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We have studied the effects of ion irradiation at low dose$ & 10**ions/cnf) on the structural
properties, giant magnetoresistat@MR), and interlayer magnetic coupling in Co/Cu multilayers.
X-ray analysis combined with magnetic and resistivity measurements reveal that intermixing is
promoted by ion irradiation while the periodic structure and crystallographic properties of the
multilayers are not significantly altered. The GMR ratio of a multilayer decreasastonically

with ion dose. However, thermal annealing on an irradiated multilayer results in sharp recovery of
the reduced GMR, and can be associated with a backdiffusion process in metastably intermixed
regions. Hence, using ion irradiation and subsequent annealing, the GM&tngflamultilayer can

be alteredreversiblyover a wide range. The variation of GMR upon irradiation annealing is
accompanied by significant suppressi@r improvement of the antiferromagnetic interlayer
coupling. The correlation between GMR and AF coupling, as well as the role of enhanced electron
scattering at interfaces during these processes are discuss@f04American Institute of Physics.
[DOI: 10.1063/1.1636525

I. INTRODUCTION of intermixing in a systematic way are required. During
deposition, interfaces in a multilayer structure can be modi-
Giant magnetoresistan¢&MR) is observed in a variety fied by carefully controlling the deposition conditions. How-
of inhomogeneous materials such as metallic multilayersever, for every new interface condition, a new sample has to
spin valves, and granular structures and finds applications ibe made. A direct comparison between different samples
magnetic recording heads and sensofsnong these sys- may introduce further complexity, since changes in the depo-
tems, sputtered polycrystalline Co/Cu multilayers are of parsition conditions not only modify the interfacial structure,
ticular interest due to its large GMR ratio at room tempera-ut also affect the growth of subsequent layers and therefore
ture. In this context, the properties of the interfacial regionghe crystallographic properties of a film. For instance, it has
are of major importance. On the theoretical side, Inoue antheen reporteldthat even a very small degree of artificial
Maekawa have reduced the interface scattering process to thgixing by codeposition can lead to a drastic change in film
classical case of magnetic impurities and attributed the larggexture, which is expected to influence interlayer magnetic
GMR observed in Co/Cu multilayers to random exchangecoupling enormousl§. Another interface modifying tech-
potentials at interface’sOn the experimental side, while the nique is postannealing. For a miscible system such as Fe/Cr
existence of intermixing between Co and Cu in Co/Cu mul-multilayers, it has been found that annealing can promote
tilayers prepared by sputtering techniques has been sugnixing across interfaces and change GMR significahtly.
gested by nuclear magnetic resonancéNMR)  Such behavior is not expected for Co/Cu multilayers since
experimentg; the role it plays in GMR remains controver- the elements are immiscible in equilibrium. Studies have
sial. On the one hand, various research groups have revealgbown that the interfacial structure and GMR of Co/Cu are
the interface origin of GMR in Co/Cu multilayers through scarcely affected by annealing at moderate temperatliftés,
planar doping experiments. On the other hand, annealfhg while at higher temperatures, annealing leads to atomic seg-
or artificial intermixing through codepositibmas indicated regation, the formation of island structures, and finally the
that the scattering centers causing the GMR are in the Cbreakdown of the multilaye.
layers. In a previous papée hereafter referred to as Paper |, it
In order to clarify the role of interfacial mixing in GMR, has been shown that low temperature ion-beam irradiation at
techniques to modify the interfacial structure and the degretow doses provides a very effective nonequilibrium tech-
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nique to introduce short-range interface mixing in Co/Cu 10°
multilayers. Several advantages of this technique have been
found. First, the ballistic nature of ion beam mixing makes it
possible to reach a large degree of intermixing even in the 10°
immiscible system of Co/Cu. Second, the degree of intermix-
ing can be well controlled by varying ion dose insangle
multilayer. The fact that a single multilayer is used elimi-
nates the effects of random sample—sample variations. Third,
at such low ion doses, the crystallographic properttes-
ture, vertical coherence length, ¢tof a multilayer are
nearly unaffected, thus any changes in the GMR of a
multilayer are due to the blurring of interfaces only. In this
paper, we will further correlate the GMR and the interfacial
mixing induced by ion irradiation, in an effort to clarify the
role of the interface in the GMR of Co/Cu multilayers. 10 . . .
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Il. EXPERIMENT

