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The influence of Ar-ion irradiation on the microstructure and magnetic properties of Fe/Cr multi-

layers is studied. An increase in the interface roughness of Fe/Cr multilayers, caused by irradiation
with 200 keV Ar ions whose dose exceeds 5 x 10'? Ar/cm?, is clearly seen by conversion electron
Méossbauer spectroscopy (CEMS). This modification of the microstructure induces distinct changes
in the magnetization reversal (an increase in remanence magnetization and a decrease in saturation
field), and greatly reduces the giant magnetoresistance (GMR) effect on increasing the irradiation
dose. An enhanced immunity of the GMR effect to the ion irradiation on increasing the thickness of
Cr layers, as well as correlation between the changes of GMR and the antiferromagnetically coupled
fraction, suggests that the main effect responsible for the decrease in GMR is the formation of
pinholes. The temperature dependence of remanence magnetization confirms increases in pinhole
density and size during implantation. However, for doses exceeding 2 x 10'® Ar/cm?, volume in-
termixing seems to be a dominant mechanism responsible for the further degradation of GMR and
the antiferromagnetic interlayer exchange coupling.
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I. INTRODUCTION

Antiferromagnetic interlayer exchange coupling [1, 2]
and the giant magnetoresistance (GMR) effect were dis-
covered in Fe/Cr multilayers more than fifteen years ago,
and the theoretical description of this phenomenon is
now well established [3]. Presently, magnetic multilayers
with a strong antiferromagnetic interlayer exchange cou-
pling form a new class of thin-film structures which can
be employed as artificial antiferromagnets. These films
are of interest, because of possible applications to GMR
structures, instead of the conventional antiferromagnet
[4], or to new magnetic storage media [5]. In thin-film
technologies, thermal annealing and ion irradiation are
the supplementary post-deposition treatments enabling
a modification of the microstructure and, consequently,
the magnetic properties. Furthermore, lateral resolution
can easily be realized with ion irradiation [6]. Therefore,
a correlation between changes in the microstructure, in-
duced by irradiation, and the interlayer coupling and the
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GMR effect of multilayers seems to be of interest. Re-
cently, it was shown that ion irradiation may lead either
to an enhanced GMR effect or to degradation, depend-
ing on the ion dose. Irradiation with 500 keV Xe ions
[7,8] induced an initial increase in the GMR. However,
at higher ion doses the GMR was destroyed. Irradiation
with 200 MeV Ag-ions led to a reduced GMR effect in
Fe/Cr multilayers [9]. Epitaxial Fe/Cr/Fe(001) trilayers
with a thin Cr spacer (t¢; < 0.7 nm), irradiated with 5
keV He ions, showed a monotonic decrease in the anti-
ferromagnetic coupling strength |Jar| on increasing the
ion dose [6]. However, for tc, > 0.7 nm, |Jap| initially
slightly increases and then decreases. An enhanced im-
munity of the GMR and the antiferromagnetic coupling
to ion irradiation for thicker Cr layers was also observed
in our previous paper [10], and suggests that the main ef-
fect responsible for degraded GMR is pinhole formation
upon irradiation.

In this contribution, the preliminary experimental re-
sults presented in [10] are supplemented by new ones.
In particular, our investigations are extended to a new
set of Fe/Cr multilayers with various thicknesses of Cr
spacer, and to a wider range of Ar-ion dose.
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II. EXPERIMENT

A Fe-3nm/Cr-1.1nm multilayer and a set of Fe-1.4
nm/Cr-t¢, multilayers with different Cr layer thicknesses
(0.97 < ter < 1.85 nm) were deposited on SiOy sub-
strates by 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. Additionally, the modulation wave-
lengths (A = tpe + tcy) and the thicknesses of iron
and chromium layers were ex situ controlled by small-
angle X-ray diffraction (SAXRD) and X-ray fluorescence
(XRF), respectively. The total thickness of the Fe/Cr
films was about 100 nm. The samples were irradiated
at room temperature (RT) with 200 keV Ar ions at
doses Dy, ranging from 5 x 10'2 to 2 x 10 Ar/cm?.
For the applied ion energy, the penetration depth is
higher than the total thickness of the samples. The
as-deposited and irradiated samples were characterized
at RT by conversion electron Mossbauer spectroscopy
(CEMS), SAXRD and VSM. Magnetoresistance and re-
sistivity were measured by using the four-probe tech-
nique with current in-plane (CIP) geometry at RT. The
GMR(H) dependencies were determined as GMR(H) =
100 x [R(H) — R(H=2T)]/R(H=2T) (where H is the
magnetic field); the maximal value of GMR(H) is de-
fined as the GMR amplitude. The temperature depen-
dence of remanence magnetization was determined from
hysteresis loops taken at temperatures ranging from 230
to 470 K.

