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Influence of the Ar-ion irradiation on the giant magnetoresistance
in Fe ÕCr multilayers
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The influence of 200 keV Ar-ion irradiation on the interlayer coupling in Fe/Cr multilayers
exhibiting the giant magnetoresistance~GMR! effect is studied by the conversion electron
Mössbauer spectroscopy~CEMS!, vibrating sample magnetometer hysteresis loops,
magnetoresistivity, and electric resistivity measurements and supplemented by the small-angle x-ray
diffraction. The increase of Ar-ion dose causes an increase of interface roughness, as evidenced by
the increase of the Fe step sites detected by CEMS. The modification of microstructure induces
changes in magnetization reversal indicating a gradual loss of antiferromagnetic~AF! coupling
correlated with the degradation of the GMR effect. Distinctly weaker degradation of AF coupling
and the GMR effect observed for irradiated samples with a thicker Cr layer thickness suggest that
observed effects are caused by pinholes creation. The measurements of temperature dependence of
remanence magnetization confirm increase of pinhole density and sizes during implantation. Other
effects which can influence spin dependent contribution to the resistance, such as interface
roughness as well as shortening of mean-free path of conduction electrons, are also discussed.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1559640#
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I. INTRODUCTION

The giant magnetoresistance~GMR! effect was discov-
ered in Fe/Cr structures more then a decade ago1 and the
theoretical explanation of this phenomenon is now w
established.2 However, despite many studies, the influence
the interface quality in this structure on the GMR effe
seems to still be puzzling and not well understood. So
theoretical descriptions show that the interface roughness
enhance or reduce the GMR generated by spin depen
scattering on structural defects inside the ferromagn
layer.3 It was found experimentally that the increase of int
face roughness may enhance the GMR.4 However, in con-
trast to these results, a very large GMR has been foun
Fe/Cr multilayers~MLs! with sharp interfaces and low re
sidual resistivity.5 It is well known that the interface rough
ness can be affected by deposition conditions of multila
structure, substrate temperature, and thermal annealing~see,
e.g., Refs. 6 and 7!. Moreover, it was shown recently that io
irradiation may lead to the increase of the GMR as well as
the degradation of the GMR depending on ion dose. Irrad
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tion with 500 keV Xe ions8,9 induced the initial increase in
the GMR, however, at higher ion doses, destroyed the GM
Also, the 200 MeV Ag-ion irradiation led to the decrease
the GMR in Fe/Cr MLs.10 The observed reduction of th
GMR and the loss of antiferromagnetic~AF! coupling were
interpreted in terms of the creation of ferromagnetic p
holes, however, with no clear evidence.

We have studied the modification of the interface stru
ture by conversion electron Mo¨ssbauer spectroscop
~CEMS! and small-angle x-ray diffraction~SAXRD! mea-
surements, induced by Ar-ion irradiation, in an Fe/Cr syst
and its influence on the magnetization reversal and the G
effect.
In particular, our studies should give answers on the follo
ing important questions:

~a! Are the pinholes created during ion irradiation?
~b! Is the degradation of the GMR and AF coupling caus

mainly by pinhole creation?
~c! Are the changes in ML structure detectable by CEM

or SAXRD measurements?

According to the model proposed by Fulghum a
Camley,11 the existence of pinholes in as-deposited samp
and the increase of their density and size during implanta
4 © 2003 American Institute of Physics
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can be confirmed by temperature measurements of re
nence magnetization. The influence of Cr layer thickn
(tCr) on the degradation of the GMR and AF coupling
Fe/Cr MLs subjected to ion irradiation is discussed. The
creasing resistance of the GMR effect to ion irradiation
Fe/Cr MLs with increasingtCr as well as correlation betwee
changes in the GMR and antiferromagnetically coupled fr
tion suggest that the main effect responsible for decreas
the GMR is caused by pinhole creation. The influence
shortening of the mean-free path~MFP! of electrons and the
increase of interface roughness~caused by ion irradiation! on
spin dependent scattering is discussed for structures with
ferent Fe layer thicknesses (tFe).