Co/Cu mu.ltllayers Wlth various Co.nf.lguratl.c.)ns were pre_FIG. 1. Low-angle reflectivity spectra of BCo(17 A)/Cu(34 A)]x30
pared by rf triode sputtering onto oxidized S'“COIOO) or multilayer, (a) as-deposited,(b) after irradiation with a dose of 2
glass(Corning 7059 substrates, at a pressure of 3 mTorr of x 101ions/cn?, and(c) after subsequent annealing # h at 250 °C.
argon gas, starting from a base pressure before sputtering
below 1x 10/ Torr. The deposition rates, which had been

calibrated with a quartz-crystal monitor, were about 2.2 Agydy of the structural evolution as a function of ion dose has
per second for copper and 0.8 A per second for cobalt. Tota)een carried out using both low-angle and high-angle x-ray

thickness of each multilayer is typically between 1000 andyiffraction measurements for a series of multilayers before,
2000 A. Nominal thicknesses were confirmed by surface Proguring, and after annealing.

filometry and low-angle x-ray reflectivity measurements. All
the multilayers were d_eposited on a 50 A copper buffer Iayer%l Specular low-angle x-ray reflectivity

and some of the multilayers also have a copper cap layer o

50 A. Sample magnetization was measured using a vibrating In Paper I, we were able to determine the intermixing
sample magnetometer with a resolution better tharwidth at various mixing stages as well as the efficiency of
10 “e.m.u. Transport properties were determined using #n-beam mixing. The results agree well with the ballistic
standard 4-point method on a high-resolution ac bridgemodel which states that the mixing widfh increases with
Low-angle x-ray reflectivity measurements were performedon dose according to the dependeriee- /¢, where ¢ is
using a high-resolution triple-axis diffractometer with a the ion dose. Furthermore, the results also confirm that for
CuKa source. High-angle x-ray diffraction measurementsion doses lower than10*ions/cnf, the mixing width at
were carried out on a conventional powder diffractometerCo/Cu interfaces is less than 10 A. Note that such minor

also with CuK « radiation. intermixing at initial mixing stages has also been observed in
lon irradiation experiments at normal incidence weremany other multilayer systen$*
performed in a vacuum of 10 Torr with 1 MeV Si* ions at In order to examine closely the effects of ion irradiation

currents of 0.1uA/cm?. To limit heating effects during irra- at these low dose levels on a multilayer with a relatively
diation, the samples were placed in thermal contact with #mall wavelength, Fig. 1 presents the small-angle x-ray spec-
copper block kept at 77 K. Irradiation doses typically rangedra of a [Co(17 A)/CuB4 A)]x30 multilayer, (a) as-
from 10" to 5x 10"ions/cn? and result in 0.01-0.5 dis- deposited, (b) after irradiation with a dose of 2
placements per atorfdpa, as estimated byRriM simula- X 10*ions/cnf. The as-deposited multilayer shows clear
tions. The energy loss of the 1 MeV'Sin a multilayer with ~ first- and second-order superlattice peaks. After irradiation,
thickness around 1000 A is less than 200 keV so that only &oth peaks are retained, confirming that the multilayer struc-
small fraction(<0.1% of the implanted ions comes to rest ture is intact, but their intensities are reduced due to a blur-
in the multilayers. The damage profile throughout aring of the interfaces. The solid lines in Fig. 1 show the
multilayer of about 1000 A is expected to be relatively uni- curves fitted to the spectra. Considering the low d@s®l
form as the energy of the MeV ions shows little variation thus low dpa, displacements per atamvolved, the fits were
over its thickness. Some of the irradiated multilayers wereobtained by assuming that in the simulation that only two

annealed up to 325 °C in vacuum oK1L.0™° Torr. extra slices are introduced at each interface by the radiation,
corresponding to a Co-rich region (£9Cu,, with X
IIl. RESULTS AND DISCUSSIONS <0.5) and a Cu-rich region (Gu,Co,), respectively. Tak-

ing advantage of the fact the spectra have been taken on a

single multilayer sample, other parameters, such as the layer
In order to understand the effects of ion bombardment orthickness and roughness were kept fixed for simplicity.

GMR and the interlayer magnetic coupling, a systematid/NVhile it is found that the intermixing width and the effective

A. Structural properties
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FIG. 2. High-angle x-ray diffraction spectra fo[@o(17 A)/Cu(22 A)]x30 1 10 100
multilayer before irradiation(solid circle3, and after irradiation at 2 Dose (10'%ions/cm?)

