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Abstract

The influence of Ar-ion irradiation on the microstructure, interlayer coupling and magnetoresistance in Fe/Cr multilayers is studied. An
increase of interface roughness of Fe/Cr multilayers caused by irradiation with 200 keV Ar ions and doses exce&thdBcm? is clearly
seen in conversion electron Mdssbauer spectroscopy (CEMS) measurements, while the small angle X-ray diffraction (SAXRD) technique
hardly detects such changes in microstructure even at the higher ion doses. This subtle modification of the microstructure induces distinc
changes in magnetization reversal (increase of the remanence magnetization, decrease of the saturation fields) and strongly decreases G
effect with increasing irradiation dose. The most prominent changes are observed for the samples with a small thickness of Cr layers. Th
increasing immunity of GMR effect to ion irradiation with the increasing thickness of Cr layers as well as correlation between changes in
GMR and antiferromagnetically coupled sample fraction suggest that the main effect responsible for the decrease of GMR is caused by th
pinholes creation. For doses exceeding 20" Ar/cm? the volume intermixing seems to be a dominating mechanism responsible for further
degradation of GMR and antiferromagnetic interlayer exchange coupling.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction that ion irradiation may lead either to the increase of GMR
_ o _ effect or to the degradation of GMR, depending on an ion
The antiferromagnetic interlayer exchange coup[thg] dose. Irradiation with 500 keV Xe-ion,6] induced ini-

and giant magnetoresistance (GMR) effect was discoveredtial increase of GMR. However, at higher ion doses it de-
in Fe/Cr structures more than a decade ago and the theoretistroyed GMR. Also the 200 MeV Ag-ion irradiation led to a
cal explanation of this phenomenon is now well established decrease in GMR effect in Fe/Cr multilayd. Epitaxial

[3]. Presently, antiferromagnetically coupled multilayers are Fe/Cr/Fe(00 1) trilayers with small thickness of Cr spacer
applied not only as magnetoresistance sensors but also ag, < 0.7 nm) irradiated by 5 keV He ions showed a mono-
artificial antiferromagnets or antiferromagnetically coupled tonic decrease in antiferromagnetic coupling strerdk|
media. For certain applications, ion irradiation may be ef- with increasing ions dospt]. However, fortc, > 0.7 nm,
fectively used to laterally modify the magnetic properties |Jag| initially slightly increases and then decreases. The in-
of such structures after preparatif¥j. Therefore, the cor-  creasing immunity of GMR and antiferromagnetic coupling
relation between the changes of microstructure related toto ion irradiation for the thicker Cr layers was also observed
implantation and interlayer coupling and/or GMR effect of in our previous papeji8] and suggests that the main effect
multilayers seems to be of interest. Recently, it was shown responsible for degradation of GMR is due to pinholes cre-

ation during irradiation.

* Corresponding author. Tek:48-61-8612336; fax:48-61-8684524. In this contribution the preliminary experimental results
E-mail address: stfeliks@ifmpan.poznan.pl (F. Stobiecki). presented in[8] are supplemented by the new ones. In
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particular, our investigations are extended to a new set of
Fe/Cr multilayers with various thickness of Cr spacer and
to wider range of Ar ion dose.

HF HF
40

S e
ot
maq
»
[ ]

> wue
>
o

2. Experiment
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The Fe-1.4nm/Cte, (0.97 < tcr < 1.85nm) polycrys-
talline multilayers were deposited on naturally oxidized Si
wavers using UHV magnetron sputtering (dc and rf for Fe
and Cr, respectively). The deposition rate (0.04 nm/s for both
materials) was monitored in situ with a quartz sensor. Ad-
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ditionally, the repetition periodi(= tre + tcr) and thick- O
ness of iron and chromium layers were ex situ controlled by HF HF,
small angle X-ray diffraction (SAXRD) and X-ray fluores- 40+ T .

cence (XRF), respectively. The total thickness of the Fe/Cr
film was about 100 nm. The samples were irradiated at room
temperature (RT) with 200 keV Ar ions and do®sg rang- A ;‘
ing from 5x 10'2to 1.2 x 10 Ar/cm?. A penetration range B

ot

of ions matched well the total thickness. The as-deposited v X . Y
and irradiated samples were characterized at RT by the con- a%' ;
version electron Mdssbauer spectroscopy (CEMS), SAXRD

and VSM hysteresis loops. Magnetoresistance and resistivity

were measured at RT using the four-probe technique in CIP T
geometry. The GMR{) dependencies were determined as 0 2 4 6 8 10120 2 4 6 8 10 12

GMR(H) = 100 x [R(H) — R(H = 2T)]/R(H = 2T) (where
H is the magnetic field); the maximal value of GMR(de-
termines the GMR amplitude.