III. RESULTS AND DISCUSSION

The CEMS spectra for as-deposited and irradiated
samples were fitted according to a model proposed by
Landes et al. [11,12]. In the model, four individual
magnetic components with different values of hyperfine
field H are associated with different iron environments:
H; ~ 33 T corresponds to the bulk Fe sites; (Hy ~ 30 T
and Hs = 24 T) contribute to the “step” sites at the
Fe/Cr interfaces; Hy =~ 20 T corresponds either to the
“perfect” interface sites or to some other “step” posi-
tions. Such an analysis of CEMS spectra is helpful in
investigations of microstructure changes of Fe/Cr multi-
layers during irradiation.

Figure 1 presents changes in the relative fraction of a
particular component of CEMS spectra versus Dp, for
the set of Fe-1.4 nm/Cr-tc, multilayers. For samples
characterized by ideally smooth interfaces, the expected
relative fraction of Hy, H; components should be 71 %
and 29 % (for tpe = 1.4 nm ~ 7 ML: the relative fraction
of Hy component is 5/7 = 71 % and the relative fraction
of Hy component is 2/7 = 29 %), respectively, and the
contributions corresponding to Hs and Hs components
should be zero [13]. In fact, even for the as-deposited
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Fig. 1. Relative spectral fractions of H; — Hy com-
ponents vs ion dose for Fe-1.4 nm/Cr-tc, multilayers with
tcr = 0.97 nm (M), tc: = 1.03 nm (o), tc: = 1.4 nm (A),
tcr = 1.5 nm (V) and tcr = 1.85 nm (% ). The lines are
guides to the eye.

samples, the measured fractions of H; and Hy compo-
nents are significantly smaller and Hy, H3 fractions show
nonzero values (see Figure 1, data for Da, = 0). A value
of relative fraction of H; component of about 40 % in-
dicates that only 0.6 nm of each Fe layer corresponds
to bulk Fe sites. The thickness of 0.6 nm (= 3 ML) is
2 ML thinner than those corresponding to Fe-1.4 nm/Cr-
tor structure with ideally smooth interfaces. Other Fe
atoms, together with Cr atoms, form the interface re-
gions corresponding to Hy, Hs and H4 components.

It should be noted that for multilayers with
tor > 1.4 nm, apart from the ferromagnetic components,
there is also a weak paramagnetic component (not in-
cluded in Figure 1) related to isolated Fe atoms in Cr
layers. The intensity of this component increases almost
linearly with Dy, (e.g. for Fe-1.4 nm/Cr-1.85 nm mul-
tilayer an increase of about 3 to 8 % is observed for the
samples before and after irradiation with Da, = 1.2 X
10* Ar/cm?, respectively). For multilayers with a thin-
ner Cr layer, the amount of isolated Fe atoms (proba-
bly proportional to tc,) was too small to be detected in
CEMS spectra. The experimental value of the relative
fraction of H; component determined for Fe-3nm/Cr-
1.1nm multilayers is 73 % and indicates that only 2.2 nm
(= 11 ML instead 13 ML expected for smooth inter-
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Fig. 2. Saturation field (Hg) and antiferromagnetically
coupled volume fraction (Far) of as-deposited Fe-1.4 nm/Cr-
tor multilayers with different thickness of Cr spacer.

faces) corresponds to iron atoms in bulk positions. The
similarity of this result to those obtained for films with
tpe = 1.4 nm and 0.97 nm < {¢, < 1.85 nm indicates that
the interface structure of the as-deposited Fe/Cr multi-
layers is independent of the Fe and Cr layer thicknesses.

For multilayers with similar roughness of interfaces,
the probability of formation of the magnetic bridges (pin-
holes) across the Cr spacer increases with reduced thick-
ness [14]. The pinholes in the antiferromagnetically (AF)
coupled multilayers lead to a strong ferromagnetic cou-
pling localized in their vicinity [14-16]. As a result, the
antiferromagnetically coupled fraction, Far (defined as
Fap = 1-Mg/Ms, where Mg and Mg are the remanence
and saturation magnetization determined from hysteresis
loops) is less than one. Such a behavior is observed in our
as-deposited samples. Nearly perfect antiferromagnetic
coupling (Farp =~ 1) was found for tc, = 1.5 nm (Fig-
ure 2). For smaller ¢, the Fap factor decreases, despite
the growth in the antiferromagnetic coupling strengths
(determined from the increase in saturation field), and
indicates an increasing role of the direct coupling through
the pinholes.

