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Structure, magnetization, and magnetoresistance of �Co tCo nm/Ru 9.6 nm� multilayers, prepared by vapor
deposition, have been studied as a function of Co layer thickness �tCo�, from 1.1 to 6.6 nm. The experimental
results indicate that an expansion of average atomic volume would enhance the magnetic moment of Co to
2.11�B with decreasing tCo to 3.3 nm, and then would be reduced by nonmagnetic element alloying. Further-
more, we observe two distinct modes of positive magneto-resistance �PMR� in the Co/Ru series: In mode 1 the
PMR shows consistent variation with the magnetization, producing a narrow full width at half maximum
�FWHM�, accompanied by ferromagnetic coupling. In mode 2 the FWHM of PMR is wide with a high
saturation field, in accordance with antiferromagnetic coupling. The mechanisms responsible for the magnetic-
moment enhancement and positive magnetoresistance are discussed in terms of the metastable atomic configu-
ration of Co atoms formed in the films and interface spin-dependent scattering, respectively.

DOI: 10.1103/PhysRevB.72.184412 PACS number�s�: 68.55.�a, 75.47.De, 75.70.Cn

I. INTRODUCTION

The origin of ferromagnetism has interested researchers
since the exchange interaction model proposed by Heisen-
berg in 1928 �Ref. 1� and the free electronic model devel-
oped by Bloch in 1929.2 The topic has attracted renewed
interest because studying magnetic multilayers not only
raises some novel magnetic properties, such as perpendicular
magnetic anisotropy �PMA�, and giant magnetoresistance
�GMR�,3,4 but also provides an opportunity to clarify the
origin of the magnetization of the materials.5,6 In the Co-
based multilayers, metastable fcc Co, bcc Co, and rhombo-
hederal Co were obtained in Co/noble-metal,7–9 Co/Mo,10

Co/Bi system,11 respectively. The observation of these meta-
stable Co phases provides a way to explore the origin of the
magnetization of the multilayers, i.e., magnetic moment per
Co was enhanced to 2.84�B with the formation of metastable
fcc Co in Co/Ag.9 However, the magnetic-moment enhance-
ment arising from the structural transition �e.g., change from
hcp Co to fcc Co� or the atomic-volume variation is ambigu-
ous because these two factors coexist in these systems. Very
recently, employing ab initio calculations, Kong et al.12,13

suggested that an expansion of average atomic volume
would enhance the magnetic moment of Co and metastable
fcc Fe.

It is hence of vital importance to clarify the magnetic
property of hcp Co phases with various atomic volume in
Co/hcp system, that is, the space of Co can be expanded
or shrank �something similar to a balloon� with variation
of the layer thickness, accompanied by the amplitude or
reduction of magnetic moment. This is of help for a better
understanding of the origin of the magnetic property of the
matter. Co and Ru have been selected as constituents of
multilayers in this work for two reasons. First, bulk Ru is a
4d element with hcp structure. Second, among the
ferromagnetic/nonmagnetic multilayers, much attention
has been drawn to Co/Ru system, which is a system showing
peculiar properties, such as strong interlayer antiferromag-
netic coupling14–19 and perpendicular magnetic aniso-
tropy.18,19 Yet the coupling appears to be very sensitive to the

preparation conditions and the GMR is always quite small.
Moreover, Co/Ru system was commonly found to show
negative GMR,4,14–16 but positive GMR was reported by
Rahmuni17 et al. in �Co 3.2 nm/Ru 1.4 nm/Co 3.2 nm� and
doped Co/Ru/Co0.92Ru0.08 sandwiches. Up to now, the mag-
netization and magnetoresistance of Co/Ru films remain
open questions.

In this paper, we report the experimental results of
magnetic-moment enhancement and two different modes of
positive magnetoresistance observed in Co/Ru multilayers
prepared by electrogun vapor deposition, and discuss the
possible mechanism responsible for the observed magnetic
properties.