X 10*ions/cnt (open circley

FIG. 3. Resistivities ofCo(17 A)/Cu(22 A)]x30 (solid circles and a
[Co(17 A)/Cu(34 A)]x30 (open circles multilayers as functions of the ion
dose. Also shown are corresponding data for 1000 A films of(hlid

compositionx are somehow correlated, for fixedin the
squaresand Co(open squares

range 0.1-0.3which is comparable to dpathe intermixing

width varies from 6 to 11 A, values that are small compared

with the wavelength of the multilayer. This analysis leads ughat the film texture is also largely preserved. These results

to conclude that the principal structural effect has been teemain for ion doses up to¥610'*ions/cnf, and reveal that

blur the Co/Cu interface over a range 6f10 A without  Jow-dose irradiation can be used to obtain very subtle inter-

significantly altering the periodic structure of the multilayer. facial modifications. Indeed, it provides a most effective
Since Co and Cu are strongly immiscible in equilibrium, method to study the role of the interfacial structure on GMR.

intermixing achieved by ion irradiation is metastable. Con-

sequently, thermal treatment may restore the equilibriung_|on irradiation effects on electron scattering

state of this system through phase separation. For multilayers

irradiated at very low ion dose, such a demixing process may _ g
lead to the restoration of a sharp interface structure. ThiVities (ps) with ion dose for thg Co(17 A)ICu22 A)]<30

spectrum shown in Fig.(&) shows that, after annealing of and the[Co(17 A)ICu34 A)]x30 multilayers; also shown

the previously irradiated sampllBig. 1(b)] at 250 °C for 2 h, @€ the corresponding variations of the resistivities of 1000 A
yEu and Co films. Here we concentrate pnto eliminate

the intensities and linewidths of the superlattice peaks ha S g ]
almost fully recovered. As a result, this spectrum can bé>MR contribution. For ion-beam doses up toJions/cnt,

fitted without introducing the mixing layers provided that the N© change in the resistivity of thi%multilayerg is observed. At
interfacial roughness is raised slightly to 6.3 A. In con-  1on doses higher than ons/ent, the resistivity of the

trast, x-ray reflectivity spectra of virgin Co/Cu multilayers multilayers increases noticeably, well beyond that measured

are little affected by annealing at the same temperaftire. for pure films. We therefore suggest that the present large
increase of resistivity in the Co/Cu multilayers is connected

with enhanced interface electron scattering resulting from
2. High-angle x-ray diffraction ion-beam mixing across the interfaces.

Figure 2 presents the high angle x-ray diffraction spectra  In order to convert the increase in resistivity of a
for the samdCo(17 A)/Cu(34 A)]x30 multilayer before ir- multilayer to the enhancement in electron scattering near its
radiation and after irradiation with a dose of 2 interfaces, we adopt the semiclassical method, initially
x 10jons/cnt. Before irradiation, all multilayers men- Wworked out by Camley and Barn&swhich is based on the
tioned in this paper are textured principally in the fdd1) Boltzmann equation in the relaxation time approximation.
direction with a relatively weak fc€200) component. Using Suppose the electrical field is applied in the film plane,
the Scherrer formula, we estimate a grain size normal to thalong thex axis, and thez axis is normal to the film plane,
surface of about 130 A, which is much larger than the indi-the Boltzmann equation is written as
vidual layer thickness, and suggests good structural coher- 9 g eE of,
ence across the interfaces. After irradiation, the linewidth of —+ —= —,
the (111) Bragg peak is nearly unchanged so that no sign of %2 0z Mvz dux
significant grain growth is detected. As shown in Fig. 2, thewhere g(v,z) is the deviation of the electron distribution
relative intensity of thé200) peak increases only slightly so from the equilibrium Fermi—Dirac distributiofy(v). Theng

Figure 3 presents the variations of the saturation resis-

@
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is further divided into two parts: one for electrons with posi- 0.9
tivev,, g.(v,2), and another one for negative, g_(v,z).

