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Microstructural modification in Co/Cu giant-magnetoresistance multilayers
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Three different classes ofCo/1.1 nm/Cu/2.1 nijzy multilayers were grown by magnetron
sputtering deposition. The effect of magnetostatic interactions on the giant-magnetoresistance
(GMR) and magnetic properties are examined in relation to the induced changes in the film
microstructure as it is varied byi) the substrate surface roughness &éndthe effect of thermal
isolation of the S{100) substrate from the cooling plate during deposition. A remarkable variation

in shape and magnitude of GMR, and in the magnétlel{) loops, is observed for the three classes

of films. It is found that there are three characteristic features in every sample that vary
systematically(i) The (AR/R) i ratio. (i) The magnetic field range where a GMR loop reaches

its minimum value (iii) The (M-H) loops that vary from the characteristic antiferromagnetic to a
typical ferromagnetic loop shape. Two well-separated grain size distributions below and above 12
nm were found from transmission electron microscopy. The smaller grains are associated with the
appearance of a considerable fraction of ferromagnetically coupled regions in the multilayer.
© 1998 American Institute of Physids50021-897@08)04107-3

I. INTRODUCTION fields corresponding to thecH., whereH. is the coercive
field. Thus, largeH fields and the existence of hysteresis in
The giant-magnetoresistant8MR) effect is of interest  GMR curves manifest the major difficulties for direct appli-
for applications in magnetoresistive recording heads or sercation of Co/Cu MLs in magnetic sensors.
sors and has stimulated much of the activity in this field. The range of the reported GMR ratios figy, values at
GMR arises in a variety of magnetic systems including mul-the AF1 and AF2 pointé;® in sputter grown Co/Cu MLs,
tilayers (MLs), spin valves, and granular materialflhe indicates that microstructure features are responsible for the
largest GMR ratios have been found in sputtered polycrystarge differences observed in theR/R, vs H isothermal
talline Co/Cu MLs and exceed 60% at room temperatureSMR curves. The properties of such magnetic MLs are sen-
(RT).? In Co/Cu MLs the ratio: MR = (Ryax—RJ/Rs, With  sitive to growth conditions, the substrate material, and the
Rmax @nd Rg the maximum and minimum resistance as abuffer layer, if any, between the substrate and multildyer.
function of the applied magnetic fielti, respectively, is an  Consequently, it is necessary to develop the appropriate mi-
oscillating function of Cu thicknesst{,) with three well  crostructure in these MLs that will reduce both: the inter-
defined maxima. These occurta{~0.9, 2, and 3 nm,and  |ayer AF coupling energyJss), which would induce lower
correspond to antiferromagnetitAF) coupling between H,, and (i) hysteresis in the GMR curves, by appropriate
neighboring Co layers. Although very large GMR values aremodification of the magnetization reversal process of mag-
obtained in Co/Cu and other Cu-based MLs at RT, the renetic domains. In epitaxial grown wedges it is shéwimat:
quired saturation fieldH) to reachRs, is large. At the first (i) J,r-~MHtc,, with M the Co layer saturation magne-
AF peak(AF1) the Hs is ~4 kOe fortc,=1nm with a tri-  tization, and(ii) Jr is independent af, but varies as 1%,
angularly shapedR/R vs H curve. The observed rapid de- The Ruderman—Kittel-Kasuya—YosiRKKY ) oscillations
crease of interlayer coupling with increasitg, makes it  through the spacer, whose period depends on Fermi surface
possible to obtain MR ratios of 30% at RT fielii~200 Oe at  parameters, are used to explain this behavior. Thus, when
the second AF peakAF2).* The field dependent sensitivity H~Jar/Mdtc, as is the case for MLs grown with a high
S(H)=(1/R)(dR/dH) is another critical parameter that de- gegree of perfection in their layer-by-layer stacking, it is
fines the change of resistance per unit field in these devicegpserved that thel, andH, quantities go in opposite direc-
It has a maximum valu€na*MRyax/Hs, assuming that the  tions whend »r is reduced. In this case the influence of hys-
AR/R vs H-applied curve has a peak that may be approxiyeresis becomes larger due to the decrease of the ratio of AF
rnatgd by a triangle. Howe\{er Fhe GMR change per unit ﬁe"’coupling to magnetic anisotropy energ¥ir/Katco, With
is still low compared to thin films of permalloy and, most i, the intrinsic magnetic anisotropy energy. However, mag-
important, the shape of loops at AF2 is different from thepetostatic effects arising from roughness in the Co/Cu inter-
triangularly shaped curves at the AF1 peal_<._UsuaIIy, apaifyces favor interlayer ferromagneti&M) coupling if the
from the AF1 peak, theA\R/R vs H loops exhibit a double-  agnetization is lying in the film plarfeThese magnetic
peaked MR curve when the field sweeps in opposite di- ginolar interactions modify the intrinsic effect of indirect ex-
rections, and they exhibit a maximum resistan&&.4) at  change coupling that tends to oscillate as a functionegf
between FM and AF coupling. As a result, a considerable
dElectronic mail: christos@cyclades.nrcps.ariadne-t.gr,+#8€1-6519430.  deviation from the antiparall€ll80° alignment of magnetic
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moments in adjacent magnetic layers has been obsérvedE360A sputtering system with a cluster of ATOM-TECH
showing that the conditiodyr~MgHtc, is not adequate to 320-SE planar magnetron sputter sources. The substrates
describe the observed variation &f-. This work has been were cut before deposition to a size of X2 mnt. All
initiated from the following two observations regarding the samples were deposited in a cryogenically pumped chamber
Hs andH, variations: with a base pressure o610 Torr under an A(99.999%