II. EXPERIMENT

A series of Co/Ru multilayer films were prepared by al-
ternately depositing pure Co �99.99%� and pure Ru �99.99%�
onto NaCl single-crystal chips and glass substrates in an
electron-gun evaporation system. The background vaccum
level was 6�10−8 Torr, and the vacuum during deposition
was better than 8.5�10−7 Torr. The depositing rate was con-
trolled at 0.02–0.03 nm/s and during deposition, no special
cooling was provided to the sample holders. The first layer
on the substrate was Ru and the top layer was Co. The total
thickness of each multilayer film which was controlled by an
in situ quartz monitor was approximately 80 nm with a con-
stant 9.6 nm Ru layer thickness �tRu� and a Co layer thick-
ness �tCo� ranging from 1.1 to 6.6 nm, i.e., tCo=1.1, 1.7, 2.2,
3.3, 5.0, and 6.6 nm.

After the deposition, the samples were analyzed by x-ray
diffraction �XRD� transmission electron microscope �TEM�
with selected area electron diffraction �SAD� and bright
field images. The magnetic properties were measured with a
vibrating sample magnetometer �VSM�, with a resolution
of 5�10−6 emu. Background noise from the substrate and
the sample holder was subtracted from the raw data. Conse-
quently, the precision of the measured magnetization of the
films was estimated to be better than 1%. Induced-coupled-
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plasma �ICP� measurement was used to determine the com-
position in the Co/Ru films after measuring the mag-
netic properties. The average magnetic moment per Co atom
was then calculated. The error involved in the ICP measure-
ment was about 5% and the total error for the magnetic mo-
ment was therefore around 6%. Magnetoresistance measure-
ment was performed at room temperature using a standard dc
four-probe method with a field up to 5 kOe applied parallel
to the film plane. During the measurement process, the ex-
ternal field was parallel and perpendicular to the current di-
rection, respectively. The MR ratio was calculated as
MR% = �R�H�-R�0�� /R�0�.

III. RESULTS AND DISCUSSIONS

A. Periodicity and microstructure analysis

Low-angle XRD analyses are used to verify the periodic-
ity of the Co/Ru multilayers. Typical low-angle XRD for the
sample of �Co 1.1 nm/Ru 9.6 nm�7 is shown in Fig. 1 in
which the second- to sixth-order Bragg peaks with high in-
tensity can be clearly seen. For the limiting experimental
angle ��1° �, the main peak has not been observed. Accord-
ing to the angle 2� value of the diffraction peaks, the modu-
lated periodicity is calculated to be 10.8 nm, which agrees
well with the designed one. Though there are high-order
peaks in Fig. 1, which may arise from the miscibility of Co
and Ru. The lack of ordered finite size peaks �Kiessig
fringes� implies a rough interface where Co and Ru atoms
interdiffuse to some extent.

The microstructure of the films was investigated by TEM
analysis. The experimental results revealed that the structure
of Co/Ru multilayers varied strongly with the variation of
the layer thickness of the constituent metals. Figure 2 pre-
sents two SAD of Co/Ru multilayers. In Fig. 2�a�, there are
two sets of hcp Ru and hcp Co rings in the SAD, shown as a
representative sample for tCo�5.0 nm. It demonstrates that
the films consist of polycrystalline hcp Ru and hcp Co. The
intensity of hcp Co rings becomes weaker with decreasing
tCo. When tCo is reduced to 3.3 nm, the diffraction rings from
hcp Co disappears in SAD. Similar observations are obtained
for lower tCo, such as the �Co 1.7 nm/Ru 9.6 nm� sample
shown in Fig. 2�b�, which means there is only one hcp phase

in the films, and its lattice parameters are determined to be
a=0.267±0.005 nm,c=0.428±0.005 nm. This is very close
to those of pure Ru. Moving this sample during the measure-
ment process under TEM, we did not find strength variation
of the diffraction lines and any hint of hcp Co structure.