The general solution of the E¢l) is ; 0 [Co7A)CuGedly,

O ° [Co(17A)/Cu(22A)]30

eEr afo(v) +Z 08 o ®
gi(Z,U):? 90 1iF+(U)EXF<m) , (2) -

whereF. (v) are arbitrary functions of the electron velocity
v, which are to be determined from the boundary conditions
at an interface described as follows:

de

g—(A):Tgi(B)"—Rg(A)n ©)

Transmission Coefficient

9+(B)=Ty, (A)+Ry(B), (4)
where A and B represent the two layers separated by the 03 ¢
interface,T is the transmission coefficient at the interface and o
is related to the probability of electron scattering at the in-
terfaceD by 1-T, andR represents the reflection coefficient
at the interface and is negligible for Co/Cu interface. By
incorporating the appropriate boundary conditions into Eq.
(2), F+(v) and thusg. (v,z) are obtained. The current den- FiG. 4. Interface transmission coefficient as a function of the ion dose for

sity in the direction of the field is then calculated by [Co(17 A)/Cu22 A)]x30 (solid circle$ and [Co(17 A)/Cu34 A)]x30
(open circley multilayers.

0.4 1 1 Illllll 1 1 | I N |
1 10 100

dose (10”ions/em?)

J(Z)=J v,9(v,2)d%. (5)
behavior is interpreted as a large enhancement of diffuse

Finally, the current in the entire structure is found by inte-electron scattering near the interfaces as they are blurred by
gratingJ(z) over the coordinate, leading to the calculation jon irradiation.
of the effective resistivity of the entire structure. The thermal demixing effect suggested by x-ray reflec-

The resistivity of a multilayer has thus been calculatedjvity measurements in Fig. 1 also affects electron scattering.
using parameters characterizing the probabilities of electrorrg show this, three identichCo(17 A)/Cu22 A)]x30 mul-
scatterings within layers or near interfaces. These includglayers were annealed. Before annealing, two of the multi-
Aco and A¢y, the electron mean free paths for bulk cobalt|ayers had been subjected to irradiation doses ok 1.3*
and copper, respectively, and the electron transmission coefnd 2.6< 10'*ions/cnt, respectively; the third multilayer
ficient at interfacesT). Conversely, if\c, andA ¢, are given,  had not been irradiated, and was included as a reference. The
the transmission coefficien can be estimated from the annealing temperature ranged from 200 to 325°C, and the
electrical resistivity. It can be pointed out that, in ferromag-annea"ng periods wer4 h atemperatures below 250 °C and
nets such as Co, electron transport properties should be bet-h above this temperature. The evolutions of the resistivity,
ter described by the two-channel image, corresponding téhe GMR, and the magnetic properties were measured for the
spin-up and spin-down electrons, respectively. Unfortunatelythree samples after each annealing step.
little information on the scattering asymmetry of the two  Figure 5 shows the variation in resistivity for the multi-
current channels can be obtained solely from the resistivityayers. As shown, the resistivities of the irradiated multilay-
data. As a result, only the average values for all the paramers decrease with temperature more rapidly than that of the
eters over the two spin channels are considered. Bearing thifonirradiated sample. This behavior is consistent with the
simplification in mind, we are able to obtain values\ef,,  structural evolution observed by x-ray measurements; both
Acu, andT by fitting the Cu-layer thickness dependence ofphenomena can be explained by the thermal demixing driven
the  multilayer  resistivity for a  series  of by the equilibrium immiscibility of Cu and Co, and the re-

[Co(17 A/Cu(tc,A) 1x 30 multilayers withtc, ranging from  sulting reformation of relatively abrupt interfaces.
10 to 50 A: the interface transmission coefficient before ir-

radiation is found to be around 0.8, and thg, and \¢,
obtained are 30 and 150 A, respectively, very close to thos
of the pure 1000 A Co and Cu films. Next, since the resis-  Figure 6 shows the variations of the GMR with ion dose
tivity of pure Co or Cu films does not change upon irradia-for three multilayers(a) [Co(10 A)/Cu(10 A)]x30, (b)

tion, the\ ¢, and\ ¢, are fixed as constants and the transmis{Co(17 A)/Cu(22 A)]x30, (c) [Co(17 A)/Cu34 A)]x30.