(i) In a phenomenological expression, the total ex-pure pressure of 3 mTorr. An rf magnetron gun operating at
change interlayer coupling enefggand indirectly the MR 30 W with a deposition rate of 0.09 nm/s was used for Co,
ratio can be written as an even functionrof= M/Mg ratio!  and dc sputteringtad W for Cu, resulting in a rate of 0.1

AR/R=a— brm?— cm? (1) nm/s. The thickness determination of the various layers is

based on the deposition time assuming constant deposition
for weakly coupled polycrystalline MLs in analogy to granu- rates. The thickness of MLs has been measured with low-
lar films. The quadratic term expresses the bilin€l80°  angle XRD. XRD spectra were collected with a SIEMENS
indirect coupling withbxA4,, whereA, is the AF exchange D500 powder diffractometer id—26 scans, using CK,
strength factor, and the biquadratic term expresses the 90&diation at ambient temperature.
indirect coupling withcxB;,, whereB,, is the biquadratic TEM specimens were prepared in planar and cross-
coupling strength factor. The correlation between the 90%ection forms. The planar samples were prepared by me-
coupling and MR oscillation as a function tf, in Co/Cu  chanical polishing, dimpling, and final thinning by Aion
MLs has been usédo explain why GMR in MLs with im-  milling at 6 kV with the aid of a liquid nitrogen stage. The
perfect interfaces may result from 90° orientation of domainsross-section specimens were prepared by the same proce-
within adjacent Co layers. This correlation is important be-dure, with a difference only in the final stage of ion milling
cause it allowsH to be minimized without canceling the where the accelerating voltage was reduced to 4 kV in order

GMR effect. to minimize irradiation damage to the samples. TEM exami-
(if) Nuclear magnetic resonance (NMR)  nation was performed with a Philips CM20 TEM operating

measurement8 show that the interface roughness in Co/Cuat 200 kV.

MLs depends significantly on the,, andtc,. In addition, Magnetic hysteresis loops were measured with a Quan-

