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Signal degradation in spin-valve structures is today a concern for long-term stability of data storage
devices. One of the possible degradation mechanisms of spin-valve structures in disk drive
applications could be thermally activated diffusion between constituent layers. In order to predict
and control performance degradation, the interdiffusion coefficients for all bilayers in the spin-valve
structure will have to be determined. Here we report results fromygF€@/Ru interface, common

in many spin-valve structures. The diffusion in (0002) oriented polycrystalling,;Feég/Ru
multilayers has been measured and quantified by x-ray reflectivity in the temperature range of
450-540 °C. The bulk diffusion in this case is described by an activation enekyy~0t.95 eV and

a prefactor ofD,=6.43x 10 °m?/s. No grain boundary diffusion was detected in the large-grain
structure dominated by high symmetry grain boundaries at the temperature interval in this study. For
a spin-valve structure that containsdgfee, o/ Ru interfaces it is clear that with the absence of grain
boundary diffusion and a very high activation energy to bulk diffusion degradation will first take
place at another interface, or by another phenomenon20@3 American Institute of Physics.

[DOI: 10.1063/1.1586478

I. INTRODUCTION d 2.m\ 2
—(Inlm):—2D<—) , (2)
For low diffusivity (less than 1022m?/s) in thin films, dt A
Rutherford backscattering, Auger electron spectroscopy, anihereD is the effective interdiffusion coefficient. This is a
secondary-ion-mass  spectrometry  have  insufficienttandard method for studying interdiffusion in multilayers
sensitivity> Currently, one of the most sensitive techniques isand superlattices, and is valid except when the repeated layer
x-ray diffraction of multilayer structurés where the decay thicknessA is of the same order as the interatomic spaéing.
of satellite-peak intensity is related to interdiffusion of neigh- From the temperature dependence of the diffusivity, activa-
boring layers. The theory of interdiffusion in artificial com- tijon energyE, can be extracted assuming Arrhenius behav-
positionally modulated materials is well developed, and in itsor,
simplest form, the equations are linearized by treating sev-
eral parameters as composition independent. D=D ex;{ _ E) sInD=InDn— E 3)
A multilayer structure can be viewed as periodic modu- ° KT O KT
lation of the electron density(x), and can be described by a Equation (3) describes the temperature dependence of the
Fourier series &s diffusivity where k is the Boltzmann constant anflis the
absolute temperature. Thus, by plotting the logarithrb afs
mz_ﬂx). (1 @ function of 1T the activation energy is given by the slope
A of the graph. For a more detailed description of the linearized
diffusion equation, the reader is referred to Refs. 4 and 7.

+ o

c(x)= 2, Aysin

m=—o

In Eq. (1), Ay, is the amplitude of themnth order Fourier
componentA is the modulation length, andis the growth
direction. The intensity of the multilayer x-ray satellite peaks||. EXPERIMENT
| is proportional to the square of the Fourier coefficients:

|.<A2: see, for example, Ref. 6. Thus, diffusion, which Multilayers of CqgFeo/Ru were deposited on 3 in. Si

leads to a decrease in modulation amplitude, can be viewe{afers with a 100 nm SiPlayer by magnetron sputtering in
as a decrease in the intensity of x-ray reflectivity peaks. Th§ — © mTorm Ar gas. The CgFey layer thickness was

decrease of satellite intensity is used to calculate the diffu=2 "M and the Ru thickness1 nm. The 3 nm bilayer was

sivity in the continuum approach via the following linearized '¢Pe€ated 15 times and capped with an 8 nm TaN cap. The
diffusion equatiorf seed layer was 5 nm (BFe,0)60Cra0. The multilayer struc-
tures were subsequently annealed in a rapid thermal annealer
(RTA) in which Ar gas was used to continuously purge the