sion coefficients of the irradiated films are estimated fromThe Cu thickness of the first sample is close to the first
the corresponding resistivity data shown in Fig. 3. The re-oscillation peak of GMR, while the other two samples cor-
sults are presented in Fig. 4 for the two multilayers. As carrespond to the second and the third peaks of GMR, respec-
be seen, the transmission coefficients are very close and fdlively. For all three samples, no change in GMR is observed
low similar variations upon irradiation: each is reduced by afor ion dose below 1¥ions/cnt; above this level, GMR
factor of two as the ion dose reaches 50'*ions/cnf. This  decreases progressively with increasing dose. For the

g. lon irradiation effects on GMR
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16 A<t< 30 A before irradiatior(solid circles, after irradiation with a dose

FIG. 5. Resistivity vs annealing temperature for thf@(17 A)/Cu22 of 2% 10"ions/cnt (open squargs

A)]x30 muliilayers: as-depositedsolid squares irradiated at 1.3
X 10'*ions/cn? (open circlel and at 2.6 10'*ions/cn? (solid circles. The
error bars indicate the uncertainty in the absolute resistivities of the samples.

to note that in Fe/Cr multilayers, Kellgt al® found that ion

multilayer near the first peak, the drop of GMR is IOarticu_irradiation led to an increase lp in spite of a significantly

larly abrupt, probably due to its very thin Cu layers, whereas{i?mugegf 'tAhFe Zcr)]ﬂ]r::% da:gntz(ae):):r?(géilpgict?rﬁnbseclatlzgcr)iggljnat
GMR falls more gradually for the other two multilayers. Theét‘e Fe/Cr interfaces. In contrast, for the AF-coupled Co/Cu

multilayers discussed here, no increase\m upon irradia-
tion is observed at any dose level, suggesting that the role of
spin-dependent interface scattering in GMR might be quite
0({Jif‘ferent for Co/Cu and Fe/Cr multilayers. This point will be
discussed further.

Figure 7 shows the GMR of a series of multilayers near
the second peak before and after irradiation to a dose of 2
X 10'*ions/cnt. (The GMR of the sample at the oscillation
peak is somewhat larger than that of the sample described in
Fig. 6, due to slightly different deposition conditions and a
50 A Cu cap layer added to the latter samplépon irradia-
tion, GMR decreases for all multilayers studied. A closer
look, however, reveals that the multilayers with Cu thickness
slightly less than the peak position are more sensitive to the
- irradiation than those on the other side of the peak, leading to
a plateau of GMR for a Cu-layer thickness between 23 and
27 A. Such an asymmetry seems a bit surprising, given the
- fact that the half width of the original peak is only about 4 A.
Several factors might be responsible for this behavior. First,
intermixing may reduce the effective thickness of nonmag-
netic spacers; second, the mixing of Co into Cu may contract
the Fermi surface of the Cu, which in turn, alters the oscil-
lation period of the interlayer exchange couplifig.

Noticeably, the drop of GMR occurs at very low ion
doses. For thdCo(10 A)/Cu(10 A)]x30 multilayer, the
GMR is quenched at the dose of'tns/cnt, while for the
102 other multilayers, the GMR has completely disappeared
. ) when the dose is increased to about B0**ions/cnf. These
Dose (10°” ions/cm”) ion doses typically correspond to the initial stages of ion-

i ; -20

FIG. 6. GMR ratios offCo(10 A)/Cu(10 A)]x30 (open squards[Co(17 beam. mixing at the |nterfacé§.

A)icu22 A)]x30 (solid circles, and [Co(17 A)YCu(34 A)]x30 (open Figure 7 also shows that GMR has almost completely
circles multilayer as functions of ion dose. recovered(even enhanced in several instancéslowing

ond and third peaks.

The decrease of GMR upon irradiation is partially due to
the increase in resistivityp), as shown in Fig. 3 although
most of the decrease of GMR is caused by the reduction
Ap (the field-induced change in resistivitylt is interesting
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with annealing temperature for thrg€o(17 A)/Cu(22 A)]x30 multilayers Field (Oe)

subjected to ion doses of Golid squares 1.3x 10 (open circley and

2.6x 10" (solid circles ions/cn?, respectively. 09 e T TN 19
[ ]

08 | o
postradiation heat treatmetiirst for 4 h at 240 °C, andhen * . o 08
for 2 h at 260 °Q. While irradiation suppresses and distorts 0.7 o
the GMR peak, annealing has essentially restored the oscil- _
lation peak. Combined with the data from Fig. 1 that the £ g6} O o 406 Ef
multilayer structure has also been restored, it can be con- = -—— o =
cluded that GMR does not originate from a granular-like g5t s —
contribution; rather it originates from the AF interlayer ex- e 404
change coupling. 04 b o o

