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Increases in giant magnetoresistance by ion irradiation
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We have studied the effect of 500-keV Xe+ irradiation on the structure, magnetotransport, and magnetic

properties of sputtered Fe/Cr multilayers. Initially, with increasing dosage the giant magnetoresistance (GMR)
increases with a concomitant increase in the interfacial roughness as indicated by changes in the low-angle

x-ray-diffraction spectra. At doses higher than 1X10' ions/cm, the value of the GMR progressively de-

creases, corresponding to progressively increasing regions of the film which are ferromagnetically coupled.

The resulting structural disorder increases the overall electronic scattering rate and hence the electrical resis-

tance at these higher doses. These results demonstrate that increased interfacial scattering enhances the GMR

and thus plays an important role in the mechanism determining the GMR in Fe/Cr superlattices.

Giant magnetoresistance (GMR) in magnetic/normal mul-

tilayers has received considerable attention since its original

discovery. ' Much work has gone into understanding the

magnetotransport, " the antiferromagnetic coupling
mechanism, ' ' and the role of different materials

systems. ' ' The role of the interfacial structure has re-

ceived less attention. ' ' ' For the Fe/Cr system, increases
in the magnitude of the GMR have been claimed with in-

creasing interfacial roughness and increasing inter-

diffusion. ' ' It should be stressed that at very large
roughness, when antiferromagnetic coupling is lost, a de-
crease in the GMR is invariably expected. Moreover, if crys-
tallographic orientation plays an important role studies of
interfacial roughness may be complicated by this fact. These
types of studies rely on comparisons of different samples in

which the thicknesses and structural characteristics are kept
constant, but the interfacial structure is varied in a reproduc-
ible fashion by varying growth conditions. Independent
checks on the structural characteristics are obtained using
structural probes, such as x-ray dif'fraction and/or electron
microscopy. Since GMR varies considerably with Cr thick-
ness, it would be desirable to perform a study of the effect of
interfacial roughness in a reproducible manner in a single
sample, when its structure is modified by ion irradiation.

Here we present a series of studies on both single-phase
[110]and mixed-phase [100] and [110]Fe/Cr multilayers in
which the interfacial structure is varied systematically on a
single sample by using 500-keV Xe+ ion irradiation. In this
fashion, any possible systematic errors due to variation in
growth conditions from sample to sample are eliminated.
Ion-beam irradiation is known to induce increases in the
roughness of surfaces in a variety of materials. %'ith

increasing Xe+ ion irradiation the GMR initially is unaf-

fected, then increases, and at large dosages it decreases. Si-
rnultaneous structural studies show that Xe+ ion irradiation

increases the interfacial roughness for intermediate doses,
and thus with increasing interfacial roughness there is an

initial increase in GMR until the antiferromagnetic coupling
between the layers is progressively lost, thereby decreasing
the GMR. At higher irradiation doses, the GMR decreases,
the films become smoother and more intermixed.

Fe/Cr multilayers were prepared using dc magnetron sput-

tering (base pressure of 1 X 10 Torr) on ambient tempera-
ture Si [111]substrates. Structural studies were performed

using high- and low-angle x-ray diffraction using a Rigaku
rotating anode diffractorneter with Cu Ka radiation. The in-

plane magnetization was measured using a superconducting-
quantum-interference-device magnetometer. Four lead mag-
netotransport measurements were performed at 77 K and

room temperature in fields (parallel to the plane of the films
and perpendicular to the current) up to 5 T. Normal inci-

dence, 500-keV Xe+ ion irradiation mastered over a 1.2
X1.2 crn area was performed in a vacuum of -3X10
Torr and a current level below 0.6 p, A/cm . Sample heating
was avoided during irradiation by the low, rastered current
and by properly heat sinking the sample. For the film thick-
ness used, it is expected that 500-keV Xe+ ions will com-
pletely traverse the film. Rutherford backscattering analysis
gave no evidence for Xe+ in the films. The results presented
here were observed in two independent irradiation experi-
ments on a series of [Fe(30 A)/Cr (12 A)],o samples, where
the subindex indicates the total number of bilayers. %e chose
this particular Cr thickness because earlier measurements
showed that the maximum value of the GMR is observed at
a Cr thickness of —12 A.
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FIG. 1. Low-angle x-ray diffraction spectra for a [Fe(30 A)/
Cr(12 A)], a superlattice irradiated by 500-keV Xe ions. The flu-

ence, in units of Xe+/cm, is indicated on the right-hand side of the

figure. The spectra have been offset for clarity.

