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Surfactant-assisted atomic-level engineering of spin valves
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Surfactant Ag is successfully used to atomically engineer interfaces and nanostructure in NiO-Co-Cu-based
bottom spin valves. At a Cu spacer thickness of 1.5 nm, a strong net ferromagnetic~or positive! coupling
.13.92 kA/m~.175 Oe! between NiO-pinned and ‘‘free’’ Co layers leads to a negligible ‘‘giant’’ magnetore-
sistance~GMR! effect ~,0.7%! in Ag-free samples. In contrast, the net ferromagnetic coupling could be
reduced by a factor of 2 or more in spin valves deposited in the presence of'1–3 ML of surfactant Ag, and
such samples exhibit more than an order of magnitude increase in GMR~8.5–13 %!. Based on transmission
electron microscopy~TEM!, a large contribution to net ferromagnetic coupling in Ag-free samples could be
directly attributed to the presence of numerous pinholes.In situ x-ray photoelectron spectroscopy and TEM
studies show that surfactant Ag floats out to the surface during deposition of successive Co and Cu overlayers,
leaving behind smooth interfaces and continuous layers that are less prone to intermixing and pinholes. The use
of surfactants in the present study also illustrates their potential use in atomic engineering of magnetoelectron-
ics devices and other multilayer systems.

DOI: 10.1103/PhysRevB.65.094433 PACS number~s!: 75.70.Cn, 68.55.Jk, 75.70.Pa
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I. INTRODUCTION

Artificially modulated magnetic multilayers are under i
tense research scrutiny. In these systems, the discove
several paradigms has added facets of understanding to
known body of knowledge of the physics of magnetism. E
amples include perpendicular magnetic anisotropy in fe
magnetic films that are only a few ML thick and sandwich
between non-ferromagnetic metals~examples: Co/Pt, Fe/Cu
etc.!;1 the giant magnetoresistance~GMR! effect2 ~defined as
a large change in electrical resistivity as a function of appl
magnetic field! in magnetic multilayers which are comprise
of ferromagnetic films separated by nonferromagnetic sp
ers~examples; Co/Cu, Fe/Cr, etc.!, etc. Furthermore, mesos
copic scale magnetic order can be established in artifici
modulated magnetic multilayers.3

During the growth of a multilayer, the surface free ener
of one layer is usually higher than the other layer~s!. This
leads to a wetting of the low-surface-energy layer on
high-surface-energy layer, but agglomeration of the hi
surface-energy layer on the low-surface-energy layer. In
context, the basic building block for a broad category
magnetic multilayers is a ML of ahigh-surface-energy tran
sition metal~Ni, Fe, Co! on alow surface-energy noble meta
~Au, Ag, Cu, etc.!. The surface free energy of metals such
Cu~111! ~1830 mJ/m2!, Au~111! ~1500 mJ/m2!, or Ag~111!
~1250 mJ/m2! is significantly lower than that of Co~111!
~3230 mJ/m2!, Fe~111! ~2480 mJ/m2!, or Ni~111! ~2450
mJ/m2!.4 Therefore, in addition to agglomeration of magne
transition metals over the noble metals, the noble atoms
to segregate out onto Ni, Fe, or Co, giving rise to intermixi
across the interface. The end result is a multilayer w
rough, diffuse, and intermixed interfaces. An effective a
enue that offers control over elementary deposition step
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the atomic level is through the use of surface modifiers,
simply, surfactants.5,6 Since it was first suggested and expe
mentally demonstrated that adsorbate layers which floa
segregate out to the surface during overlayer growth may
able to favorably alter epitaxial growth, a rapid developme
of this approach was witnessed in the field
semiconductors,7–14 and metal-on-metal epitaxy.5,6,15–20

More recently, surfactants were also shown to favorably a
elementary deposition steps in polycrystallin
multilayers.21–26