II. EXPERIMENT

The Fe 3 nm/Cr 1.1 nm, Fe 1.4 nm/Cr 1.03 nm, and
1.4 nm/Cr 1.5 nm MLs were deposited on SiOx substrates
using UHV magnetron sputtering~dc and rf for Fe and Cr,
respectively!. The modulation wavelengths (l5tFe1tCr)
and thickness of iron and chromium layers were control
by SAXRD and x-ray fluorescence, respectively. The de
sition rate was 0.04 nm/s for both materials. The total thi
ness of the Fe/Cr film was about 100 nm. Samples w
irradiated at room temperature~RT! with 200 keV Ar ions
with doses (DAr) ranging from 131012 to 531014 Ar/cm2

for Fe 3 nm/Cr 1.1 nm and in the range of 531012–
231013 for two other samples. The range of ions match
the thickness of the multilayer film well. The as-deposit
and irradiated samples were characterized at RT by CE
SAXRD, and vibrating sample magnetometer~VSM! hyster-
esis loops. Magnetoresistance and resistivity were meas
at RT using the four-probe technique in current-in-pla
~CIP! geometry. The GMR(H) dependencies were dete
mined as GMR(H)51003@R(H)2R(H52T)#/R(H52T)
~H denotes the magnetic field!, the maximal value of
GMR(H) determine the GMR amplitude. The temperatu
dependence of remanence magnetization was determ
from hysteresis loops measured by VSM in an N2 atmo-
sphere for temperatures ranging from 230 to 470 K.

III. RESULTS AND DISCUSSION

The CEMS spectra were interpreted in terms of
model12,13 which correlates four magnetically split spectr
components with the Fe sites in the Fe/Cr system:H1

'33T, corresponds to the bulk Fe sites;H2'30T and H3

'24T, correspond to the ‘‘step’’ sites at the Fe/Cr interfac
and H4'20T, corresponds either to the ‘‘perfect’’ interfac
sites or to some other step positions. The origin of theH4

component is somewhat controversial. It was sugges
recently14 that this component corresponds to the Fe site
Cr layer separated by at least two atomic Cr monolay
from the Fe layer. However, it was shown earlier that
atoms isolated in Cr layer are paramagnetic.15

For ideally smooth interfaces, the expected relative fr
tion of H1 , (H4) components should be 87%~13%! and
71% ~29%! for tFe53 nm and 1.4 nm, respectively, and th
spectral contribution corresponding toH2 and H3 compo-
nents should be zero.15 In fact, even for as-deposite
Downloaded 17 Apr 2005 to 148.6.178.100. Redistribution subject to AIP
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samples, the measured fractions ofH1 and H4 are signifi-
cantly smaller than those predicted for ideal interfaces
H2 , H3 fractions show nonzero values~see Figs. 1 and 2!.
The simple calculation indicates that for the experimen
value of the relative fraction of theH1 component equal to
73% for as-deposited Fe 3 nm/Cr 1.1 nm MLs, only 2.2 n
correspond to bulk Fe sites and 0.4 nm to Fe at each in
face. For both samples withtFe51.4 nm, the fitted value of

FIG. 1. CEMS spectra for as-deposited~a! and irradiated Fe 3 nm/Cr 1.1 nm
MLs at indicated ion doses~b!–~e!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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nominal thickness of Fe at the interface sites is also 0.4
This indicates that the interface roughness is nearly the s
for all as-deposited Fe/Cr MLs independently oftCr andtFe.
For MLs with small thicknesses of spacer layers and with
uncorrelated interface roughness caused by grain-boun
diffusion during deposition process, there is a certain pr
ability of creating ferromagnetic bridges~pinholes! across Cr
layers. The existence of pinholes in antiferromagnetica
coupled MLS leads to a strong ferromagnetic coupling loc
ized in the vicinity of pinholes.11,16–18As a result, the anti-
ferromagnetically coupled fraction,FAF , ~defined asFAF

