bcc lattice when the Cu layer was very thin. Similar ex-
periments indicated that the metastable fcc Fe grew epi-

f; ?

$.

PK

FIG. 11. Some typical diffraction patterns of the Fe/Cu
mutlilayers (a) Fe(12 nm)/Cu(3 nm); (b) Fe(7.5 nm)/Cu(7. 5 nm);
(c) Fe(12 nm)/Cu(7. 5 nm); (d) Fe(7.5 nm)/Cu(3 nm).

FIG. 12. The diffraction patterns of the Fe(9 nm)/Cu(3 nm)
multilayers taken at (a) room temperature and (b) 350 C.
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FIG. 13. The lattice parameter of the bcc Fe phase in Fe(9
nm)/Cu(3 nm) as a function of annealing temperature.

taxially on polycrystalline Cu in those films composing of
thin Fe layer and thick Cu layer, and it transformed into
equilibrium bcc phase after annealing at the appropriate
temperature.

D. Discussion

The experimental results indicated that the magnetic
properties of the iron noble-metal were determined by
their microstructures, i.e., for different mutlilayers, the
mechanism responsible for the modification of the mag-
netic properties might be different. In the Introduction,
it was mentioned that the magnetic moment per Fe atom
could be enhanced up to 130—140% in thin-film form as
predicted by various theoretical investigations, where
most of these calculations were based on an ideal magnet-
ic and/or nonmagnetic interface. In our experiments, the
interface between magnetic layer and nonmagnetic layer
in Fe/Cu multilayers could be considered to be an ideal
situation as evidenced by the epitaxial growth of the
metastable fcc Fe on a thick Cu layer. The above-
mentioned calculations therefore explain the observed
magnetic enhancement, when the Fe layer became very
thin.

For Fe/Ag and Fe/Au mutlilayers, the Fe layer did
not grow epitaxially on the fcc Ag or Au layer and re-
tained its bcc structure. The mechanism of magnetic
enhancement in Fe/Ag and Fe/Au mutlilayers was prob-
ably different from that in Fe/Cu mutlilayers. As pre-
dicted by Maclaren et al. ' and McHenry and co-
workers, ' the observed magnetic enhancement of the
Fe atoms in the Fe/Au and Fe/Ag multilayers may be in-
terpreted by their calculation results based on the layer
Korringa-Kohn-Rosoker method. An alternative ex-
planation for the magnetic modification observed in the
Fe/Ag multilayers may be attributed to the so-called in-
terface "active layer" proposed by Krishinan and Tes-
sier and Krompiewski, Krauss, ahd Krey, if such types
of interface mixing layers really form. However, our ex-
perimental results of microstructure characterization are

TABLE V. The relationship of the maximum magnetic mo-
ment per Fe atom in the iron —noble-metal multilayers with the
difference of the covalent radius (Ar) between iron and noble
metal (the covalent radius of the Fe atom is 0.117 nm).

Samples

Fe(1.5 nm)/Cu(7. 5 nm)
Fe(1.2 nm)/Ag(9 nm)
Fe(4.5 nm)/Au(7. 5 nm)

~noble metal

(nm)

0.117
0.134
0.134

hr/r;„,
„

(%%uo)

0
14.5
14.5

Magnetic
moment

(p&)

3.44
2.60
2.59
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not adequate to make an appropriate explanation at
present.

It is of interest to note the relationship of the max-
imum magnetic moment per Fe atom in the iron —noble-
metal multilayers with the difference of covalent radius
between iron and noble metals (see Table V). For Fe/Cu
films, the covalent radius of both Fe and Cu are 0.117
nm, i.e., the difference is 0. For Fe/Au and Fe/Ag films,
the covalent radius of both Ag and Au are 0.134 nm and
the difference of the covalent radius between Ag or Au
and Fe is 0.017 nm. It seems that the maximum magnet-
ic moment per Fe atom decreased with increasing the
difference of the covalent radius. A small difference of
the covalent radius may be favorable for epitaxial growth
in the Fe/Cu multilayers. While for the Fe/Ag and
Fe/Au mutlilayers the difference of the covalent radius
was too big to let the Fe layer grow epitaxially. In the
Fe-Ag system, the Fe atoms grew in a strong texture
manner, while there was no structural coherency between
the Fe and Au layers. The texture structure in Fe/Ag
multilayers might play a secondary role in enhancing the
magnetic moment and the maximum magnetic moment
in Fe/Ag multilayers was slightly greater than that in
Fe/Au ones.

In conclusion, our experimental results indicated that
the magnetic moment of Fe atoms could be enhanced
considerably in the Fe/noble-metal mutlilayers by em-
ploying a vapor-deposition technique. In the Fe/Cu case,
because of the epitaxial growth of thin Fe layer on Cu,
the magnetic enhancement was the highest one among
three systems and could probably be explained by
Freeman's calculation. In the Fe/Ag and Fe/Au cases,
the magnetic enhancement was about 20%, which may
be explained by some proposed theoretical predictions.
While with decreasing Fe layer thickness, the increasing
tendency for perpendicular magnetization is in accor-
dance with those currently available theories.
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