Whereas it has been variously shown that deliberately
sorbed surfactants can be used to gain control over
growth of one layer over another, this is only a first st
toward the goal of atomically engineered layered structu
Some way must be found to remove or displace the sur
tant species as the growth proceeds. The best method in
regard is to float out the surfactant during overlayer grow
Soft metals with large atomic volume tend to exhibit rap
surface diffusion and low surface free energy, properties
favor their floating out to the surface during overlay
growth, and smoothing an otherwise rough surface. The la
atomic volume favors the floating out process, since the
corporation of a large atom in a small lattice costs a gr
deal of energy in the form of lattice strain. Examples inclu
Pb, In, Hg, Sb, Ag, As, Sn, etc. Whereas the results of s
factant Ag are presented in this paper, the effect of ot
surfactant species such as Au, Pb, Hg, In, etc. was previo
reported elsewhere.21–26

The present study discusses the effect of surfactant A
favorably altering the nature of interfaces and magnetic pr
erties in polycrystalline NiO-Co-Cu-based GMR bottom sp
valves, the simplest magnetoelectronics devices. Prelimin
results on the role of surfactant Ag in GMR spin valves we
recently presented elsewhere.26
©2002 The American Physical Society33-1
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II. EXPERIMENTAL DETAILS

The dc magnetron sputtered NiO-Co-Cu-based bot
spin valves investigated in the present study were depos
on oxidized Si~100! substrates coated with NiO, and had t
following configuration: Co~3.0 nm!/Cu ~1.5 nm!/Co ~2.5
nm!/NiO ~50 nm!; a protective Ta film'7.5–10.0 nm thick
was deposited in order to prevent oxidation of the free
layer. The configuration of the NiO-Co-Cu-based botto
spin valves is shown schematically in Fig. 1. To study
effect of surfactant Ag, spin valves were deposited with
different choice of interface where surfactant Ag was dep
ited. However, it was found that deposition of surfactant
in between the ‘‘pinned’’ Co layer was most effective in f
vorably altering the magnetic characteristics of spin valv
and this position is also indicated in Fig. 1. The Ag float-o
to the surface during growth of successive Co and Cu o
layers was monitored byin situ x-ray photoemission spec
troscopy~XPS!. Samples were deposited without surfacta
Ag as well as samples with'1 and'3 ML of Ag. Elaborate
steps were taken to remove any contamination on the
strates prior to the film deposition. Further experimental
tails are given elsewhere.24,27

The magnetoresistance measurements were madein situ
using the four-point probe dc mode method. The multiplic
tive conversion factor from four-point resistance to sheet
sistance is of the order of 4, but depends on the actua
mensions of the sample. The structure investigations w
performed on a JEOL-2010 high-resolution transmiss
electron microscope operating at 200 keV. Observations w
made on cross-sectioned samples prepared by ion millin
a cold stage using Ar1 ions ~3.5 keV and 1 mA!. The cross-
section profiles were viewed along the reference Si~110!-
zone axis. Due to a close proximity of the elements CoZ
527) and Cu (Z529) in the Periodic Table, images re
corded near the optimum Scherzer focus generally give a
composition contrast between adjacent Co and Cu lay
Nonetheless, under optimized imaging conditions~by view-
ing at defocused values, which increases the scattering fa
contrast between the two elements, and due to the pres
of Fresnel fringes at the Co-Cu interfaces!,28 the Co and Cu