51-MR /MS , where MR and MS are the remanence an
saturation magnetizations determined from hysteresis lo!
is smaller than one. Such a behavior, i.e., smallFAF for thin
Cr layers (FAF50.65 and 0.79 for Fe 3 nm/Cr 1.1 nm and F
1.4 nm/Cr 1.03 nm MLs, respectively! and nearly perfect AF
coupling for thicker spacer layers (FAF50.95 for Fe 1.4
nm/Cr 1.5 nm! are observed in our as-deposited samples
should be noticed that the smaller value ofFAF for Fe 3
nm/Cr 1.1 nm MLs than for Fe 1.4 nm/Cr 1.03 nm seems
be related to the difference intFe ~difference in intralayer

FIG. 2. Relative spectral fractions ofH1–H4 components vs ion dose for F
3 nm/Cr 1.1 nm~a!, Fe 1.4 nm/Cr 1.03 nm~b!, and Fe 1.4 nm/Cr 1.5 nm~c!.
Downloaded 17 Apr 2005 to 148.6.178.100. Redistribution subject to AIP
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coupling! rather than to the different densities of pinhole
According to the model proposed in Ref. 11 for a giv
density of pinholes in antiferromagneticaly coupled MLs, t
value ofMR increases with increasing thickness of ferroma
netic layers. The origin of imperfect AF coupling observed
our as-deposited samples with a smalltCr was examined in-
dependently by measurements of the temperature de
dence ofMR ~see next!.

Ar-ion irradiation induced clear changes in the CEM
spectra of irradiated samples. Already at low ion dose
31012<DAr<2.531013 Ar/cm2 ~but sufficiently high to in-
duce distinct changes in magnetic properties and, theref
most interesting for our study of MLs with various Cr thick
nesses@Figs. 2~b! and 2~c!#!, the spectral contribution of the
H2 component increases substantially at the expense of
H1 component in a similar way for all investigated samp
@Figs. 1~a!–1~e!, and 2#. This suggests that the interfac
roughness increases~the number of Fe step sites increase!
independently oftCr . However, in the SAXRD spectra, n
changes caused by ion irradiation are detected. Simu
neously, for MLs with a thin Cr layer, i.e., for Fe 3 nm/Cr 1
nm and for Fe 1.4 nm/Cr 1.03 nm, distinct changes in
shape of the hysteresis loop are observed in contrast to
1.4 nm/Cr 1.5 nm. As the remanence value increases (FAF

decreases!, the saturation field (HS) decreases, and the hys
teresis loop becomes more rectangular~Fig. 3!. Similar
changes were observed for Fe 3 nm/Cr 1.2 nm MLs irra

FIG. 3. Examples of the GMR(H) dependencies and hysteresis loops f
as-deposited and irradiated Fe/Cr multilayers at indicated ion doses.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ated with Xe ions.8,9 The electrical transport measuremen
reveal almost the same monotonic increase of electrica
sistance~determined for magnetic fieldH52T) with DAr for
all our samples~for DAr5231013 Ar/cm2 in Fe 3 nm/Cr 1.1
nm MLs resistance is about 13% higher than for the
deposited sample!. However, the degradation of the GMR
much stronger for MLs with smallertCr ~Fig. 3!. The GMR
andFAF dependencies onDAr are plotted in Fig. 4. In orde
to separate the changes in the spin dependent contributio
the resistance from the loss of AF coupling6 in Fig. 4, the
relative changes ofDR/FAF(DAr) @DR is the difference be-
tween the largest and the lowest values of resistance d
mined fromR(H) dependence# are also shown.