There are two possible mechanisms for the formation of
one hcp phase in Co/Ru multilayers, in which the Co layers
are thinner than 3.3 nm. First, the Co atoms may grow in a
metastable hcp structure �with lattice parameter of Ru� on Ru
layers. Second, a hcp solid solution may be formed in the
Co/Ru films. According to the low-angle x-ray diffraction
results, the films have a good periodic structure along the
normal to the films. In addition, the lattice parameters of the
observed hcp phase are almost the same as that of pure Ru,
so that the formation of a Co–Ru solid solution in the whole
range is impossible. It could therefore be thought that, under
our experiment conditions, the Co atoms grew in a meta-
stable hcp structure on thick Ru layer, similarly to the meta-
stable Co phases grew epitaxially in the Co-based multilay-
ers, e.g., a fcc Co phase in Co/Ag superlattice,9 and a bcc Co
phase in Co/Mo multilayers.10 In addition, although the lat-
tice parameter mismatch of Co and Ru is about 8%, in
Co/Ru system, the formation of metastable hcp structured
Co phase on the thick Ru layer is possible. The dependence

FIG. 1. Low-angle spectra of �Co 1.1 nm/Ru 9.6 nm�7

multilayers.

FIG. 2. TEM SAD pattern of the Co/Ru multilayered films: �a�
�Co 6.6 nm/Ru 9.6 nm�5 and �b� �Co 1.7 nm/Ru 9.6 nm�7.
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of formation of metastable hcp phase on adjusting the dis-
tance between the atoms in the crystal cell instead of atom
sites transformation is due to both bulk Co and Ru are hcp
structure.

Figure 3 shows high-angle XRD profiles of Co/Ru mul-
tilayers. When tCo increases from 1.1 to 3.3 nm, in general,
all of the diffraction peaks correspond to the hcp structure
of Ru, which shift towards the higher angle side with in-
creasing tCo, i.e., Ru�100� peaks locate at 38.96 and 39.46 in
�Co 1.1 nm/Ru 9.6 nm� and �Co 3.3 nm/Ru 9.6 nm� films,
respectively. Nevertheless as tCo increases to 5.0 nm, in ad-
dition of the diffraction peaks from hcp Ru phase, a hcp
Co�110� peak and overlapping Co�100�, Co�002� peaks
emerge as shown in Fig. 3, indicating that the stable hcp Co
is formed in the films, i.e., the films consists of hcp Ru and
hcp Co. This structure transition is in good agreement with
the SAD analyses. Consequently, the average atomic volume
is obtained, and the tCo dependence of atomic volume is plot-
ted in Fig. 4. The metastable hcp phase �observed in the
tCo�3.3 nm samples� separate into two constituent phases,

which is described by the different atomic volume of Co and
Ru. And the phase separation becomes identifiable at tCo
=3.3 nm. It is found that atomic volume of Co tends to de-
crease as tCo increases, which may attribute to an intermixing
at the interface for which it has been well established that
interface alloying effect is likely to occur at the Co/Ru
interfaces.14,17 Some Co–Ru solid solutions form as transi-
tional layers to release the strains at interfaces, which are
also observed by the variation of the lattice parameter. The
alloying at interfaces becomes so significant in the multilay-
ers that it would influence both the structure and the subse-
quent magnetic behavior of the films.

B. Magnetic-moment enhancement

Magnetic hysteresis loops of the Co/Ru multilayers were
measured at room temperature in a magnetic field �H� up to
10 kOe in parallel direction and 18 kOe in perpendic-
ular direction to the film plane. Representative H depen-
dences of the magnetization for tCo=6.6, 3.3, 2.2, and 1.1 nm
are presented in Fig. 5. From the figure, the saturation
field, for the perpendicular case, depends on the thickness

FIG. 3. High-angle XRD spectra of the Co �tCo nm� /Ru �9.6
nm� �tCo=1.1, 1.7, 2.2, 3.3, 5.0, 6.6 nm� multilayered films.

FIG. 4. Dependence of the average atomic volume of Co �solid
circles� and Ru �open squares� on Co layer thickness in Co/Ru
multilayers �tRu=9.6 nm�.