FIG. 1. Schematic of NiO-Co-Cu-based bottom spin valves
vestigated in the present study. Also shown is the position wh
surfactant Ag was deposited.
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layers can be contrasted,24,26,27,29especially if the individual
layer thickness is sufficiently large. This is shown in a cross
section transmission electron microscopy~TEM! micrograph
in Fig. 2 for a Co~6.0 nm!/Cu ~6.0 nm!/Co ~6.0 nm! trilayer
deposited on an oxidized silicon substrate. In case ofthin
Co/Cu layers, as is the case in spin valves, the present s
shows that great care must also be taken to ensure tha
Co-Cu interfaces are precisely aligned parallel to the incid
electron beam. Even small deviations~61°–2°! from precise
sample orientation results in smearing-out of the contrast
tween the Co/Cu layers, making subsequent analysis diffi
or impossible.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figures 3~a! and 3~b! show the high- and low-field GMR
loops of a bottom spin valve sample without Ag, respe
tively. The low-field GMR loop in Fig. 3~b! shows that the
pinned and free Co layers exhibit a large ferromagnetic c
pling, which is at least equal to113.92 kA/m ~1175 Oe!.
~The actual coupling strength should be greater than113.92
kA/m although its precise value could not be determined d
to an overlap between the switching fields for the free a
pinned Co layers!. This large ferromagnetic coupling pre
cludes the manifestation of any significant GMR effect in t
sample, which is less than 0.7% in Fig. 3~a!. Figures 3~c! and
3~d! show the high- and low-field GMR loops of bottom sp
valve sample with 1 ML of surfactant Ag, respectively.
sharp contrast to the Ag-free sample, the low-field GM
loop of the 1-ML Ag-containing sample in Fig. 3~d! shows
that Ag succeeds in reducing the net ferromagnetic coup
by a factor of 2.5 to15.65 kA/m ~171 Oe!. This observed
reduction in net ferromagnetic coupling allows sufficie
switching of the free Co layer parallel and antiparallel w
respect to the NiO-pinned Co layer, giving rise to a lar
GMR value of 8.5%@Fig. 3~c!#, which is more than an orde
of magnitude higher than in the Ag-free sample. Figures 3~e!
and 3~f! show the high- and low-field GMR loops of
sample containing 3-ML Ag, respectively. Figure 3~e! shows
that in the presence of 3 ML of surfactant Ag the GMR
further increased to 13%. However, note that there is als
small increase in net ferromagnetic coupling to17.71 kA/m
~197 Oe! with respect to the 1-ML Ag samplein Fig. 3~d!,
although this value is still roughly half the coupling value

-
re

FIG. 2. ~a! TEM micrograph of a Co~6.0 nm!/Cu ~6.0 nm!/Co
~6.0 nm! trilayer on oxidized silicon substrate showing sufficie
contrast between the Co/Cu layers is possible under optimized
aging conditions.~b! The same TEM micrographs as in~a! but
without the outlined interfaces to aid the viewer to follow th
Co/Cu layers.
3-2
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SURFACTANT-ASSISTED ATOMIC-LEVEL . . . PHYSICAL REVIEW B 65 094433
the Ag-free sample in Fig. 3~b!. As discussed below, th
origin of this increase in coupling is due to Ag-modifie
interface topography that is conducive to Ne´el’s so-called
‘‘orange-peel’’ effect.30

The XPS studies showed that surfactant Ag floats ou
the surface during overlayer growth, although some Ag
incorporated into the Co and Cu overlayers. The XPS p
files of the Ag float-out are shown in Fig. 4. Figure 4~a!
shows a reference XPS profile for 2 ML of Ag on the surfa
of a 1.0-nm Co film. As seen from Fig. 4~a!, 2 ML of Ag
correspond to approximately 380 kcps intensity; therefo
1-ML Ag corresponds to 190 K cps. With respect to this r
erence XPS profile, Fig. 4~b! shows the XPS spectrum ob
tained from the amount of Ag that has floated out to
surface of the spin valve~in Fig. 1! having 1 ML of surfac-
tant Ag. Figure 4~b! shows that following the deposition o
1-ML Ag in between the ‘‘pinned’’ Co layer, its subseque
float-out following the deposition of the remaining ‘‘pinned
Co layer, the Cu spacer layer, and the ‘‘free’’ Co layer giv
an intensity for Ag of about 32 kcps. This indicates th
1
6-ML Ag floats out to the surface. This effect of incorpor
tion of a small amount of Ag ineach layer was a small or
nominal increase in the thickness of various layers of
spin valves. Thus, with respect to the Ag-free sample,
thickness of pinned Co layer~based on XPS measuremen!

FIG. 3. ~a! and ~b! High- and low-field GMR loops of an Ag-
free spin valve, respectively.~c!, and~d! High- and low-field GMR
loops of a 1-ML surfactant Ag-containing bottom spin valve, r
spectively.~e!, and ~f! High- and low-field GMR loops of a 3-ML
surfactant Ag-containing bottom spin valve, respectively.
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was changed from 2.5 to 2.54 nm in the 1-ML Ag-containi
sample, and to 2.6 nm in the 3-ML Ag-containing samp
Similarly, the Cu spacer thickness was slightly increas
from 1.5 nm in an Ag-free sample to 1.54 nm in a 1-ML A
sample, and to 1.62 nm in the 3-ML Ag-containing samp
The free Co layer thickness was also increased slightly fr
3.0 nm to 3.08 and 3.25 nm in 1- and 3-ML Ag-containin
samples, respectively. The remaining Ag floats out to
surface, over which the protective Ta layer was deposi
For the above-described small or nominal change in the
thickness, it is important to note that the typical coupli
strength in Ag-free samples~deposited under similar growth
conditions! as a function of Cu spacer thickness lies betwe
115.91 kA/m ~1200 Oe! and 19.94 kA/m ~1125 Oe! for
Cu spacer thickness between 1.5 and 1.7 nm, respecti
Therefore, the observed large reduction in net ferromagn
coupling in Ag-containing samples~even after taking into
account an increase in the Cu layer thickness due to som
incorporation! can be directly attributed to the salubrious e
fect of surfactant Ag.