the coupling parameter depends not only on the spacer thickum Design MPMSR2 superconducting quantum interference
ness but also on the thickness of the magnetic layers and afevice (SQUID) magnetometer. MR measurements were
the grain sizé® A systematic study of thé., influence on performed in this SQUID with the four-point-probe method,
the GMR ratio,H, and H, at the AF1¥® and AF210:© using a dc current of 10 mA. All measurements were per-
peaks of Co/Cu MLs shows that reduced hysteresidbyid ~ formed at 290 K by first applying the maximum positive
GMR curves can be obtained at the AF2 peak. This can béield H parallel to film plane and then completing the loop.
achieved by either forming ML:$® with very thin Co layers The peak-to-peak surface roughness of the substrates has
(tcg=0.2—0.3 nm) or with successive Co layégs~1.5nm, been estimated using the multi-mode atomic force micro-
alternated withtc,~0.3 nm layer$‘® in the superlattice scope MMAFM-2/383 AFM), using the Nanoscope Ill SPM
stacking: Co/Cu/Col../. Als8°Co NMR experiment€ at the  from Digital Instruments. Two qualities of substrate surfaces
AF2 peak as a function df, indicate that the Co/Cu inter- can be distinguished from the AFM measuremen(s:
faces transform to discontinuous Co layers fgg<<1 nm.  atomically perfect surfaces with an observed peak-to-peak
This property may be related to the observed disappearangsughness of less than 4 nm af®) optically perfect surfaces
of magnetoresistive hysteresi¥? Thus, appropriate modu- with peak-to-peak roughness ranging between 4 and 15 nm.
lations of the Co layer morphology may provide a way toThe S{100 surface roughness, and the existence or not of
alter the GMR properties in this system. Early stutflesf  thermal contact between the substrate and the cooling plate
the influence of substrate surface irregularities on the coerduring deposition, define the three classes of Co/Cu films
civity of permalloy thin films have also provided evidence prepared. Thus, samples A, B, and C denote MLs grown on
that these may systematically altdc. substrates witli) atomically perfect surfaces in thermal con-
In the present study, as deposited Co/Cu MLs grown bytact with the cooling plate(ii) atomically perfect surfaces
magnetron sputtering on @00 substrates are examined isolated thermally from the cooling plate during deposition,
with x-ray diffraction (XRD), transmission electron micros- and(iii ) optically perfect surfaces thermally isolated from the
copy (TEM), MR, and magnetic hysteresis loop measure<ooling plate during deposition, respectively.
ments. The purpose is to investigate the effect of magneto-
static interactions on the GMR and magnetic properties as g, EXPERIMENTAL RESULTS
function of the changes induced in the film microstructure by o
varying: (i) the substrate surface roughness, éahe ther- A Structural characterization
mal contact of the $100 substrate with the cooling plate 1. XxRD

during deposition. The XRD spectra are characterized by an intense fcc

(111) Co(Cu) peak and a weak00) fcc peak, indicating that
Il EXPERIMENTAL DETAILS the MLs have _stronglll) ip-plane texture. A fit. of these
Bragg peaks with a Lorentzian peak shape function gives the
Metallic disks of 99.99% pure elements with diameter 5peak position, the full width at half maximutRWHM) 8 in
cm, were used as target materials in a high vacuum Edward® degrees, and the ratio of the integrated intensities
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FIG. 1. A typical cross-section TEM micrograph for sample C. Magnifica- F/G- 2. A typical cross-section TEM micrograph for sample B. Magnifica-
tion 200 000 times. The corresponding SAED images are shown on top dfion 200 000 times. The corresponding SAED images are shown on top of
the micrograph, where the [8D0] spots can easily be seen. The inner dif- the micrograph, where the[200] spots can easily be seen. The inner dif-
fraction ring of the multilayer corresponds td11) fcc atomic planes and ~ fraction ring of the multilayer corresponds 11 fcc atomic planes and
expresses the degree of preferential orientation along f28Gidirection. expresses the degree of preferential orientation along {2@@idirection.

area the Co/Cu MLs exhibit irregularities that induce lateral
and transverse uncorrelated roughngsf to middle part of
é:ig. D while over the flat part of the substrate the layer
stacking follows the shape of the underlying interfégght

l111/1500- For class A films the obtained parameter:
B111(A) =0.6°, from the Scherrer equati6rgorresponds to
an average grain size of 15 nm which is close to the siz

observed with TEM. However, for class C and B MLs the ¢ of Fi L ificati . h |
use of the Scherrer formula predicts average grain sizes thBA" Oof Fg. 3. ower magnification micrograpns reveai ar-
eas where the Si/multilayer interface has a roughness about

are far from those observed in the TEM because of the pe: :
P 15 nm where the Co/Cu overlayers are wavy, following the

culiar distribution of the grain sizes which is discussed in the T .
next subsection. shape of the underlying interface while tqwards the _top of
the MLs the Co/Cu layers are bedded or interrupted in sev-
eral areas. The overall quality of the C multilayer is inferior
2. TEM to the B film grown on Ta buffer laye(fFig. 2). The succes-