Figure 8 presents a composite image of the effects of ion L e

bombardment and subsequent heat treatment for three . iy o
[Co(17 A)/Cu(22 A)]x30 multilayers. Initially, the bombard- o3 10 100"

ment suppresses monotonically GMR but it can be entirely
restored at any point in the proce@g to a threshold ion
dose beyond that used hgrés a reference, the left-hand FIG. 9. () Magnetization curves for thdCo(17 A)/Cu22 A)]x30
side of Fig. 8 p|0tS the decrease of GMR with ion dose. Nomultilayer before irradiatiorisolid circles and after irradiation with a dose

- . . of 2.6x10"ions/cnt (open circlel (b) relative remanence magnetization
changes were observed up todions/cnt. The increase in (M, /My), left scale, and normalized saturation magnetic fietd /Hp),

GMR for the as-deposited multilayer results from the smallignt scale, for the same multilayer as functions of the ion dbkg.is the
decrease in the resistivity related to grain growth, as mensaturation field of the as-deposited multilayer.

tioned in the previous section. The more significant rise in

the GMR of the irradiated multilayer is primarily due to the ) ) )

increase inAp as a result of the demixing process. GMR of fécts the AF interlayer coupling. Figurezd shows the effect
the multilayer irradiated at higher dose increases nearly §f ion radiation on the magnetization curve for f@o(17
factor of three, from about 4% to about 12% upon annealin§)/ Cu22 A)]X?’E multilayer before and after irradiation to a
at 225°C. The MR of the multilayer irradiated at the lower d0S€ 0f 2.6¢ 10*ions/cnt. Initially, the magnetization curve
dose has fully recovered to the as-deposited value after afgXhiPits a small remanence and a slow approach to satura-
nealing at 250 °C. For annealing temperaturess over 300 o¢|,on,_|n_d|cat|ve of S|gnnf|cant interlayer AF coupling. Afte_r .
GMR falls off for all the multilayers, as the multilayer struc- irradiation, the_ magnetlzat!on curve pecomes characteristic
ture begins to break down. At each annealing step below thigf ferromagnetidFM) coupling, with high remanence and a
temperature, the GMR increases systematically, an effect th5#Pid approach to saturation. Figuréopfurther details the
has been found for all the multilayers near the second pealkicréase in the relative remanenik /M and the decrease

of the GMR oscillation for ion doses below 6 Inthe normalized saturation fields/Hg, (WhereHg is the

x 104ions/cn?. However, for the multilayers near the first saturation field before irradiatipras a function of ion dose,

peak, or those irradiated at heavy dosesl('®ions/cnt), parameters related to the degree of AF coupling between
no clear effect is observed. magnetic layers. Taking (AM,/M) as an estimate of the

volume fraction of AF coupled regions amtl as indicative
of the AF coupling strength, these results suggest that both
the net AF coupled fraction and the AF coupling strength are
systematically reduced by irradiation.

In order to understand the effects of ion irradiation on It has been reported that, in sputtered Co/Cu multilayers,
GMR, it is necessary to examine how this bombardment afa change in crystallographic texture has profound effects on

3 2
Dose (ll)1 ions/cm”)

D. lon irradiation effects on antiferromagnetic
interlayer coupling
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interlayer magnetic coupling. However, at the present low 0.7

ion doses, high-angle x-ray diffraction after each irradiation

reveals only a subtle increase in the intensity of (Be0 s 0 s

peak. While this change indicates an increase in the numbel  ¢.6 }

of (200)-oriented grains, it cannot explain the dramatic sup- [

pression of the AF coupling upon irradiation: first, the LIPS

change in texture is too subtlsee Fig. 2 considering the 05| o

dramatic change in AF coupling; second, previous studies

show that in Co/Cu, the AF coupling is weakened as the

grains are textured in thel1l) direction and that the pres- 04t

ence of(200)-oriented grains enhances AF coupling rather ’ ®

than suppresses it.
Interfacial mixing may also account for the change in L

interlayer magnetic coupling either indirectly or directly. In- 0.3 1 8 Asdeposited

directly, the mixed interfacial layer effectively adds to the O 13x10" ions/em’”

thickness of the nonmagneti€u) spacer layer, at the ex- 02 . . . I2.6X10“ i?ns/cmz

pense of the magneti€o) layers. While this possibility can- .