The significant changes in CEMS spectra correspond-
ing to microstructure modification of Fe/Cr multilayers
caused by Ar ion irradiation have already been detected
at ion fluence Da, > 5 x 10'2 Ar/cm?. Nearly the same
increase in the spectral contribution of the Hy compo-
nent, accompanied by a decrease in H; component, is
observed for all Fe-1.4 nm/Cr-tc, multilayers (Figure 1).
This suggests that the interface roughness (the number of
Fe in the step sites) increases with increasing Da,, inde-
pendently of tc;. The changes in the relative fraction of
H-H4 components with Dy, determined for Fe-3nm/Cr-
1.1nm structure [10] indicate a similar modification of
the interface structures. However, in the SAXRD spec-
tra no changes caused by the ion irradiation have been
detected for Da, <5 x 1013 Ar/cm?. The poor sensitiv-
ity of the SAXRD method seems to be obvious on tak-
ing into account the small contrast between Fe and Cr in

their refractive indices. Simultaneously with the subtle
changes of CEMS spectra (Figure 1), distinct changes in
magnetization reversal and magnetoresistance curves are
observed for Fe/Cr multilayers with thin (¢, < 1.4 nm)
spacer layers (Figure 3(a), (b)). All the features char-
acteristic of the increasing density of pinholes [15], i.e.,
the increase in Mg and the decrease in Hg, as well as
the gradual disappearance of the linearity of M(H) de-
pendence (an increase of the biquadratic component of
interlayer exchange coupling), can be recognized in the
hysteresis loops measured after the successive steps of
irradiation. Obviously, due to the correlation between
M(H) and GMR(H) dependencies (see e.g. [17]), all
the above mentioned changes in magnetic properties are
also manifested in the GMR(H) dependencies (Figure
3). For a multilayer with tgpe = tcy = 1.4 nm (Figure
3(c), (d)), the influence of irradiation is quantitatively
similar. However, the modifications of the particular pa-
rameters (Fap, Hs, GMR) at Da, < 2 x 10'3 Ar/cm?
are significantly smaller than for the samples discussed
above. An enhanced immunity of the Fap parameter
and GMR amplitude degradations to the ion irradiation
with Da, < 2 x 10'3 Ar/em? is more distinct for mul-
tilayers with tc, > tpe (see Figure 3(e), (f)). However,
for the multilayers with tc, > 1.4 nm and Da, > 4.5
x 10'3 Ar/cm? a distinct decrease in the GMR effect is
accompanied by negligible changes in the shape of the
hysteresis loops.

For multilayers with a similar thickness of Cr lay-
ers and different tp,, the changes in magnetic proper-
ties caused by the ion irradiation are similar (see Figure
4 for the magnetoresistance data). However, because
Hs « 1/tge, the corresponding saturation fields of the
as-deposited and irradiated samples with tp, = 1.4 nm
are about twice as large as those for multilayers with
tre = 3 nm. The difference in the magnetoresistance val-
ues is also obvious due to the crucial role of interface
scattering in the GMR effect of Fe/Cr multilayers.

To summarize the study concerning the influence of
the Ar-ion irradiation process on the magnetic proper-
ties of Fe/Cr multilayers with different Cr layer thick-
nesses, the dependencies of Hg, GMR and Fap versus
tor are shown in Figure 5 for the as-deposited samples
and after the successive steps of the irradiation process.
The room-temperature Hg(tc,) and GMR(tc,) depen-
dencies of the as-deposited samples are related to the
oscillatory behavior of the interlayer exchange coupling
with the local maximum at tc, =~ 1.1 nm, and are simi-
lar to those observed for the other sputtered Fe/Cr mul-
tilayers (see e.g. [18]). As we have stated above, for
multilayers with a similar interface roughness the max-
imum of the Fap(tc,) dependence is observed for the
higher Cr layer thickness (t¢c; = 1.5 nm). The strong
degradation of the antiferromagnetic coupling (decrease
of Hg, GMR, Far with Dp,) for low doses of irradi-
ated ions (Da, < 2 x 103 Ar/cm?) is observed only
for samples with a small thickness of the spacer layers
(tcr < 1.4 nm). Such a behavior can be explained as



-4- Journal of the Korean Physical Society, Vol. 45, No. 1, July 2004

a B p
0.5 8 ._ /
"0,0 2s )/
3 g /
05 . 22 / ‘
1,0 3 o

14 07 00 07 14 1.4 07 00 07 14

1,0

a_
0.5 _ &l
" 0,0 B
5 o
=
0,5 o 2
y
1,0kl 3 . 0 . . .
-10 05 00 OS5 10 -10 D5 00 05 10
1,0 &
a 50
0,5 4
<" 00 Ral
=2
0.5 ¢ 1
4 O 2, o ;
06 03 00 02 08 -08 03 00 02 086
H [T] H [T