TEM images were obtained from (8D0/{buffer/ sive layers of native Si9(~2 nm white strip, Ta buffer
[Co/l nm/Cu/2.1 nlyy MLs which were grown under the (~10 nm black strip and Co/Cu multilayer(tc,~1 and
different conditiongA, B, C) already described. The sample t;,~2 nm) can be clearly seen for sample B in Fig. 2. The
A film is grown on a 500 nmSiO, buffer layer with an  Co/Cu layers are smooth and uniform in thickness, especially
atomically perfect surface and the(B)0) substrate in ther- near the buffer interface. Towards the top of the multilayer
mal contact with the cooling plate. Sample B is grown on athe quality progressively becomes worse and the peak to val-
10 nm Ta buffer with an atomically perfect surface and theley roughness is-1 nm. The quality of sample A is better
Si(100 substrate thermally isolated from the cooling plate.again as can be seen in Fig. 3, where the Co/Cu layers look
Sample C is grown on native SjQvith an optically perfect smooth and well separated from top to bottom of the colum-
surface and the 8i00) substrate thermally isolated from the nar grains although the image fades near the 500 nm amor-
cooling plate. phous SiQ buffer layer.

Typical bright field micrographs of the sample cross sec-  The elongated structures—normal to the interface—that
tions can be seen in Figs. 1-3. The Si substrate is oriented jpenetrate the superlattice in these MLs are crystallites, indi-
the [011] zone axis, so that the Si/multilayer interface is cating the existence of columnar growth. In order to deter-
parallel to the electron beam. The following characteristicanine the preferred orientation of the columnar structures,
can be seen in the micrograph of Fig. 1 that correspond tselected-area electron diffractiofSBAED) patterns of the
sample C. There are areas where the Si/multilayer interfaceultilayers were obtaine@nsets in Figs. 1, 2,)3 It is worth
has a roughness about 5 nm while the native ,S&yer noting that the first six spots from the Si substrate around the
(white strip is about 10 nm thick. On top of the5 nm dip  central bright spot do not form a hexagon but are separated
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. . . - FIG. 4. The grain size distributions obtained from planar bright field TEM
FIG. 3. A typl(_:al cross-section TEM_mlcrograp_h for sample A. Magnifica- micrographs in samples fiop), B (middle), and C(bottom). The solid line
tion 200 000 times. The corresponding SAED images are shown on top af j fit of the total grain size distribution with two Gaussian line shapes and
the micrograph, where the[8D0] spots can not be easily seen due to dif- {he dashed line shows the Gaussian components.

fuse scattering from the 500 nm of SiBuffer layer. The diffraction ring of
the multilayer corresponds tl11) fcc atomic planes and expresses the
degree of preferential orientation along th¢280] direction.

micrographs indicate that the corresponding fractiofildfl)