FIG. 5. VSM magnetic hysterisis loops at room temperature for
the �Co tCo nm/Ru 9.6 nm� multilayers �tCo=6.6, 3.3, 2.2, and 1.1
nm, respectively�. The magnetizing field was parallel ��� and per-
pendicular ��� to the film plane.

MAGNETIC-MOMENT ENHANCEMENT AND SHARP… PHYSICAL REVIEW B 72, 184412 �2005�

184412-3



of the Co layer when tRu=9.6 nm. Saturating the
�Co 1.1 nm/Ru 9.6 nm�7 �shown in Fig. 5�d�� is much easier
than saturating �Co 6.6 nm/Ru 9.6 nm�5 �shown in Fig.
5�a�� ones, i.e., for higher tCo, �Co 6.6 nm/Ru 9.6 nm�5 and
�Co 3.3 nm/Ru 9.6 nm�5 films, the saturation field are �17
and �14 kOe, respectively �not shown�. This reveals that as
the tCo decreases, there is an increasing tendency for perpen-
dicular magnetization in the Co/Ru multilayers, which is
similar to those observed in Fe/Sb system.5 Moreover, the
results indicate that all the Co/Ru multilayers, either for the
stable Co phases or the meatstable Co phases, exhibit soft
ferromagnetic properties.

Figure 6 shows the average magnetic moment per Co
atom in the Co/Ru multilayers as a function of tCo. It seems
that the moment depends strongly on tCo. Some fluctuations
appear with decreasing tCo in Fig. 6, i.e., magnetic moment
per Co atom is first significantly enhanced to the highest
value of 2.11 �B with decreasing tCo to 3.3 nm, and then
reduces with decreasing tCo. Interestingly, the moment
changes with tCo in a very similar way as in the Co-Ag
multilayers, however, in which the magnetic moment is
lower than that of bulk Co 1.71 �B.20 The moment-tCo curve
can be divided into three regions �e.g., I, II, III� with differ-
ent slopes indicated by vertical dash dotted lines.

In region I, that is, tCo�5.0 nm, the magnetic moment is
slightly lower than that of bulk Co, which can be explained
as the ferromagnetic coupling between the nearest-
neighboring ferromagnetic layers.20,21 When nonmagnetic
layers are thinner, in this series, that is, when the magnetic
layers are thicker relatively �i.e., tCo�5.0 nm�, the coupling
between the nearest-neighboring ferromagnetic layers is very
strong, which makes their magnetization vectors tend to be
parallel. Previous magnetization curves �Fig. 5�a�� have
clearly indicated the coupling between the two cobalt layers
is ferromagnetic. This leads to the atom magnetic moment be
close to that of bulk Co.

The tCo dependence of average atomic volume is also
plotted in Fig. 6 for reference. It is surprising that magnetic
moment changes with atomic volume in a totally same way

in region II, and the latter one must strongly affect the mag-
netic moment per Co atom, i.e., the moment increases
abruptly as atomic volume increases. The theoretical predic-
tions by ab initio calculations have suggested that an expan-
sion of average atomic volume would enhance the magnetic
moment of Co, which, however, would be reduced by non-
magnetic element alloying.12 Moreover, it is well known that
for magnetic materials, an isolated magnetic atom has its
highest magnetic moment, which would be reduced when its
atomic volume is decreased, and vice versa.6

In region III, it is noted that the magnetic moment
changes with atomic volume in a totally inverse way, i.e., the
moment decreases as atomic volume increases. We attribute
this inverse way to interface intermixing �i.e., alloying
effect�,5,12,22 which cause the moment to decrease with de-
creasing tCo. The interface intermixing have been indicated
by our XRD results and Diana et al. have reported that al-
loying effect is likely to occur at the Co/Ru interfaces.14,17

Namely, the moment per Co atom decreases with increasing
the number of its nearest Ru neighbors in the interfacial
metastable Co/Ru phases, in accordance with the mean field
model proposed by Shan et al.23 Thus, interface intermixing
could be the controlling parameter in determining the mag-
netic moment in the Co/Ru system. The resultant magnetic
moment is therefore attributed to a competitive effect of the
two factors, i.e. the average atomic volume influence of Co
phases and interface alloying effect.