Fig. 3. Examples of hysteresis loops and GMR(H) de-
pendencies for as-deposited and irradiated Fe-1.4 nm/Cr-tc,
samples, with (a), (b) tcr = 0.97 nm, (¢), (d) tcr = 1.4 nm
and (e), (f) tcr = 1.55 nm. Curves 1, 2 and 3 denote samples
in the as-deposited state and irradiated with doses of 2 X
10" Ar/cm? and 8 x 10" Ar/cm?, respectively.
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Fig. 4. GMR(H) dependencies of (a) Fe-1.4 nm/Cr-
1.03 nm and (b) Fe-3 nm/Cr-1.1 nm multilayers in the as-
deposited state and after successive irradiation steps.

follows. As a result of the irradiation, the uncorrelated
interface roughness increases independently of t¢, (see
discussion of Figure 1). Therefore, the probability of
pinhole creation resulting in a decrease in Far is larger
for multilayers with smaller ¢c,. Moreover, the propor-
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Fig. 5. Dependencies of saturation field Hs, GMR
amplitude, antiferromagnetically coupled fraction Far and
GMR/Far of Fe-1.4 nm/Cr-tc, multilayers as a function of
tcr for as-deposited samples (W) and after successive irradia-
tion with doses of 5 x 10'? Ar/cm? (e); 1 x 10™® Ar/cm? (A);
2 x 10" Ar/em? (¥); 8 x 10" Ar/cm® (¢); 1.2 x
10" Ar/cm?® (x); 2 x 10" Ar/em? (4).

tionality between the GMR amplitude and Fap should
be observed, provided that only the antiferromagneti-
cally coupled regions contribute to the GMR effect, for
antiferromagnetically coupled multilayers with a differ-
ent density of pinholes. Such a behavior, i.e., negligible
changes in the ratio GMR/Far with Dy, are also ob-
served for our Fe/Cr multilayers within a whole range
of tc, and for ion doses smaller than 2 x 10'* Ar/cm?
(Figure 5(d)). This additionally supports our interpre-
tation and indicates that the formation of pinholes is
the main source of degradation of the antiferromagnetic
coupling and the GMR effect. However, the loss of the
correlation between Far and GMR amplitude, observed
for the higher doses, indicates that another mechanism
responsible for the decrease in the GMR with Dy, starts
to dominate at Da, > 2 x 103 Ar/ch. The higher
irradiation doses Da, result in the growth of the param-
agnetic component, seen in CEMS, and in an increase in
the electrical resistance [10], due to enhanced alloying,
apart from growth in interface roughness. Due to an
increasing number of defects in the multilayer structure,
the mean free path of the electrons decreases, thus reduc-
ing the GMR effect. Moreover, with degradation of the
structural order of the spacer layers, the strength of the
antiferromagnetic coupling decreases and its oscillatory
behavior gradually vanishes (Figure 5).

Despite the fact that the formation of the pinholes
during the ion irradiation seems to be well documented
in the above described results, we performed an addi-
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Fig. 6. Normalized remanence magnetization as a func-
tion of temperature for Fe-3 nm/Cr-1.1 nm multilayers in
the as-deposited state and for samples irradiated with 5 X
10" Ar/cm?®.

tional experiment, which confirms this finding. Due to
the small cross-sectional area of pinholes, the size ef-
fects, typical of low dimensional magnetic entities, be-
come important, leading to a strong reduction of the lo-
cal ferromagnetic coupling via the thermal fluctuations
of magnetic moments. As a consequence, with an en-
hanced density of pinholes and a growth of their cross-
sectional area, both the low-temperature value of Mg
and the temperature at which ferromagnetic coupling
vanishes increase [15]. Such a characteristic behaviour
can be seen in Figure 6 for the Fe-3nm/Cr-1.1nm mul-
tilayers, indicating that the main cause responsible for
the degradation of Far and the GMR effect is related to
the increase in pinhole density and their size during ion
irradiation.

IV. CONCLUSIONS

Irradiation with 200 keV Ar ions was used as a post-
preparation treatment of polycrystalline Fe/Cr multilay-
ers with different layer thicknesses. The independence
of Cr layer thickness with respect to interfacial rough-
ness was deduced from CEMS measurements for doses
exceeding 5 x 102 Ar/cm?. This results in a signif-
icantly stronger growth of pinhole density in the mul-
tilayers with thin Cr spacer layers. In consequence, a
stronger degradation in the GMR effect and the antifer-
romagnetic interlayer exchange coupling with increasing
irradiation dose is observed in the case of thin Cr layers.
The correlation between changes in the GMR and the
antiferromagnetically coupled fraction, as well as charac-
teristic changes in the temperature dependence of rema-
nence magnetization, additionally confirm the formation
of pinholes during the ion irradiation. For the heavily
irradiated Fe/Cr multilayers with doses exceeding 2 x

10*® Ar/cm?, volume intermixing is the dominant mech-
anism responsible for degradation of the GMR and the
antiferromagnetic coupling.
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