in a rectangularlike shape with spots indexed to [th#0]  Co/Cu crystallites exhibiting a preferred orientation relative
direction and to a line with spots corresponding200]. For ~ to [200] Si substrate direction for A and B MLs is higher
sample C the SAED patterfinset of Fig. 2 shows almost than in C MLs. However, the dark field images (f11)
uniform bright rings that are indexed ta11)-inner, (200, Co/Cu crystallites oriented parallel to ()1and (1L1) Si
(220 and (311) Co/Cu fcc planes, indicating a practically planes show that samples A, B, and C do not form coherent
zero degree of preferred orientation. But for sample B thecolumnar structures along these directions in any of these
nonuniform intensity of the(111) Co/Cu ring, which is MLs. This is an indication that Co/C{111) textured crystal-
clearly brighter along thé200 Si substrate spotd=ig. 2), is  lites grow exclusively with a preferred orientation parallel to
evidence that th€111) crystallites grow with preferential [200] Si substrate direction.
orientation with respect to the Si substrate. Since the MLs In order to obtain a complete picture of texture and grain
are grown on $1L00), the part of the Co/AQd1]) ring thatis  size, it was necessary to examine the MLs in a direction at
parallel to the S[200] direction corresponds to Co/ClL1) right angles to the one investigated above. Thus planar speci-
planes parallel to the @i00/multilayer interface. In sample mens were examined oriented in fH®0] Si zone axis. The
A the intensity of the(111) Co/Cu ring along th¢200] Si  SAED patterns did not show any sign of Co{CL1) prefer-
direction is higher than any othéFig. 3. Thus, a compari- ential orientation in any of the three MLs. Consequently,
son of SAED patterns reveals a higher degree of preferretexturing occurs only for thesgd 11) Cu/Co crystallites hav-
orientation of the MLY111) texture relative to the substrate ing a zone axis parallel to the BUo/Cu] interface. The grain
[200] direction in samples A and B relative to C. size distribution obtained from the planar images, with

The dark field images, obtained by using the part 0f80.000 times magnification, is plotted in Fig. 4 for samples
(111 Col/Cu rings that are parallel t®200] Si direction, A, B, and C. As a first approximation, two Gaussian peaks
show that in sample A there are large columnar structuresan produce a satisfactory fit of the grain size distribution. It
(crystallites with similar longitudinal dimensions. In sample is obvious that there are two well separated populations of
B these crystallites form columns extending throughout thegrain sizes, below and abovel2 nm for sample C. The
film thickness, while in sample C there is a considerablefraction of small grains decreases in sample B, and finally
fraction of smaller intervening structures with arbitrary the population of larger crystallites becomes dominant for
shape. The heights of the columnar crystallites extend fronsample A. It is discussed below how these differences in
60 to 90 nm for sample A whereas in samples B and C thegrain size distributions are expected to influence the mag-
display a larger dispersion, between 30 and 90 nm. Furthemetic and magnetotransport properties of the three classes of
more, the total volume of the observed dark features in thes€o/Cu MLs.
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uesH obtained from the corresponding hysteresis loops dis-
played on the right side of Fig. 5. A fit with Eg. 1 has been
performed including either the quadratic and biquadratic
terms (solid line) or the quadratic term onlydashed ling

The equations that give the best fit are also shown. The
variation from pure quadratic to a strongly biquadratic influ-
ence is evident from the shape changes in the curves of A to
C films. TheM/M4=m variable corresponds to the variation
of cos & as a function oH, where @ is the average angle
between the magnetic moments in neighboring Co layers. If
the observed effect was due only to the exchange erteggy
that couples two successive FM layers through the Cu
spacer, then the total energy would be writtén:

AR/R (%)

V!

2 E=E¢(6)—HMtc,cosd with

0
1 Eel 0)=A;,M2(1—cos )+ B ,M%(1-cos #). (2
ORP2.36(1-0.23m”0 86m -1 Minimization of the total energy in Eq2) leads to an im-

-1 M/MO _ 1-500 q 00 500 plicit variation of M vs H. A fit of the observed 1-H)
s (5m) (Oe) loops in NiFe/Ag ML$* to this expression gave values for
FIG. 5. (Right side The dependence of GMR ratitR/R (left axis) and the b|||n_ear and biquadratic ‘?OUp“’?g terms in Ef). that are
reduced magnetizatiod /M, hysteresis loop&ight axis vs H is shown for  @lmost independent of the NiFe thickness. However the same
samples A(top), B (middle), and C (bottom). (Left side The AR/R vs  expression does not fit any of the observadl-H) loops in
M/M, data sets, obtained for the sarHevalues, from the corresponding gur Co/Cu MLs indicating that either the magnetic anisot-

right side plots are shown. The triangles and circles indicate decreasing ai : i
increasing magnetic field, respectively, while the dashed and solid Iinerl%py term or the fraction of FM COUpIed Iayers has a domi

correspond to fits without and with nonzero biquadratic terms from(Hq. nam. eff_eCt.- Since th.Q:o is .the same for these SampI?S then
The equations that produce the best fitting curves are also displayed. ~ the intrinsic magnetic anisotropy should not be different.