C. Positive magnetoresistance

Magnetoresistance �MR� and the corresponding magneti-
zation curves for �Co 5.0 nm/Ru 9.6 nm� and �Co 1.1 nm/
Ru 9.6 nm� multilayers are shown in Figs. 7�a� and 7�b�,
respectively, in which positive magnetoresistance �PMR� are
obtained both for tCo=5.0 and tCo=1.1 nm. From Fig. 7, one
can see a significant feature: When tCo=5.0 nm, the PMR
varies consistently with magnetization showing a small satu-
ration field. As tCo decreases, PMR needs a much higher field
to saturate, which is accompanied by the magnetization tran-
sition from mostly ferromagnetic coupling to antiferromag-
netic coupling.

Concerning the details in Fig 7�a�, the �Co 5.0 nm/
Ru 9.6 nm� multilayers, has the two adjacent Co layers
weakly or ferromagnetically coupled as expressed by a high
remanence and a small saturation field. The most part of the
magnetization �bulk part� has already switched at very small
fields �below 50 Oe� and the remaining part �of about 10%�
leads to the saturation field of 300 Oe corresponding mostly
to the moments at the interfaces. Similar result was obtained
in �Co 3.2 nm/Ru 1.4 nm/Co 3.2 nm� sandwich.17 Interest-
ingly, we found the MR is positive of about 0.1%. The MR
curves decreases rapidly at low H below the coercive field
�Hc� of the magnetization until reaching the minimum near
Hc, and then saturates rapidly at the field of 300 Oe. It indi-
cates that the MR varies consistently with the magnetization.
The full width at half minimum �FWHM� of the PMR is
25–30 Oe approaching to the value reported by Hylton et
al.24 in the NiFe/Ag system. As well known, the PMR ob-
served in many system is unsaturated even under very high

FIG. 6. The average magnetic moment per Co atom �open
squares� in the Co/Ru multilayers as a function of Co layer thick-
ness �tRu=9.6 nm�. The dependence of average atomic volume
�solid circles� on Co layer thickness is also plotted for comparison.
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external field.17,25–29 The FWHM in our sample is very nar-
row among these system17,25–29 and worthy of technological
consideration. We refer to this sharp PMR occurs under
lower field and varies consistently with magnetization as
mode 1.

In contrast, Fig. 7�b� shows that the �Co 1.1 nm/
Ru 9.6 nm� film exhibits an antiferromagnetic �AF� configu-
ration of the nearest-neighboring ferromagnetic layers as ex-
pressed by a linear like variation of the magnetization until
the saturation at 5.0 kOe. This AF coupling has been reported
by Rahmouni et al.17 in �Co 3.2 nm/Ru 1.0 nm/Co 3.2 nm�
sandwiches. Such a coupling is accompanied by the gradual
increase of PMR, saturated at a field as high as 5.0 kOe with
a value of about 0.15%. The FWHM is up to 5.0 kOe as well.
We refer to this PMR with wide FWHM as mode 2, which
occurs under higher field. It is well known that the presence
of a plateau in the magnetoresistance curve is a good indica-
tion that the AF coupling is almost perfect and homogeneous
on the whole surface of the sample.15 As a consequence
of its small surface roughness, the AF exchange coupling
strength of this sample is much higher than the
�Co 5.0 nm/Ru 9.6 nm� multilayers.15 The strength of AF
coupling JAF of this sample is calculated to be approximately
−0.79 erg/cm2.