Dose [x10" Ar/cm’]

Fig. 1. Spectral fractions of HFHF, components vs. ion dose for
Fe-1.4 nm/Citc, multilayers withtc, = 0.97 nm @), tc; = 1.03nm @),
tcr = 1.4nm @), tcr = 1.5nm V), tc; = 1.85nm (). The lines are

. . guides to the eye.
3. Results and discussion

The CEMS spectra for as-deposited and irradiated sam-HF4 components, together with Cr atoms form the inter-
ples were fitted according to the model proposed by Landesface regions. It should be noted that for multilayers with
et al.[9,10]. In the model four individual magnetic com- tc, > 1.4 nm there is also a weak paramagnetic component
ponents (with different value of hyperfine field HF) are (not included inFig. 1) related to isolated Fe atoms in Cr,
associated with different iron environments: Hi 33T, besides the ferromagnetic components. The intensity of
corresponds to the bulk Fe sites; HRE 30T and Hi ~ this component increases almost linearly wilR,. Exem-
24T, contribute to the “step” sites at the Fe/Cr interfaces, plary, for Fe-1.4 nm/Cr-1.85 nm multilayer in as-deposited
and HR ~ 20 T corresponds either to the “perfect” interface state and after irradiation witBa, = 1.2 x 10 Ar/cm?
sites or to some other “step” positions. Thus, the analysis of the paramagnetic component increases from about 3% to
CEMS spectra is helpful in investigations of microstructure 8%, respectively. For multilayers with thinner Cr layer the

changes of Fe/Cr multilayers during irradiation.

amount of isolated Fe atoms (probably proportionalcid

Fig. 1 presents the changes of the relative fraction of was too small to be detected in CEMS spectra.

particular component of CEMS spectra vergyg for the
set of Fe-1.4nm/Cte, multilayers. For ideally smooth
interfaces the expected relative fraction of HFHF; com-

For multilayers with similar roughness of interfaces the
probability of the magnetic bridges (pinholes) creation
across the Cr spacer increases with decredsing he ex-

ponents should be 71% and 29%, respectively, and theistence of pinholes in antiferromagnetically (AF) coupled

contributions corresponding to HFand HFs components
should be zergl11]. In fact even for as-deposited samples,
the measured fractions of HFand HFR components are
significantly smaller and Hf; HF3 fractions show nonzero
values (sed-ig. 1, values forDa; = 0). The value of rel-
ative fraction of Hf component of about 40% indicates

multilayers leads to a strong ferromagnetic coupling local-
ized in their vicinity[12—14] In result, the antiferromagnet-
ically coupled fractionFar (defined as-ar = 1 — Mr/Ms,
whereMgr and Mg are the remanence and saturation mag-
netization determined from hysteresis loops) is smaller than
one. The as-deposited Fe/Cr multilayers show nearly per-

that only 0.6 nm of each Fe layer corresponds to bulk Fe fect antiferromagnetic couplindg-ar = 1) attcy &~ 1.5nm

sites. The other Fe atoms, corresponding te HH3, and

(Fig. 2). For smallertc, the Fag factor decreases despite
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Fig. 2. Hysteresis loops of as-deposited Fe-1.4 nnicmultilayers with 1,0 6
different thickness of Cr spacer. O 5 (f)
0,5 4
the increase in the antiferromagnetic coupling strengths and £ ™ x o
indicates an increasing role of the direct coupling through = 05 (ED 1 !
pinholes. 0 A, , 0 \
The changes in CEMS spectra corresponding to mi- "06 03 00 03 06 06 03 00 03 06
crostructure modification of Fe/Cr multilayers caused by H [T H [T]

Ar-ion irradiation are already detected at ion doBeg >
5 x 102Ar/cm?. Nearly the same increase in the spec- Fig. 4. Examples of hysteresis loops and GMR(dependences for
tral contribution of HE component accompanied by the as-deposited and irradiated Fe-1.4 nmtgrsamples Witrt_cr = 0.97 nm
decrease of HF component is observed for all investi- (@ b).ter = 1.4nm (¢, d)ter =1.55nm (e, f). The description of curves
- 1, 2 and 3 denote samples in as-deposited state and irradiated with doses