not be totally ruled out, Fig. 7 shows that GMR decreases S0 100 150 200 250 300 350

systematically for all the multilayers in the entire range of Annealing temperature (°C)

Cu thicknesses around the second AF-coupling peak with no

shift in its position. This observation supports the concIusiorF(':G-lioA)’grizﬁzm}f i>f<‘3(of Mrli_:\" s) with Ehn?agntg t?mpgfaﬂ"e Ioifb:_fgee

that _the shift in m_agnetic coupling p_erio_d is at Ieas_t not Fhe[sqz(are}s 1.3351014)(]0pen rclﬁilllfjclleiyzasd Szu.(;<elcoi‘ (s?)lilc(i)r::irc(ljzgsiocr)lé/cnl@,

dominant mechanism for the reduction in AF coupling with respectively.

ion dose. On the other hand, AF interlayer coupling can be

suppressed directly by crystalline disorder near interfaces.

Through a first-principle calculation, Kudrnovskgt al” |/ FURTHER DISCUSSION

concludes that a small amount of interfacial mixing may

sharply reduce the AF coupling strength due to the strong For the Co/Cu samples discussed here_:, i_t is i_nteresting to

disorder present in the Co—Cu alloy system, in particular,nOte that the_decrease of MR_occurs _at S|m|I§r ion doses as

between Cu and down-spin Co states. This kind of disordet€ Suppression of AF magnetic coupling, as is evident from

is expected to be generated when Co and Cu are metastad9S- 940) and 6, and suggests that the current reductions in
mixed by a nonequilibrium technique such as ion-beam irra- MR and the AF coupling upon irradiation are directly con-

diation. Furthermore, with weaker AF coupling, it is more nected. Recently, a linear relationship between the GMR ra-

difficult to nucleate a perfect AF alignment throughout a su-to ar_1d the AF coup_llng fraction has been deduced by Taka-
hashi and Inomat. in the form:

perlattice in zero magnetic field. Consequently, a decrease i
AF coupling strength reduces the volume fraction of the AF MR=MRy[1—(p+a)], (6)

coupled regions, as observed in Figbp , wherep is the volume fraction of the AF coupled regions,
we un(_:lerscore_th_e fact thaF chapges in GMR are CIOSG'YS a correction due to the local ferromagnetic coupling or
accompanied by similar variations in the AF coupl!ng be'magnetic anisotropy, and MRs the MR of the multilayer
tween Co layers. The features of AF interlayer coupling supgpgq the AF coupling be perfect. Experimentally, this rela-
pressed by ion irradiation are recovered by the annealingj,nshin was confirmed in a series of Co/Cu multilayers de-
Specifically, the magnetization curve after annealing eXh'b't?osited under various conditioRs.To our knowledge, no
low remanence and high saturation field similar to those Otegyts have ever been reported regarding this relationship in
the magnetization before irradiation. Figure 10 presents des singleCo/Cu multilayer with systematically modified inter-
tails of the increase with annealing temperature of (lfaces, due to the difficulty of modifying the AF coupling
—M;/Mg):(1—M;/My) increases systematically with an- fraction over a wide range in a single sample. The present
nealing temperature up to about 300 °C. This behavior parresylts [specifically Fig. 9b)], demonstrate that (1
allels that of the magnetoresistance given in Fig. 8. For th(‘erlMS) of a multilayer can be altered extensively be-
multilayer irradiated at the lower dose, the remanence risegveen about 0.3 and 0.7 using ion irradiation. Figure 11 com-
close to that of the as-deposited multilayer upon annealing aines the data in Figs. 6 andtd, with the GMR of the
250°C. For the multilayer irradiated at the higher dose[Co(17 A)/Cu(22 A)]x30 multilayer irradiated at various
though not fully recovered, (xM,/My) significantly in-  doses. Clearly, at lower doses, the GMR increases linearly
creases upon annealing. Such behavior reinforces the earligith (1—M,/M,). Fitting to Eqg. (6) yields a~0 (as ex-
conclusion that the AF exchange coupling between layerpected and MR)~26%. It can be concluded that the de-
scales with the sharpness and the degree of atomic order ofease of GMR upon irradiation at low doses<Z
the interfacial regions. Finally, annealing at temperatures< 10*ions/cnt) is directly controlled by the suppression of
above 300 °C leads to a breakdown of the multilayer structhe AF coupling. At higher doses, the GMR decreases more
ture and also of GMR and the AF coupling. rapidly than the reduction in AF coupling fraction. One pos-

z
3

Downloaded 29 Oct 2011 to 132.204.3.57. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 95, No. 4, 15 February 2004 Cai et al. 2013