From CEMS measurements, we have concluded tha
all investigated samples the interface roughness increas
the same way during irradiation. On the other hand, acco
ing to the results presented by Paul,10 we can conclude tha
the ion irradiation increases the uncorrelated part of the
terface roughness. Thus, the probability of pinhole crea
in Fe/Cr MLs subjected to ion irradiation should be larger
MLs with a smaller thickness of the Cr layer. This explains
strong degradation ofFAF and the GMR with ion dose ob
served for Fe 3 nm/Cr 1.1 nm and Fe 1.4 nm/Cr 1.03
MLs. The relatively weak changes observed for t
DR/FAF(DAr) dependencies~Fig. 4! indicate that decrease o
the GMR with ion dose is mainly caused by the progress
loss of AF coupling correlated with the creation of pinhole
The other factors that can also influence the GMR effect
the changes in the MFP of conduction electrons and inter

FIG. 4. GMR value~a!, antiferromagnetically coupled fraction,FAF , ~b!,
and relative changes ofDR/FAF ~c!, vs ion dose for Fe 3 nm/Cr 1.1 nm~D!,
Fe 1.4 nm/Cr 1.03 nm~j!, and Fe 1.4 nm/Cr 1.5 nm~d! MLs.
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roughness. The increase of electric resistance~caused by ion-
beam induced alloying at the interfaces! indicates a reduction
of MFP of electrons and consequently, a reduction of the s
dependent scattering. A small increase ofDR/FAF(DAr) ob-
served for Fe 1.4 nm/Cr 1.03 nm and Fe 1.4 nm/Cr 1.5 nm
probably caused by the interface roughness enhancemen
duced by ion irradiation.8,9 Which effect dominates depend
of course, on the multilayer structure. Thus, observed only
the structures with small modulation wavelengths (l5tCr

1tFe), the increase ofDR/FAF(DAr) seems to be reasonab
since, for such structures, electron spins are conserved
versing a large number of ferromagnetic layers.

For higher ion doses (DAr.231013 Ar/cm2), the inves-
tigations performed for Fe 3 nm/Cr 1.1 nm MLs show that
doses exceeding 131014 Ar/cm2, the AF coupling and GMR
vanish.

Despite the fact that the creation of pinholes during i
irradiation seems to be well documented in the aforem
tioned results, we have performed an additional experim
which confirms this finding. Due to the small cross secti
area of pinholes, the size effects, typical of low dimensio
magnetic entities, become important leading to a strong
duction of the local ferromagnetic coupling via the therm
fluctuations of magnetic moments. As a consequence, w
the increasing density of pinholes and their cross sec
area, both the low-temperature value ofMR and the tempera-
ture at which ferromagnetic coupling vanishes increase.11,18

Such a characteristic behavior can be seen in Fig. 5 for
Fe 3 nm/Cr 1.1 nm MLs indicating that the main cause
sponsible for the degradation ofFAF and the GMR effect is
related to the increase of pinhole densities and their s
during ion-beam mixing.

The ion irradiation induced microstructural modificatio
of investigated Fe/Cr multilayers are responsible for o
served changes in magnetization reversal,MR(T) dependen-
cies, GMR effect, and CEMS spectra, which are, howev
hardly detectable by SAXRD. The poor sensitivity of th
SAXRD method seems to be obvious taking into accoun

FIG. 5. Normalized remanence magnetization as a function of tempera
for Fe 3 nm/Cr 1.1 nm MLs in as-deposited state~a! and for sample irradi-
ated with 531013 Ar/cm2 ~b!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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small contrast between Fe and Cr in their refractive indi
as well as the fact that a very small density of pinholes
completely destroy AF coupling.11

IV. CONCLUSIONS

We have demonstrated that the increase of interf
roughness of Fe/Cr MLs caused by irradiation with 200 k
Ar ions and doses exceeding 531012 Ar/cm2 is clearly seen
in CEMS measurements, however, the SAXRD techniq
even at higher ion doses, hardly detects such changes in
microstructure. The subtle modification in microstructure
duces distinct changes in magnetization reversal~increase of
remanence magnetization! and a strong decrease of the GM
effect with increasing irradiation dose in particular f
samples with small thicknesses of Cr layers. The increas
immunity of the GMR effect to ion irradiation with an in
creasing thickness of Cr layers, as well as the correla
between changes in the GMR and antiferromagnetic
coupled fraction, suggest that the main effect responsible
the decrease of the GMR is caused by pinhole creation.
characteristic changes in the temperature dependence o
manence magnetization measured for the as-deposited
irradiated samples confirm the increase of pinhole dens
and sizes during the irradiation process.
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