Dose (Xe+/cm2)

FIG. 2. Structural coherence length ( calculated from the line-
width of the [110]x-ray peak (in the direction perpendicular to the

film) using Sherrer's equation.

Since the interlayer coupling may be affected by crystal-
lographic orientation ' we have paid particular attention to
thoroughly characterizing the crystallographic texture. High-
sensitivity, high-angle x-ray diffraction shows that to the ac-
curacy of our measurements (better than 1:100) our first
sample consisted of a single [110] bcc texture, i.e., the
growth is with the [110]bcc direction perpendicular to the
substrate and random orientation in the plane of the film.
Rocking curves full width at half maximum of 10' are typi-
cal of sputtered samples.

A second sample was grown to verify that the effects
observed with the first sample were reproducible. This
sample exhibited a -70% majority [110]and -30% minor-

ity [100] oriented grains. Despite that, all our observations
regarding the changes in the structure and magnetotransport
of the film with Xe+ irradiation were identical Since mo. re
extensive data was obtained on the second sample in the
region of changing magnetotransport, we present here only
the data from this sample which shows mixed [100] and
[110]orientations. We should emphasize again that the same
trends are observed in both sets of samples, and therefore the
conclusions seem to be independent of crystallographic ori-
entation. Nevertheless, crystallographic orientation depen-
dencies cannot be ruled out and will be the subject of future
investigations.

Figure 1 shows the low-angle diffraction for a [Fe(30 A)/
Cr(12 A)), a sample which has been progressively irradiated
with 500-keV Xe+ ions. The unirradiated sample shows
well-developed superlattice Bragg peaks around 2, 4,
6, and 8 due to the superlattice periodicity, with finite-size
peaks in between these Bragg peaks due to the 10 bilayers
present in the multilayer. A fitting of this x-ray-diffraction
scan sets an upper limit on the layer thickness fluctuation
of —1 A and interdiffusion of —1.8 A. A detailed compari-

son of the x-ray-diffraction scans with increasing irradiation
shows that initially the Bragg and finite-size peaks progres-
sively broaden and decrease in intensity until a fluence of
1X10' ions/cm . At the larger doses, the finite-size peaks
are enhanced, indicating the film becomes smoother. How-
ever, the higher-order Bragg peaks are greatly suppressed
compared to the unirradiated spectra (the 4th-order Bragg
peak in the 3 X 10', and both 3rd and 4th in the
3X10' ), indicating an increase in the interdiffusion at the
interfaces. These trends in the roughness of the films is con-
firmed by the corresponding trends in the Yon eda
scattering, and have been observed previously. It should
be pointed out at this stage that the Xe+ ion irradiation is
expected to produce structural changes both at the interfaces
and the bulk of the multilayers. The details of the mecha-
nism by which the interfacial disorder first increases and then
decreases is not understood at the present time. A possible
origin for this may be an increase in the roughness due to an
increase in the interfacial strain and a progressive release of
this strain with increasing radiation dosage, which gives rise
to the possible breakup of the local regions which are anti-
ferromagnetically coupled.

Figure 2 shows the structural coherence length (() of the
multilayers calculated from the linewidth of the [110]x-ray-
diffraction peak using Sherrer's equation. In contrast to the
nonmonotonic changes in the low-angle spectra above, there
is a systematic, monotonic increase in $ with increasing
Xe+ fluence. This shows that there is a monotonic enhance-
ment of the crystallinity of the films with radiation dosage.

The magnetization versus field in the as-grown samples
shows the typical behavior found in antiferromagnetically
coupled Fe/Cr layers, i.e., a gradual increase in magnetiza-
tion up to saturation magnetization M, in a saturation field
H, , with very little remanent magnetization, M„ in zero
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FIG. 3. Saturation field H, and remanent magnetization M„vs
Xe+ ion fluence. Measurements performed at 77 K, with the field

parallel to the plane of the film. Lines are guides to the eye.

field. M, is approximately 1200 emu/cm, about 70% of the

bulk Fe value. This indicates that about 30%, or 9 A, of each
Fe layer is nonmagnetic. This corresponds to -4.5 A of
interdiffused or disordered Fe at each interface which is not
magnetic, in qualitative agreement with the x-ray results and
the fact that FeCr alloys are nonmagnetic for Cr concentra-
tions larger than 25%. With increasing Xe+ ion dosage the
remanent magnetization, M„(at zero field), increases mono-
tonically as indicated in Fig. 3. M, approaches the saturation
magnetization at high Auences, yielding an almost 90%
squareness of the magnetization loop for 3X10'" Xe+
ions/cm . This shows that with increasing dosage the ferro-
magnetically coupled portion of the sample increases. H„
which characterizes the field necessary to ferromagnetically
align the coupled Fe layers, decreases monotonically with
increasing Xe+ ion dosage (see Fig. 2). These monotonic
changes in H, are also consistent and expected for a progres-
sive increase of ferromagnetic shorts with increasing radia-
tion.