20 not only with spin-dependent impurity scattering due to in-
termixing, but also with other mechanisms. For example, the
importance of “geometrical” interface roughness in GMR
has been pointed out by Hoaet al?® Recently, Stiles has
noted* that spin-dependent reflection from interfaces result-
ing from the band structure of bulk Co may also contribute to
a large GMR through channeling effects, even if there is no

spin-dependent defect scattering. The existence of such con-

16 |

annealing
/ o
12 }

9 o tributions particularly cannot be excluded from our results.
vt Nevertheless, our results suggest that if the GMR in Co/Cu
g irradiation multilayers is interface related, it is more likely related to
81 some mechanisms other than the intermixing based impurity
scattering.

V. CONCLUSIONS

Combining low-dose ion bombardment and subsequent
. thermal annealing provides an effectigg situtechnique to
- - - - . modify the Co/Cu interface structucentrollablyand to tune
01 02 03 04 05 06 07 08 GMR and the AF interlayer couplingeversiblyfor a single
1-M/M, Co/Cu multilayer over a wide range. Structural analysis, re-
sistivity, magnetoresistance, and magnetization measure-
FIG. 11. GMR vs (M, /M) for the[Co(17 A)/Cu(22 A)]x30 multilayer ~ ments all point to the conclusion that low-dose ion irradia-
(solid circles of ‘Figs. ga) anq qb), and‘ for the three multilgyers of Figs.  tion is capable of generating nonequilibrium intermixing at
8(b) and 10 which were subjected to ion doses ofopen trianglefs 1.3 the Co/Cu interfaces while subsequent annealing on irradi-
X 10" (open squarésand 2.6< 10 (open circley ions/cn?, respectively. X L
ated multilayers provokes backdiffusion and restores abrupt
interfaces. It is also concluded that GMR and AF interlayer
coupling are directly connected and are strongly dependent
sible explanation is that, as the interfaces are further mixedy, the interface sharpness and structure. A sharp and atomi-
strong electron scattering in the disordered intermixed rezally ordered interface improves AF coupling and thus leads
gions may effectively confine the carriers of both spin chanyg larger GMR, while interfacial mixing suppresses AF cou-
nels within individual layers, a scenario which is consistentp”ng and reduces GMR. A linear relationship between GMR
with the rapid decrease in the electron transmission coeffizg the volume fraction of AF coupled regions is observed.
cient at interfaces as seen in Fig. 4. The absence of enhanced GMR following ion-induced inter-
Figure 11 also correlates the increase of GMR and (Imixing leads to the conclusion that spin-dependent electron
—M; /M) upon annealing by combining data from Figs. 8 scattering does not play a decisive role in the variation of
and 10. For the nonirradiated multilayer, annealing belowgpRr.
300°C alters the remanence only slightly, thus the corre-  Npoticeably, even at ion fluences where interface mixing
sponding data are only varied over a small range. For thgyas barely detectable by x-ray reflectivity, large changes in
irradiated multilayers, in contrast, the effects of annealing ofhe magnetoresistivity could be observed. Hence, magnetore-
GMR and AF coupling fraction aremplified and both GMR  gjstance measurements can be used as a very sensitive probe
and AF coupling are tuned over much wider ranges. As Cafy detect subtle interfacial mixing induced by ion-beam bom-
be seen, the experimental points fall close to a single lineyardment, or interfacial demixing provoked by thermal an-
suggesting that the recovery of GMR upon annealing in théealing. Such a probe is particularly valuable for the Co/Cu
irradiated multilayers is the direct consequence of the iMmsystem in which the atomic contrast between the elements is
provement of AF coupling. For any fixed value of (1 small, thus making it difficult to detect the initial stages of

—M,/My), the GMR of the annealed multilayer is system- jon.heam modification by alternative techniques.
atically larger, probably due to grain growth upon annealing.

No increase in eit_heAp or GMR is ever observed for  ACKNOWLEDGMENTS
any of our Co/Cu multilayer at any ion dose. Such a result is
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