Figure 5 shows typical cross-section TEM micrographs
Ag-free spin valves. Figures 5~a! and 5~c! show micrographs
with outlined Co-Cu interfaces in the Ag-free spin valv
Figures 5~b! and 5~d! show the same micrographs as in Fig
5~a! and 5~c!, respectively, but without the outlined inte
faces to aid the reader to follow the position of the Co/
layers. The micrographs in Figs. 5 show that the Cu la

FIG. 4. ~a! Reference profile of the Ag 3d XPS intensity for
0.4-nm Ag on Co.~b! Profile of the Ag 3d XPS intensity for seg-
regated Ag on the ‘‘pinned’’ Co layer in a spin valve with 1-ML Ag
See Fig. 1 for the position where 1-ML Ag was initially deposite
prior to its segregation through overlayers of Cu and Co in the s
valve.
3-3
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sandwiched between the Co layers is barely continuou
the Ag-free sample. This shows that the lower-surface-ene
Cu layer can remain discontinuous even when it is depos
over the high-surface-energy Co layer having a rough sur
through roughness-induced pinholes.31 ~In addition, inter-
mixing at the Co/Cu interfaces was apparent from a thin
Cu layer in the sample!. As a result, the Ag-free sampl
contains numerous pinholes, thereby bridging the N
pinned and free Co layers together. It is this bridging t
gives rise to a very large contribution to the net coupling
the Ag-free samples, as seen from the low-field GMR loop
Fig. 3~b!. The TEM results also show that the Co and C
layers in the Ag-free spin valves do not grow epitaxial
Instead, the Co and Cu layers consist of~apparently! ran-
domly oriented nanocrystallites in successive metal lay
Based on examination of numerous TEM micrographs
typical schematic of the profiles of the Co and Cu layers
the Ag-free samples is shown in Fig. 6~a!. Also, from an
analysis of TEM micrographs, roughly 2% of the Cu lay
was estimated to be discontinuous.~A quantitative estimation
of pinhole coupling strength as a function of pinhole pop
lation is beyond the scope of this work, and was repor
elsewhere!.31 Figure 7 shows typical TEM micrographs o
1-ML Ag-containing spin valves, with Figs. 7~b! and 7~d!
being their respective counterparts without the outlined in
faces. In contrast to the highly discontinuous nature of
Co/Cu layers in the Ag-free samples, the micrographs
Figs. 7 show that the Cu spacer layer in 1-ML Ag sample
more continuous, and contains fewer pinholes. As Ag flo
out to the surface, it leaves behind a smoother surface
pinned Co layer over which the Cu layer is deposited. Ba
on an observation of TEM micrographs, the degree of in
mixing at the Co/Cu interfaces in the 1-ML Ag sample
reduced with respect to the Ag-free sample. No

FIG. 5. ~a! and ~c! TEM micrographs of an Ag-free spin valv
showing numerous pinholes.~b! and~d! Same TEM micrographs a
in ~a! and ~c!, respectively, but without the outlined interfaces.
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that the location where the surfactant Ag is deposited is
important consideration in favorably modifying the structu
and magnetic properties of spin valves. Surfactant Ag w
most effective when it wasinsertedwithin the pinned Co
layer, and less effective when it was depositedover it, or at
the Cu-free Co interface. At first, it would appear that A
should be deposited on Cu prior to the deposition of the f
Co layer. However, it is important to note thata discontinu-
ous Cu layer is a prerequisite to the formation of pinhole.
Due to a small Cu spacer thickness of 1.5 nm~approximately
5–6 ML of Cu! used in the present study, if the Cu layer
deposited over a rough pinned Co layer, a discontinuous

FIG. 6. Schematics of layer profiles~a! in Ag-free spin valves,
~b! in 1-ML Ag samples, and~c! in 3-ML Ag samples. The sche
matics are based on observations of numerous TEM micrograph
Ag-free and Ag-containing samples.