dElectronic mail: e_svedberg@yahoo.com quartz chamber. The Oevels were monitored during an-
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106 (b) at 26=39.50° is the (200) peak of the primitive cubic
d NiFeCr layer, and this peak hasaarocking curve with a
= FWHM of 7.77°. The third peak in the spectra markeglat
K 10 20=43.49° is the hexagonal-close-packédcp (0002)
‘g peak of the CoFe layers, and therocking curve has a
3 FWHM of 6.13°, indicating crystalline quality. However,
; there is a faint hcp Ru (0002) peak overlapping the CoFe
‘z 104 peak, as seen by the slight broadening at the low angle side
2 g of the (c) peak. Centered aroundd2 69.1°, is the Si(400)
- peak from the wafer, the NK absorption edge, a W peak
103 e f from anode contamination, and the Si(400) peak from
: el ! . . . CuK g radiation can also be seen. Pe@ is the higher
20 30 40 50 60 70 80 90 100 order (400) peak of the NiFeCr peak. Pe&Ksand (g) are
Angle [6-26) the higher order of double ped&), peak(f) is the Ru (0004)
FIG. 1. High angle x-ray diffraction spectra of the as-deposited sampleP€ak andg) is the (0004) CoFe peak.
Peak (a) is the fcc TaN (111) peak from the cap layer whil® is the Figure 2 shows x-ray diffraction pole figures measured

primitive cubic NiFeCr seed (200) peak a( the hcp (0002) CoFe peak. in a grid of 2°x 2° steps forg (0° — 3609 and s (0° — 909.
Peak(d) has a low angle side “tail” from the hcp (0002) Ru peak with The pole figures were measured for 62

slightly largerc spacing. At 2=69.1° the Si (400) peak can be seen. Peak . .
(e) is the higher order (400) NiFeCr peak while peék is a separate =34.9°,39.5° and 43.4°. In Fig(@ the peak markedl) is

(0004) Ru peak and pedl) the (0004) CoFe peak. the fcc TaN (111) peak of the capping layer expectedét 2
=34.9° and ps+0°. The circle marked?2) at psi=70.53° is
the expected remaining set of visible TeNLT} peaks. It

nealing and kept below 2.0 ppm. The RTA employs quartzshows that the capping layer has a fiber texture since the

lamps for heating and the temperature is controlled by a calipeak is present for all the values of pid° — 3609 and no
brated pyrometer. The multilayers were heated at temperahreefold symmetry is visible. Figure(®, measured at @
tures ranging from 450 to 540 °C for periods of time ranging=39.5°, shows the NiFeCr(200) peak mark] in the
from 300 to 6.4 10’ s. center and again psi90° [the circle is marked7)]. The fact

The annealed samples were analyzed by x-ray reflectivhat peak(7) is present for all phi value$0®° — 3609 is

ity to determine the degree of interdiffusion, described inindicative of fiber texture that originates in the NiFeCr layer.

Sec. I. The measurements were done with a Philips X'Pertigure Zc), at w—26=43.4°, shows the CoFe/Ru (0002)

system equipped with a Cu anode. Each sample was megeak in the center, marke@), and the Si(220) peaks, at

sured by x-ray reflectivity prior to annealing in the RTA as psj=45°, from the substrate. The fact that there is a fiber

well as after. In addition, high-resolution transmission elec+exture in the seed as well as in the cap makes it plausible
tron microscopy cross sections were used to determine th@at the multilayer is fiber textured as well.

a Philips TECNAI F20 were used for this. for the first multilayer peak at@=3.6°. The data show how
the intensity decreases with the length of annealing time.
Ill. RESULTS Surrounding the multilayer peaks are also intensity oscilla-

tions that come from diffraction of the total stack thickness,
as opposed to the thickness that is periodically repeated
Figure 1 shows high angke— 26 x-ray diffraction spec-  throughout the structure that gives rise to the multilayer peak
tra for the as-deposited sample, and Table | summarizes intself. It should be pointed out that each intensity measure-
formation on the spectra. The peak markéa at 20  mentis made on a separately annealed sample and that each
=34.93° is the face-centered-culffcc) TaN (111) peak of sample is measured by x-ray reflectivity both prior to anneal-
the cap layer. The cap hasarocking curve with a full ing, 1y, as well as afte,. Thus, any comparison of intensity
width at half maximum(FWHM) of 8.98°. The peak marked ratios!/l, correctly reflects the decrease in intensity and has
no relation to the sample size or other similar factors.
Figure 4a) shows the normalized intensityl, for all
%he different annealing temperatures used in the st489,
« 470, 480, 490, 500, 510, 520, and 540).°Che intensity
decreases in linear fashion with Ifig) over time as expected