Considering that the MR ratio is small in Co/Ru multi-
layers, especially in �Co 5.0 nm/Ru 9.6 nm� sample �e.g.,
MR% =0.1%�, it may come from an interplay of many con-
tributions, such as the ordinary magnetoresistance �OMR�
induced by the Lorentz force, the anisotropic magnetoresis-
tance �AMR� and the spin-dependent scattering in the inter-
face between the magnetic and the non magnetic layers.28 On
the one hand, the OMR is always positive and proportional
to �eB�� /m*�2 because the Lorentz force elongates the elec-
tron mean free path.28 Since the MR ratio in Fig. 7�a� is not
in proportion with the external field when H is higher than 50
Oe, the positive MR of this sample arising from OMR is
impossible. A small contribution to this PMR is due to the
AMR, which is confirmed from the small difference in total
signals of both PMR curves measured with an in plane ex-
ternal applied magnetic field parallel and perpendicular to
the current direction in Co/Ru system �Fig 7�a��. The posi-
tive total signal variations of both curves at least four times
of the AMR signal itself, suggests that there is another source
which contributes to the PMR.

The observation of positive MR for all the Co/Ru multi-
layers probably has an interface spin-dependent scattering
origin. In the case of symmetrical interfaces moments
with the same chemical composition and the same CoRu
alloy at both interfaces, the spin-dependent scattering ratios
	�	=
↓ /
↑ � are the same at both interfaces. However, us-
ing tight-binding calculations, Stoeffer and Gautier30 have
shown that Co layers wet the Ru layers due to their surfaces
energies, while Ru layers do not wet a Co surface due to the
elastic strains. This suggests that the interfacial properties of
the first Co/Ru interface where Ru is deposited on Co are
different from the second Co/Ru interface where Co is de-
posited on the Ru spacer. This is in agreement with the
RHEED analysis reported by Ounadjela et al.19 In addition,
recalling that no Kiessig fringes exist in low-angle XRD pro-
files, indicating that interface mixing �i.e., CoRu alloying�
exist at the Co/Ru interface to some extent, in which asym-
metry is possible. A schematic explanation of this effect is
given by the two different adjacent Co/Ru interfaces in Fig.
8. Such asymmetry can induce different 	, respectively,
lower and larger than one at each side of the Ru spacer layer.
This is further supported by Itoh calculations31 of the density

FIG. 7. Magnetoresistance and magnetization curves �dotted
line� at room temperature with an in-plane field for �a�
�Co 5.0 nm/Ru 9.6 nm�5 and �b� �Co 1.1 nm/Ru 9.6 nm�7 multi-
layers. For magnetoresistance curves the measurements have been
performed with the magnetic field in the plane both parallel �solid�
and perpendicular �dashed� to the current. Arrows indicate the di-
rection of the swept field.

FIG. 8. Compared influence of tCo on the transmission of elec-
trons. The difference in roughness between the neighboring Co/Ru
interfaces is also shown. �a� �Co 5.0 nm/Ru 9.6 nm�5 and �b�
�Co 1.7 nm/Ru 9.6 nm�7.
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of states at the Fermi level including potentials at interfaces
and ab initio calculations by Rahmouni et al.17

The presence of interface asymmetry is sufficient to ex-
plain the PMR, it is, however, not sufficient to explain
the natural difference of modes 1 and 2. Note that the con-
ductivity of the Co layers �
Co=6.24�10−6 � cm� is unusu-
ally large, a possible explanation for this difference can be
found invoking a mechanism similar to the one proposed
by Tsui32 for the low-temperature PMR of Dy/Sc superlat-
tices. Here the Co layers are low-resistance layers with a
mean free path many times greater than their thickness. Un-
der these circumstances the electrons reflect many times
from the interfaces before scattering indicated by the arrows
in Figs. 8�a� and 8�b� for �Co 5.0 nm/Ru 9.6 nm� and
�Co 1.1 nm/Ru 9.6 nm� respectively. Also this enhances the
sensitivity of resistance to momentum loss upon reflection.
The extra resistance is33