gated samples. It suggests that the interface roughness (the x 10'3 and 8x 1013 Ar/cm?, respectively.
number of Fe step sites) increases with increading
independently otc,. However, in the SAXRD spectra no
changes caused by ion irradiation are detedkégl 3). The for Fe/Cr multilayers with thintg, < tre =1.4 nm) spacer
poor sensitivity of SAXRD method seems to be obvious layers Fig. 4a and h All the features characteristic for
taking into account a small contrast between Fe and Cr inincreasing density of pinholeg3], i.e., increase oMg
their refractive indices. Simultaneously with subtle changes and decrease dis as well as gradual disappearance of lin-
of CEMS spectraKig. 1) the distinct changes in magneti- earity of M(H) dependence (an increase of the biquadratic
zation reversal and magnetoresistance curves are observegomponent of interlayer exchange coupling) can be rec-
ognized in the hysteresis loops measured after successive
steps of irradiation. Obviously, due to the correlation be-
tweenM(H) and GMRH) dependences (see, e[§5]) all
the above mentioned changes in magnetic properties are
also manifested in GMR{) dependenced~{g. 4b. For a
multilayer withtee = tcy = 1.4nm Fig. 4c and Ji the in-
fluence of irradiation is qualitatively similar. However, the
modifications of particular parameteSag, Hs, GMR) at
Dar < 2 x 103 Ar/cm? are significantly smaller than for
the samples discussed before. The increasing immunity of
the Far parameter and GMR amplitude degradations to ion
irradiation withDa,; < 2 x 103 Ar/cm? is more distinct for
, , multilayers withtc, > tre (SeeFig. 4e and ¥. However, for
2 3 4 5 multilayers withtc, > tre andDar > 4.5 x 1013 Ar/cm? a

26 [deg] distinct decrease of GMR effect is accompanied by negligi-
Fig. 3. Exemplary SAXRD spectra taken for as-deposited and irradiated ble changes in the shape of hysteresis loops.
sample (Fe-3nm/Cr-1.1nm). The curves are vertically shifted (by one 1O summarize the study concerning the influence of
decade) for clarity. Ar-ion irradiation process on the magnetic properties of
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10 ————————— coupled multilayers with different density of pinholes only
(b) the antiferromagnetically coupled regions contribute to the
GMR effect. Such a behavior, i.e., negligible changes in
the GMRF g ratio with Dy, is also observed for studied
Fe/Cr multilayers in a whole range of, for ion doses
smaller than<2 x 10 Ar/cm? (Fig. 5d. This addition-
ally supports our interpretation indicating the creation of
pinholes as the main source of degradation of antiferro-
magnetic coupling and GMR effect. However, the loss of
the correlation betweeRar and GMR amplitude observed
4 ops for the higher dosessr >2 x 103 Ar/cm?) indicates that
1,0 1,2 1,4 16 1,8 1012 14 16 18 another mechanism responsible for the decrease of GMR
10—t — with Da; starts to dominate da; > 2 x 103 Ar/cm2. The

% (c) 12¢ (d) 1 higher irradiation dos®a, results in the increase of both
v

a

(b

[T]

S

H
GMR [%]
.p

the paramagnetic component seen in CEMS and the electri-
cal resistance suggesting that there is some alloying besides
the increase of interface roughness. Due to an increasing
number of defects in the multilayer structure, the mean free
\ ] path of electrons decreases reducing GMR effect. More-
:\0/0. over, with growing structural disorder of the spacer layers,
—" the strength of the antiferromagnetic coupling decreases

and its oscillatory behavior gradually vanishes.
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4. Conclusions
t., [nm] t., [nm]

Fig. 5. The dependences of saturation fielg GMR value, antiferromag- The increase (independent of Cr layers thickness) of the

nletically coupfled f_ractiOfrFAfF ar;d GMglFAF -°de6'1'4$’%21 m;Jtl- interface roughness in Fe/Cr multilayers irradiated with

tilayers as a function o or the as-deposited sam and arter H H

sugcessive irradiation wi(t:r; dose$<51012Apr/cm2 (@); 1p>< léBAr/cm2 200keV Ar ions and doses exceeding>5 lOlZArlcmz .

(A): 2 x 108 Acm? (V). 8 x 102 Arfcm? (#); 1.2 x 104 Arfem? Was_deduced from CEMS me_asurements_. This re_sults in

(%). the increase of pinholes density for multilayers with the
thinner Cr spacer layers. Such a scenario is confirmed by
the distinct correlation between changes in GMR effect

Fe/Cr multilayers with different Cr layers thicknesses, the and antiferromagnetically coupled fraction of investigated

dependences dfls, GMR andFar versustcy are shown samples. For more heavily irradiated Fe/Cr multilayers, at

in Fig. 5 for the as-deposited samples and after successivedoses exceeding 8 103 Ar/cm?, the volume intermixing

steps of irradiation process. The room temperatigéicy) is the dominating mechanism responsible for degradation

and GMR(c;) dependences of as-deposited samples areof GMR and antiferromagnetic coupling.

related to the oscillatory behavior of interlayer exchange

coupling with the local maximum dat, ~ 1.1 nm and are
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