A. X-ray diffraction

TABLE I. Indicated are the peak index from Fig. 1, the layer that causes th
peak, the crystallographic orientation for the layer, thepdsition of the
peak and its full width at half maximum for the rocking curve of the peal

Index Layer Peak 2(deg) FWHM (deg from Eq. (2). Normally the relationship in the plot generates
a TaN (111) 3293 8.98 a straigh.t Iing starting from IMO)zl, hqwever, t.he.' initial

b NiFeCr (200) 39.50 7.77 phase will relieve some stress in the film and it is usually
c CoFe (0002) 43.49 6.13 nonlinear. It can be seen in the enlarged portion in Fig) 4

d Si (400) 69.10 that the lines do not really meet IAg)=1. In Fig. 5 the

f N'gicr ((01)0021)) gg'gg diffusion rates are plotted in an Arrhenius plot. There is a
g CoFe (0004) 95.53 o single change in rate with the temperature which is described

by an activation energy oE,=4.95eV and a prefactor of
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FIG. 3. X-ray reflectivity intensity data for the first multilayer peak dt 2
=3.6°. The intensity), is seen to decrease with the annealing time. The
temperature of the anneal was 540 °C. Intensity data are shown for 80, 160,
240, and 300 s as well as for the as-deposited intensity.

for the as-deposited film, a film annealed at 500 °C for 20
min and a film annealed at 540 °C for 20 min. In both Fig.
6(a) and Gb) the CoFe/Ru multilayer structure can be clearly
seen together with the TaN cap and the NiFeCr seed layer,

& L
450°C 4

470°C

430°C

Intensity I/,

520°C )
0.04[ls40°c 5p90¢ 490°C
1 Lo o a b o 2 o1 3 221

(@) 07TF 162432 M0 48 56 64
Time [s *1000]

FIG. 2. X-ray diffraction pole figures for 2= (a) 34.9°,(b) 39.5° and(c)
43.4°. In (a) the peak markedl) is the fcc TaN (111) peak. The circle
marked(2) at 70.5° is the TaN 111} plane set expected at 70.5°. The addi-
tional peaks marked3), (4), and (5) are the Si(111), (220), and (113)
peaks, respectively, from the single crystallini®Q) oriented Si substrate.
(b) Primitive cubic NiFeCr (200) peak marke@) in the center and again at
psi=90°, marked(7). (c) CoFe/Ru (0002) peak in the center, markeg
and the Si(220) peaks, at psi5°, from the substrate.

500°C

Intensity I/,

e
—
T

510°C

I3 1 L

(b) o 1 2 3 4 5 6
_ . . Time [s *1000
Do=6.43x10 ®m?/s. As is seen, the data are a linear func- [ ]
tion of In(D) in the whole temperature interval. The linearity FIG. 4. (a) X-ray diffraction intensity data for different annealing times and
of the whole region implies that there is only one activationtemperatures. The intensity,is normalized to the intensity prior to anneal-

: : : : : ing, 5. The temperatures were 450, 470, 480, 490, 500, 510, 520, and 540
energ.y’ that of bulk diffusion o.r grain boundqry diffusion. °C. The annealing times varied from 300 to 8.40" s. (b) Enlargement of
Figure 6 shows cross sectional transmission electron Mige time from 0 to 6000 s that show the data for the shorter times/higher

croscopy(TEM) images of the multilayered sample structure temperatures more clearly.
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FIG. 5. Diffusion data for the GgFe,o/Ru system in an Arrhenius plot. The
diffusion rates are plotted vs T/ There is one diffusion rate which is de-
scribed by an activation energy &,=4.95+0.25eV and a prefactor of
Dy=6.43x10 ° m¥s.

even though diffusion has reduced the intensity ratlg in FIG. 7. 1X 0.5 um? atomic force microscopy images of the TaN surface of
Fig. 6(b) to ~0.87. In Fig. &c), on the other hand, the the (a) as-deposited film antb) the film annealed until the multilayer struc-
CoFe/Ru multilayer structure as well as the seed layer ar"® s completely interdifiused.

lost; only the TaN cap is unaffected by annealing. Figure 7

shows 1.0x0.5m? atomic force microscopy images of the

TaN surface of the, as-deposited film and that annealed &40 °C for 20 min; the two images have the same surface
feature size and surface roughness. The fact that the images

are identical shows that the cap layer is unaffected by the
annealing process and as such protects the multilayer during
the annealing process without “participating” in the reaction.