FIG. 7. ~a! and ~c! TEM micrographs of a 1-ML surfactant Ag
spin valve showing almost continuous Co/Cu layers with few p
holes in comparison to Ag-free spin valves.~b! and~d! Same TEM
micrographs as in~a! and~c!, respectively, but without the outlined
interfaces.
3-4
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SURFACTANT-ASSISTED ATOMIC-LEVEL . . . PHYSICAL REVIEW B 65 094433
layer results. Any subsequent use of surfactants is then
able to prevent the direct contact between the free Co la
and the pinned Co layer, notwithstanding the degree
smoothness of the free Co layer induced by surfactant Ag
ensure this does not happen, Ag wasinserted within the
pinned Co layer. When Ag is inserted within the pinned
layer, it continues to float out during the growth of the r
maining pinned Co overlayer, leaving behind a smooth s
face over which a continuous Cu is deposited. Subseque
as the Ag floats out, it further promotes a smoother growth
the high surface energy Co layer over Cu. In contrast, w
it is deposited on top of the pinned Co layer, only the topo
raphy of the Cu-free Co interface is changed. Similar to
Ag-free sample, TEM results show that Co and Cu layers
the 1-ML Ag samples do not grow epitaxially. A schematic
the typical profiles of the Co and Cu layers in the 1-ML A
samples is shown in Fig. 6~b!. Figure 8 shows typical TEM
micrographs of spin valve samples with 3-ML Ag; aga
Figs. 8~b! and 8~d! show the same micrographs as in Fig
8~a! and 8~c!, respectively, but without the outlined inte
faces. Figures 8 show that unlike the Ag-free samples,
3-ML Ag-containing samples contain only occasional p
holes. A typical schematic of the profiles of the Co and
layers in the 3-ML Ag samples is shown in Fig. 6~c!.

The results presented above show that the observed re
tion in net ferromagnetic coupling in both the 1- and 3-M
Ag samples in comparison to the Ag-free samples can
explained in terms of a large reduction in the number
pinholes in the Ag-containing samples. However, there
important differences in terms of contribution to net coupli
from different mechanisms between zero Ag, 1-ML Ag, a

FIG. 8. ~a! and ~c! TEM micrographs of a 3-ML surfactant Ag
spin valve showing highly continuous Co/Cu layers with only o
casional pinholes.~b!, and~d! Same TEM micrographs as in~a! and
~c!, respectively, but without the outlined interfaces.
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3-ML Ag samples. The 3-ML Ag sample has the highe
GMR and a somewhat higher coupling~17.71 kA/m or197
Oe, 13% GMR! compared to the 1-ML Ag sample~15.65
kA/m or 171 Oe; 8.5% GMR!, but both samples have muc
lower coupling in comparison to the Ag-free sample~.13.92
kA/m or .175 Oe;,0.7% GMR!. The 3-ML Ag sample has
very little pinhole coupling, and the net coupling receives
contribution from oscillatory exchange32 and Néel’s
‘‘orange-peel’’ coupling,30 which requires topographically
correlated interfaces. Highly correlated Co-Cu interfaces
the 3-ML Ag samples are clearly evident in the mediu
magnification TEM micrographs in Figs. 8, as well as t
high-resolution TEM~HRTEM! micrograph in Fig. 9. The
TEM studies show that the average grain sizel in the films
is '30 nm and the average roughnessA is '0.5–0.6 nm in
the 3-ML Ag sample. Using these values, the calcula
value of average coupling strength due to the orange-p
effect in the film is 0.012 mJ m22. This coupling, expressed
in terms of a fictitious coupling fieldh acting on the free Co
layer of thicknesst, corresponds to anaddedshift in the
GMR loop equal to12.3 kA/m ~129 Oe!. The remaining
contribution to the net coupling in this sample is due to o
cillatory exchange. In case of the 1-ML Ag sample, Fig.
shows that the interfaces are not topographically correla
~a key to the manifestation of the orange-peel effect!. There-
fore, the net coupling in the 1-ML Ag sample is due to o
cillatory exchange coupling and contributions from occ
sional pinholes. In the case of the Ag-free spin valve,
pinholes makes the majority contribution to the net couplin
Due to the intermixed and diffuse interfaces in the Ag-fr
sample, the oscillatory coupling is likely to be weak.~The
effect of interface roughness and intermixing on the stren
of oscillatory exchange coupling is evident from a high
GMR in the 3-ML Ag sample compared to the 1-ML A
sample!. Unlike the estimation of the strength of the orang
peel coupling, unfortunately, it is very difficult to precise
estimate the strength of oscillatory exchange coupling
polycrystalline samples having rough interfaces. Simila
an estimation of pinhole coupling requires a systema
variation of the pinhole population as a function of the C