The resistivity above saturation (p), in a field larger than
1 T, behaves as expected with increasing radiation dosage as
shown in Fig. 4(a), an initial lack of sensitivity to irradiation
followed by a monotonic increase for higher dosages. We
should stress that the resistivity is sensitive both to increased
interfacial as well as bulk disorder. The giant magnetoresis-
tance (h p), i.e., the maximum change in resistivity with
field shown in Fig. 3(b), shows an interesting nonmonotonie
change with irradiation. Initially, Ap is insensitive to the
Xe+ irradiation, then increases and is followed by a de-
crease. The changes in M, , H, , and p are all consistent with
increased ferromagnetic shorts which would explain the de-
crease observed in 5p above a fluence of 1 X 10'
ions/cm . The increase observed up to 1X10' ions/cm
clearly shows that increasing interfacial roughness increases

5p. This is in spite of the fact that the fraction of the ferro-
magnetically coupled sample increases with increased radia-
tion dosage, as shown in Fig. 3 by the dependence of the
M„. It is quite remarkable that the largest 5p is observed for
the dosage for which the interfacial roughness is the largest
as shown by a comparison between Figs. 1 and 4(b).

It is also interesting to note that although the dependence
of hp is nonmonotonic that of H, is monotonic with Xe+
ion dosage. This suggests that the values of /t p and H, are
not necessarily connected and may be controlled by different
mechanisms. A similar argument can be used for ( and b, p.
Also, it seems clear that the changes in p are not due to the
changes in (, as the opposite trend would be expected.

It should be pointed out that increasing interfacial rough-
ness not only increases the electronic scattering. In a well-
textured [110]Fe/Cr sample as the interfacial roughness in-
creases, the fraction of non-[110] planes at the interface also
increases. If the GMR is affected by the crystallographic
orientation at the interface, this may also explain the increase
of GMR with increasing interfacial roughness. It should be
noted that increases in the GMR have also been observed in
samples where the Fe and Cr are alloyed at the interfaces. '

It is possible that the interdiffusion is increasing while the
roughness is increasing, and the increase in the GMR is due
to both effects.

Several theoretical models have shown that an increase
in 5p is expected with an increase of interfacial
roughness. ' '

Naively, this increase in 5p originates in the
increase of sampling of the antiferromagnetically coupled
layers with increasing roughness.

There are still disagreements over the location of
the spin-dependent scattering in Co/Cu and NiFe/Cu
multilayers. ' ' ' For the parallel resistor model, " it has
been demonstrated that increases or decreases in the GMR
with increasing roughness are expected, increases if the spin-
dependent scattering is occurring at the interfaces, decreases
if the spin-dependent scattering is occurring in the bulk of
the magnetic material. However, other experiments seem
contradictory. The present data are consistent with the spin-
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dependent scattering occurring at the Fe-Cr interface.
In summary, we have studied the effect of 500-keV Xe+

ion irradiation on the structure, magnetization, and magne-
totransport of Fe/Cr multilayers. The structure, magnetiza-
tion, and saturation resistivities are in agreement with the
idea that Xe+ ion damage changes the interfacial roughness.
This is manifested by a monotonic increase on the resistivity
and remanent magnetization and a monotonic decrease in the
saturation field. This is consistent with a progressive increase
in the ferromagnetically coupled portion of the sample with
increased radiation dose. The giant magnetoresistance, on the
other hand, has a nonmonotonic dependence with ion dam-

age. This nonmonotonic dependence is correlated with a
nonmonotonic dependence of the small-angle x-ray diffrac-

tion. This indicates that interfacial scattering increases the

giant magnetoresistance in spite of the decreasing portion of
the sample, which is antiferromagnetically coupled. These
conclusions are in agreement with earlier studies in which
the interfacial roughness was varied by the growth
conditions. ' However, the possibility that GMR is pre-
dominantly affected by the crystallographic orientation at the
interface cannot be ruled out by the present experiments.
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