B. Transmission electron diffraction

Electron diffraction patterns from plan view TEM im-
ages are shown in Figs(8—8(c). The diffraction patterns
were taken from areas approximately 5000500 nm in all
three images. Figure(® shows an electron diffraction pat-
tern from a single crystallographic domain, while Figb)8
shows an electron diffraction pattern from a slightly different
area that displays two patterns rotated 60° to each other. The
enlarged electron diffraction pattern area in Figc)&rom
the single domain pattern in Fig(8 is indexed and shows
the TaN (111), Ru(100) and the CoFe (1(l) spots as
well as the Ru (1120and the CoFe (1120and higher orders
of Ru (101Q and CoFe (1010spots. The diffraction patterns
are consistent with x-ray diffraction data regarding the out of
plane orientation of the layers. However, the TEM data are
derived from a smaller sample area and as such not show the
fiber texture in the plane as the x-ray data, but instead show
only one or a few crystallographic domains.

A selected area TEM was produced for an as-deposited
sample. In Fig. 9 the diffraction pattern is shown in the inset

with an arrow marking the selected double (@Piffraction
spot. The TEM plan view in Fig. 9 shows the size of the
grains in the structure. The estimated grain boundary area is
9.0x 10* nn? for eachum® of multilayer film. The grains
FIG. 6. TEM images of the sample structure faj the as-deposited film, are V_ery_ large in c_omparlson to what is normally observed
(b) a film annealed at 500 °C for 20 min afd) a film annealed at 540 °c  for thin films deposited at room temperature and as a conse-
for 20 min. quence the samples have very little grain boundary area.

20nm
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FIG. 9. Selected area TEM image of the as-deposited sample. The inset
shows the diffraction pattern, indicating two grain orientations within the
image. The white arrow indicates the spot selected for the image. In this
case the two domain orientations seen are rotated 15° to each other, produc-
ing a high symmetry boundary.

instead of exhibiting an immediate transformation to a crys-

MLt £ talline structure. An immediate transformation would most
> b likely take place, or “nucleate,” simultaneously with higher
‘\. o .
N _ Seed 2020 density. . .
Seed 1010 In Fig. 11 another part of the multilayer structure is

shown within the high resolution TEM image. The ﬁ()l
set of lattice fringes is resolved, but some dislocations are
Seed 1010 present. This can be seen in the inset, which shows slight

TaN 111 (C) misalignment in the (101 planes in consecutive CoFe lay-

ers, indicative of different lattice spacing in the CoFe and Ru
layers. The misalignment is an indication that even though
FIG. 8. Electron diffraction patterns from a plan view TEM image(@f  the layered structure is only one crystal, there is a change in

single domain,(b) dual domains rotated 30° to each other that produce athe lattice parameter between the different Iayers
high symmetry boundary between the two domains @anlargement of '

the single domain pattern with spots indexed to the TaN cap and the Ru/
CoFe multilayer constituents. I\V. DISCUSSION

&§<—ML 1070

The high anglew—26 x-ray diffraction spectra for the
Figure 10 shows a high resolution TEM image of theas-deposited sample shown in Fig. 1 has a CoFe peak from
as-deposited sample structure close to the substrate. Regitire multilayer at 2=43.49°, indicating an approximate av-
(@ indicates the amorphous SiGubstrate whereas region erage out-of-plane lattice parameter spacing of 0.208 nm.
(b) is an amorphous initial layer of the NiFeCr seed. RegionThe layer thus has an average lattice parameter that is be-
(c) is a crystalline region of the NiFeCr seed. Regiah tween that of Ru with ag,=0.27058nm, cg,
indicates the first few bilayers of the CoFe/Ru multilayer=0.428 19 nm¢€g,/2=0.214nm) and Co with ac,
structure. The magnified region shows an area with a cusp if0.250 31 nm, cc,=0.406 05 nm¢-/2=0.203nm). The
the layer structure, still, the continuous (0002) lattice fringessmaller constituent Fe has a lattice parameter agf
show that it is a continuous crystal structure throughout the=0.2451 nm andcge=0.3931 nm €-4/2=0.197 nm). From
area. The large size of the crystalline domains is probably &egard’s law one would expect a multilayéviL) out-of-
result of the fact that the NiFeCr seed is initially amorphous plane lattice parameter ofy, =0.206 nm, however, that
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FIG. 10. High resolution TEM image of the sample structure. Reg@n
indicates the amorphous SiO substrate whereas reébgjds an initial amor-
phous region of the NiFeCr seed. Regi@y is a crystalline region of the
NiFeCr seed. Regiofid) indicates the first few bilayers of the CoFe/Ru
multilayer structure. The magnified region shows an area with a cusp in the
layer structure and that it is a continuous crystal structure throughout the
area.