Consequently, strain, dipole field interactions, and other
layer morphology effects can be associated with the observed

B. GMR and magnetic measurements changes in magnetic properties. In these samples our planar
TEM images(Fig. 4 show that there is a bimodal distribu-
tion of grain sizes with a considerable fraction of grains of

Samples A and B are grown on substrates with surfacaverage size less than 10 nm increasing from samples A to C.
roughness less than 4 nm, either in good thermal contact drhe increasing fraction of smaller grains creates a larger
thermally isolated from the cooling plate during deposition,number of grain boundaries where magnetostatic effects will
respectively. Although different buffer layers were used tofavor the formation of magnetic domains with a broad dis-
control the substrate surface roughness, it is demonstrated fribution of local magnetic vector orientations within a Co
Sec. B 2 below that the used buffers do not affect the GMRayer. In addition, the fraction of Co/Cu crystallites that ex-
properties beyond their surface roughness. In sample C bottibit a preferred orientation of the{l11) planes along the Si
substrate thermal isolation and enhanced surface roughnelg00] direction is found to decrease from samples A to C.
(>4 nm) are introduced. In Fig. %right column the depen- This energetically favors a progressive misalignment of mag-
dence of GMR(left axis) and reduced magnetizatignight  netic moments for the three different specimens. These two
axis) hysteresis loops for sample (fop), sample B(middle), changes in microstructure may alter the interlayer magnetic
and sample Gbottom is shown. All the measurements are configuration from AF in sample A to FM in sample C.
performed withH parallel to the film plane at right angles to Thus, for these measurements the coefficibrésdc in Eq.
current flow direction and are the same specimens that wer@) are rather complicated functions of the exchange strength
examined with TEM. There is a remarkable variation infactors because FM exchange coupling does not appear as a
shape and magnitude of GMR, and in the magnetic ki) linear superposition in the AF coupling terms. The topologi-
loops also, for the three films. There are three characteristical magnetostatic effect resulting from Co/Cu interface
features that vary systematically as we progress from sampl®ughness, which may create dipole fields favoring FM
A to C: alignment in Co layers, competes with the oscillatory
(RKKY)) indirect exchange coupling between adjacent mag-
netic layers. In this way both interactions can control the
observed magnetic and magnetotransport properties. Accord-
ing to Figs. 4 ad 5 a 30% fraction of grain sizes with aver-
age diameter less than about 10 nm may be related to the
appearance of extended FM interlayer coupling that may in-

On the left side of Fig. 5 the variation &R/R versus directly affect the configuration of magnetic moments in the
the reduced magnetizatidvi/ Mg is plotted, for the field val- Co layers of the larger crystallites.

1. Comparison of samples A, B, and C

(i) There is a decrease of thAR/R) . ratio.

(i) There is a narrowing of the magnetic field range
where a GMR loop reaches its minimum value.

(i) A change occurs in theM-H) loops from the char-
acteristic AF to a FM loop shape.
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16 250 strate surface in a way that reduces the initial roughness. For
largett, (>10 nm) there is a common reduction of the GMR
effect probably due to shunting of the current through the
buffer.

Second, the influence of several buffers in the GMR
properties for MLs grown on thermally isolated 80 sub-
strates is examined. The dependenceAdR(R) nax, He, and
Hs; parameters on the buffer material for (HQ)/
{buffer[Co/1 nm/Cu/2.1 nyy} MLs is shown in Fig. 6
= (top). Note that the surface @i00) roughness is less than 4
nm peak-to-peak, and that theR/R~2% value observed
for sample C (>4 nm) without buffer, labeled in Fig. 6 as
2t m ‘ (No), is included for comparison.