-

FIG. 9. HRTEM micrograph showing topographically correlat
Co-Cu interfaces in a 3-ML surfactant Ag-containing sample. T
topographic correlation arises due to an agglomeration of surfac
Ag, and its subsequent float out to the surface.
3-5
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spacer thickness, which is beyond the scope of this pa
and discussed elsewhere.31

Finally, previous experiments on the surfactant-assis
epitaxial growth of transition metals on noble metals und
ultrahigh-vacuum conditions provided some clues as to
promotion of a faceted surface morphology in 3-ML A
samples and its absence in 1-ML Ag samples.5,33 These ex-
periments showed that the background oxygen atoms in
deposition chamber~for example, oxygen atoms knocked o
from the chamber walls! could have a profound effect on th
mechanism by which Ag floats out to the surface. Due to
strong affinity of oxygen to magnetic transition metals, t
oxygen atoms cause an agglomeration of surfactant Ag
order to attach themselves to the underlying magnetic tr
sition atoms. This leads to an islanding of the surfactant
and subsequent wavy characteristics of the Co/Cu overla
as Ag floats out to the surface. In contrast, these experim
show an interesting behavior when only 1 ML of surfacta
is present. In this instance, instead of an agglomeration of
surfactant over the transition magnetic atoms, results sug
that Ag floats out uniformlyalong with 1 ML of the magnetic
transition metals. A similar behavior may be found in the
present films, although as in previous experiments con
sive experiments would be very difficult due to an inabili
to eliminate the background oxygen atoms completely.

IV. SUMMARY

Surfactant Ag was used to alter the growth mode in Ni
Co-Cu-based bottom spin valves favorably. It was found t
at a Cu thickness of 1.5 nm, a large ferromagnetic coup
at .13.92 kA/m~1175 Oe! exists between pinned and fre
Co layers in the Ag-free spin valves, and a small GMR eff
of less than 0.7%. Based on TEM studies, a large contri
.

te

.
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c
s.

s
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tion to the net ferromagnetic coupling in Ag-free samp
could be directly attributed to the existence of numerous
holes. Results show that 1 and 3 MLs of Ag deposited
between the pinned Co layer succeeds in reducing the
ferromagnetic coupling by roughly a factor of 2 or mo
This reduction in the net ferromagnetic coupling is suffici
to enable the free Co layer to switch between being par
and antiparallel with respect to the pinned Co layer. A
result Ag-containing samples exhibit an order of magnitu
or more increase in GMR~8.5% in 1-ML Ag samples and
13% in 3-ML Ag samples, in comparison to Ag-fre
samples!. The existence of a large number of pinholes in
Ag-free samples could be directly attributed to an inability
the 1.5-nm-thick Cu layer to cover the rough surface of
pinned Co layer completely, giving rise to roughness indu
pinholes. In situ x-ray photoelectron spectroscopy resu
show that, in Ag-containing samples, surfactant Ag floats
to the surface during deposition of successive Co and
overlayers, leaving behind smooth surfaces and continu
layers that are less prone to intermixing and pinholes.
use of surfactants in the present study illustrates their po
tial use in the atomic engineering of thin films, to favorab
alter the physical properties not only in GMR films, but a
in magnetoelectronics devices and other multilayer syst
that are currently the focus of intense research activities
to a fundamental interest in their electron transport prop
ties, interesting magnetic behavior, and myriad technolog
applications.
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