FIG. 11. High resolution TEM image of the multilayer structure. In the

image the (131) set of lattice fringes is resolved. The enlarged region
shows slight misalignment of the planes in consecutive CoFe layers.

does not take into consideration the differences in stiffness

among Ru, Co and Fe, which makes the value of 0.208 nm

plausible. The separation of the higher order peaks for the-34.93° and the (0002) peak of NiFeCr a#-239.50° are
multilayer constituents indicates that the use of an averaggoth at the positions expected in the x-ray spectra.
multilayer lattice parameter is not completely accurate. By — The x-ray diffraction pole figures in Fig. 2 measured at
using the Ru and CoFe (0004) peaks that are clearly sep2y values of #=34.9°, 39.5° and 43.4° are representative
rated at 2=90.15° and 95.65° the lattice (0004) spacing inof fcc TaN (111), primitive cubic NiFeCr(200), and hcp
the Ru layers is given bglry (oo0s= 1.0879 nm and for CoFe  CoFe (0002), respectively. It is possible to conclude that
by dcore (00047 1.0394 nm. The position of the (0004) peaks there is a fiber texture in the multilayer from two pieces of
indicates a shiftenlargementof the c-axis parameter for Ru  data. First, the pole figures in Fig. 2 indicate a fiber texture in
to Acg,=0.0068nm and for CoFe tdcCcor=0.0304Nm  the top most TaN layer. Second, the TEM electron diffraction
compared to bulk values. Since both increase instead Qfattern in Fig. &) indicates perfect registry, within a grain,
shifting towards an average value there is probably stress igf the crystal orientation of the bottom NiFeCr seed through-
the film. The accuracy in the determination of the Si(004)out the multilayer up to the TaN cap. Thus, when the overall
peak and hence the diffractometer measuremendds;  film shows a fiber texture in the TaN layer the multilayer
=0.0012 nm, almost an order of magnitude smaller than thenust have it as well. The intensity seen in Fi¢h)2eems to
shifts. The fact that the CoFe axis is "“_96% of the Ruc peak at psi~85°, marked(7), and the reason it peaks at
axis can also be seen as a shift in the ()Othttice fringes, ~85° instead of at 90° is a result of the reduced intensity
for consecutive CoFe layers, in the inset of the TEM imagewhen tilting the sample surface almost parallel to the x-ray
in Fig. 11. The TaN (111) peak from the cap layer & 2 beam. From Fig. 10 it can be seen that the crystal-

Downloaded 21 Nov 2003 to 128.2.132.41. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 94, No. 2, 15 July 2003 Svedberg et al. 999

line (200) structure first develops during deposition of theary diffusion paths in these multilayers because of large
NiFeCr seed layefafter ~2 nm). The high resolution TEM grains and high symmetry grain boundaries. The x-ray pole
shows the crystalline structure to be continuos throughoufigures in Fig. 2 indicate that, on a large length sdatdli-
the multilayer. These measurements show that the sampleeters, there is fiber texture in the samples, thus they con-
consists of rather large grains within the multilayer that has dain grains with random orientation in the plane. On a
hcp structure that is inherited from the NiFeCr seed. smaller scalglmicrometers it can be seen from the TEM