R �
1 − p

1 + p
�

1 − p0

1 + p0
�1 −

2�p

1 − p0
2� �1�

with p=1 for specular reflection, p=0 when all parallel mo-
mentum is lost. Here p0�0 p01� is close to 1 revealing
the high conductivity of Co layer, similarly to p0=0.9 corre-
sponds to the high conductivity of Sc layer.32 The last term
shows how small changes �p are enhanced when p0 is close
to 1. According to Ref. 32, electron reflection at the interface
is reduced upon its magnetization by the applied field, the
total resistance of the film may increase due to an increase in
the transmission of electrons into the Ru layers. Based on
this idea, it may be imagined that the H dependence of the
PMR should correlate with H dependence of the magnetiza-
tion of the Co–Ru alloy interface, and the fractional interfa-
cial alloy magnetization �=M /Msat must be the parameter
relevant to the reflectance; p can depend only on �2, so that
p= p0+	�2+¯ and �p=	�2 in Eq. �1�, to the neglect of
higher terms. Here, 	 may depend on orientation but not on
�. Thus, MR% is proportion to �M /Msat�2, i.e., MR%
��M /Msat�2. The linear dependence of MR% on �M /Msat�2

was obtained by Spizzo et al.34 in Co/Cu system, but with a
negative slope as Co/Cu possessed negative magnetoresis-
tance.

For mode 1, the sample has the two adjacent Co layers
ferromagnetically coupled, saturating at a small field. It is
noted that M /Msat increases rapidly in the vicinity of H=0.
Therefore, MR% changes abruptly with suddenly increasing
�M /Msat�2 in terms of MR% ��M /Msat�2. The sharp PMR
becomes a reality with the advent of rapid saturation of
MR%, producing a narrow FWHM and a small saturation
field. On the contrary, for mode 2, the film exhibits an anti-
ferromagnetic configuration with a gradual increase of the
magnetization until the saturation at 5.0 kOe, which leads to
the gradual increase of M /Msat to a much higher field. Tak-

ing into account of MR% ��M /Msat�2, MR% shows small
changes as applied field is enhanced. This leads to the PMR
is wide with a high saturation field.

It is found that the different MR% value of two PMR
modes can be explained by different interface spin-
dependent scattering. For mode 1, part of momentum is lost
for interface spin-dependent scattering upon its magnetiza-
tion by the applied field, but the other part still remains for
comparatively large tCo, e.g., tCo=5.0 nm, which to some ex-
tent reduces the probability of electrons transmit to interface,
as illustrated in Fig. 8�a�. In this case, an applied field only
partly decrease the specular reflectance to cause a small
MR%, i.e., MR% =0.1%. When tCo decreases to 1.1 nm, Fig.
8�b� reveals that the contribution of Co/Ru interface be-
comes more significant for relatively small tCo, which en-
hances the probability of electron transmitting to the inter-
face. This behavior would produce strong interface spin-
dependent scattering and induces the most of momentum
loss. Thus, the absolute value of the PMR is enhanced, e.g.,
MR% =0.15% for �Co 1.1 nm/Ru 9.6 nm� multilayers. In
addition, the difference in PMR between the two different tCo
may arise from the different atomic volume and magnetic
moment, which need further consideration.

IV. CONCLUSION

Co/Ru multilayers were prepared by electron beam
evaporation. The magnetic moment of Co atom is enhanced
to 2.11�B as the formation of metastable hcp Co. The results
seem to suggest that the variation of the magnetic moment of
Co is governed by a combining effect of two competitive
factors, i.e., an expansion of average atomic volume would
enhance whereas nonmagnetic element alloying reduces the
magnetic-moment of Co, which is in accordance with some
theoretical calculations. Also, as tCo decreases, there is an
increasing tendency of perpendicular magnetization. More-
over, the �Co tCo nm/Ru 9.6 nm� series show two distinct
modes of positive magnetoresistance: For large tCo, the sharp
PMR varies consistently with the magnetization with a small
saturation field, accompanied by ferromagnetic coupling. For
small tCo, the PMR is saturated at a high field, in accordance
with antiferromagnetic coupling. The positive MR is attrib-
uted to the opposite interface spin-dependent scattering ratios
at the two Co/Ru interfaces.
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