The buffer layer thicknesses displayed in Fign@iddle)

H, (Oe)

S
—
(=3
(=

=
]

AR/R (%)
]
]

== S o FeoR are those that give the best GMR ratios for each type of
53 °a ERIRS buffer. A film grown directly on Corning glas&CG) is also
buffer (nm) “ e included for comparison. Note that no structural changes
o = have been detected, from XRD measurements, as a conse-
i, ¢ 4<<l5 mm quence of changes in the buffer or the substrate material. The
N 4_" “~' -o®es r<4nm variations of the GMR loop parameters in Fig(t6p) indi-
S cate that the films with 10 nm Ta buffer layer or with a $iN
% Sle ry surface layer are those that combine the highest GMR ratio
. with relatively lowH. andHg values.
15 30 45 IV. SUMMARY AND CONCLUSIONS

Thickness of Ta buffer layer (nm) A comparative investigation of GMR and magnetic
FIG. 6. The influence of substrate surface peak-to-peak roughnmsshe  properties in Co/Cu MLs, at the AF2 peak, with three differ-
GMR effect (bottom is demonstrated for samples Bquarg and C(dia-  ent microstructures, is presented for the first time. A quanti-
mond: Si(100ATa/tra/[Co/l nm/Cu/2.1 niiyg}. The upper part shows the  v.iye astimate of the substrate surface roughness and the
dependence of the GMR ratiddR/R middle), and the variation of the . e . .
obtainedH., Hg parametergtop), as a function of the buffer material in effeCt. of j[he buffer layer in the modlflcathr'] of _th|S rough-
Si(100/{buffer[Co/l nm/Cu/2.1 nig multilayers grown on thermally —Ness is given. The development of a specific microstructure,
isollated sub_strates. The adjacent numbers to the buffer material indicajg terms of grain size and degree of |ayer texturing |eading to
their layer thickness in nm. macroscopic GMR parameters appropriate for use in active

magnetic sensors, is achieved. In summary, there are some

2. Influence of buffer layers and Si(100) surface major results relating microstructure with optimum sensing
roughness on samples B and C conditions of GMR curves in sputtered Co/Cu MLs:
The research on the effect of buffer layehms shown (i) The substrate surface roughness, with or without

that the optimum buffer to produce the maximum GMR ratiobuffer layer, should be less than 4 nm in order to have co-
is a layer of Fe about 5 nm thick and our results in the classumnar growth of crystallites with a distribution of grain

A films coincide with this finding. However, the switching sizes~20 nm. A substrate starting roughness larger than 4
and especially the coercive field resulting from this buffernm requires a thicker Ta buffer layer, more than 10 nm, to
are high enough to exclude such samples from applicationseduce surface roughness but leads to a depression of the
In the following, the buffer layer effect will be demonstrated GMR effect probably due to increased current shunting. Al-
for Co/Cu MLs grown on substrates thermally isolated fromternatively, a SiNl buffer layer produces equivalent results in

the cooling plate. the GMR properties with the Ta buffer without current
First, in order to investigate the influence of buffer thick- shunting.
ness on the GMR effect, Ta was grown directly o180 (ii) The growth of structures with average sizes less than

substrates covered with native SiOrhe peak-to-peak sub- 10 nm, with a volume fraction of-30%, seems to increase
strate surface roughness)(has been classified from AFM the fraction of FM areas. A substrate or buffer induced peak-
measurements in two groups with<4nm and &r to-peak surface roughness less than 4 nm, and thermal isola-
<15 nm that were used for class B and C deposition condition of the substrate from the cooling plate produces an ap-
tions, respectively. In Fig. &bottom) the dependence of propriate microstructure which exhibits GMR properties
(AR/R) max Upon the Ta buffer thickness is shown for suitable for sensor applications.

Si(100ATa/t1,/[Co/l nm/Cu/2.1 nmg)} MLs grown on (i) The SAED planar TEM images show that at right
substrates withr <4 nm (square symbols—class)Band 4  angles relative to the Si surface there is not any preferred
<r<15 nm(diamond symbols—class)CFor class B films orientation of the(111) Co/Cu planes for all the examined

a maximum occurs aty,~5nm and for samples C at MLs. However, the SAED cross-section patterns show that
tt,~12 nm. These values are comparable to the substrathere is some degree of preferred orientation in th&l)
surface roughness, indicating that Ta is wetting the sub- Co/Cu planes relative to the §00] substrate direction for
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