Experimental self-diffusion data for Fe have given acti-images in Figs. 8 and 9 that the grains are very large and that
vation energies in the range of2.5—3.2 eV, depending on the neighboring grains have specific high symmetry rota-
several factors, such as crystal structure. Co is repdtted tional relationships. The estimated grain boundary area is
have an activation energy of-3.1eV, and Huet al  9.0x10%nn? for eachum® of multilayer film. This should
calculated the ruthenium activation energy for vacancy andbe compared to 5:210°nn? for each um?® in similar
divacancy diffusion to be-3.7 eV. The diffusion activation CoFe/Cu multilayers? Since the grain boundary area is 58
energy for equiatomic CoFe crystals has been determineidimes bigger in the Cu based multilayers one would expect
from the isotope effect by Fishmagt al. for different crys-  that the effect would not necessarily be seen here. Further, it
tallographic phase¥.In their work they determined that the is well known that the grain boundary diffusion rate varies
activation energy was lower for the body-centered-cubigvith the relative angle of rotatiors, required to bring two
(bco) phase than for the fcc. The activation energies for dif-neighboring crystallographic axes into rotational alignment.
fusion were 2.97 and 3.01 eV for Fe and Co, respectively, iffFor low values ofé, and values close to the rotational sym-
the fcc structure, and 2.38 and 2.60 eV for Fe and Co, remetry, the diffusivity decreasé8 A classic demonstration of
spectively, in the bec structure. However, for CoFe in a CsCEhe fact that “good fit” in the crystal structure does not per-
structure the activation energy for interdiffusion was determit grain boundary diffusion is found in the lead/tin
mined to be 5.77 eV, and it might be associated with a dif-System,’ where grain boundaries with a small coincidence
ferent diffusion mechanism. In systems with higher meltingsite latticé® showed low grain boundary diffusion. One dis-
points than Co, Fe, and Ru, activation energies of over 5 eYocation modef® for certain grain boundaries predicts that
has been reported. For example, interdiffusion in the Ta—where are dislocations regularly spaced along the boundary
systent* has an activation energy of 5.7¢ at 70% W in the and that the lattice between the dislocation cores is elasti-
temperature range of 1300 — 2100 °C. One of the fewcally strained but relatively perfect. However, the diffusion
reports? on diffusion that involve Ru found that the activa- in the core of the dislocations is high and acts as a channel
tion energy for bulk diffusion in monocrystalline Cu 8fku for grain boundary diffusion instead of a thin slab along the
has an activation energy of 2.67 eV. It should be pointed oufvhole grain boundary. Given the high symmetry of the grain
that the data in our work have not taken into account thdoundaries in our case, and thus the low density of available
stress in the film. Cook and de Fontdihand other® have diffusion paths in the CoFe/Ru multilayer, it is possible that
shown that the interdiffusion coefficient is dependent onthis effect is what is observed in our case.
stress and concentration gradients within a multilayer.

The CoFe/Ru multilayer in this study has a hexagonal-V- CONCLUSIONS
close-packed structure and activation energy of 495 eV in  pjffusion in  (0002) oriented  polycrystalline
the temperature range of 450 — 540 °C. In the temperaturgq, Fe,,/Ru multilayers was measured and quantified by
interval 450 — 540 °C, the diffusion coefficient changes al-y.ray reflectivity in the temperature range of 450 — 540 °C.
most four orders of magnitude fro®=5x10"%"to 2 The bulk diffusion in this case is described by an activation
X 10~%'m?/s. Given the diffusion constants at 500 and 540energy of E,=4.95eV and a prefactor ofD,=6.43
°C (Dso=6.38x10"2*m?/s andDse=1.93<107?'m?/s),  x 10 °m2/s. No grain boundary diffusion was observed in
the linear distance traveled in 20 min in a simple randomte large grain structure dominated by high symmetry grain
walk is 0.28 and 1.5 nm, respectively. This is consistent withhoundaries. The crystalline structure first develops during
the TEM cross sections in Fig. 6: For the sample annealed geposition of the NiFeCr seed layéafter ~2 nm) and is
500 °C [Fig. 6(b)], the multilayer structure can still be transferred to the CoFe/Ru multilayer. TEM images also
clearly resolved, whereas it is completely lost for the sampleshow that cusp-like features within the multilayer are still
annealed at 540 °(Fig. 6(c)]. single crystalline and not grain boundaries. The estimated

It was expected from previous experiments with NiFeCrgrain boundary area is :0L0* nn? for eachum?® of sput-
seed layers and CoFe/Cu multilay€r¢hat grain boundary tered film.

diffusion would be present in the temperature range studied.
However, only a single slope is apparent in Fig. 5, and thexckNOWLEDGMENT
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