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Significant modification of *®Co hyperfine fields assigned to specific structural changes
in sputtered Co/Au and Co/Cu multilayers
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Magnetron sputtered Co/Cu and Co/Au multilay€kdLs) with low-field giant magnetoresistance were
grown on SiN underlayers. Spin-echCo nuclear magnetic resonan@®MR) spectra reveal an fcc Co layer
stacking for the Co/Cu multilayers whereas the Co/Au spectra exhibit a unique profile that cannot be assigned
to any of the known bulk crystalline or glassy Co structures. Analysis of the Co/Au superlattice reflections,
observed with x-ray diffractioiXRD), indicates that Co layersd¢,) expand significantly relative to close-
packed lattice values and provide evidence for a reduced atomic density. The complementary study with XRD
and NMR measurements has revealed a metastable Co nanostructure in the as-prepared Co/Au MLs.
[S0163-182699)00913-3

[. INTRODUCTION are directly or indirectly linked to the structural properties of
the superlatticé?

Since 1985 the evolution of the theory of quantum inter- Lately, it was reportef that sputter-grown
ference phenomenhdas led to experiments on ultrathin Au [Co(1 nm)/Au(2.5 nm)]5o MLs with (111) texture exhibit at
films and compositionally modulated films with alternating ambient conditions a GMR ratio of about 3%, HR=0.01
Co/Au layers, that have showhquantum size effects in the kOe and arH,=0.03 kOe, which are an order of magnitude
resistivity and magnetoresistance. To observe such quantuless than the corresponditf), and Hg values reported pre-
interference phenomena high-purity ultrathin single-crystaviously. Conventionaf? and, unpublished vyet, high-
metal films with atomically flat surfaces or interfaces areresolution(HR) cross-section transmission electron micros-
required, and gold has been proved to be an ideal materi@opy (TEM) indicate that this result is relat¥dto unusual
for these studie$? Thus, experimental evidence of quantum atomic packing inside the Co layers. Thus, a modified cubic
size effects has been established after the observation of 080 structure give rise to low-field GMR in the as-prepared
cillations in: (i) the dependence of resistivity in ultrathin, Co/Au MLs. The developed Co layering deserves further in-
epitaxial gold films on the film thickne$and(ii) the indirect  vestigation because it is relatingmetically grown Co layer
exchange coupling in Co/Ali11)/Co epitaxial trilayeré.Be-  structure with possible GMR applications of Co/Au MLs.
sides the scientific interest to investigate the involved quan- Spin-echo®®Co nuclear magnetic resonan@éMR) has
tum well states on the spin-polarized quantum size effects giroved to be a powerful method that distinguishes the com-
the ferromagnetic/no-magnetic interfce great deal of at- ponents from the interfaces and the bulk Co 1&yand pro-
tention has been focused on the technological applic&tions/ides information about the local Co atomic packing in mul-
of the resultant giant magnetoresistan€@MR) effect in  tilayered structures. Since the NMR spectra of sputtered
GMR reading heads and sensors. GMR Co/Cu MLs have been studied extensively result-

Today, (111) textured multilayers with an fcc modulated ing in a unique assignment between the spectral lines and the
structure exhibit the largest GMR effect at room temperatureorresponding Co stacking, we decided to investigate the
for sputtered Co/Cu multilayers(MLs) while such effect is  %%Co NMR spectra of these, low-field GMR, Co/Au MLs in
not reported in sputter-grown Co/Au MEBdn epitaxial Co/  comparison with spectra obtained from Co/Cu MLs as well.
Au(111/Co trilayers the GMR curves and the magneto-In this study, our intent is to probe indirectly the local struc-
optical Kerr effect hysteresis loobsxhibit a coercive field ture differences in the Co layers of low-field GMR Co/Cu
(H,) of about 0.5 kOe thgtrecludesGMR applications with  and Co/Au MLs as a function of Co layer thicknesgg by
epitaxial Co/Au MLs, due to the large magnetocrystallineusing complementary information frofiCo NMR and XRD
anisotropy of hcp Co. Comparatively, sputtered fcc Co/Cuneasurements.

MLs with appropriate layer thicknesses exhibit GMR ratios
up to 60% at room temperature in contrast to epitaxial Co/Cu
MLs which register a much smaller GMR effect, and their
magnetic switching fieldHl,) is several times largéf. Thus, Metallic disks of 99.99% pure elements with diameter 5
from the current experimental evidence it is difficult to dis- cm were used as target materials in a high-vacuum Edwards
tinguish between several contributions to the GMR whichE360A sputtering system with a cluster of ATOM-TECH

Il. EXPERIMENTAL DETAILS
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1 tice peaks did not appear near {141) Bragg peak of Co/Cu
A MLs while in the Co/Au MLs more than six satellite peaks
2 were observed. The low-angle XRD patterns exhibit two
Bragg reflections for Co/Cu and four to six Bragg reflections
! for Co/Au MLs. A thorough examination of the structural,
magnetotransport and optical properties of the Co/Cu speci-
mens is given elsewhel& For the Co/Cu MLs the estimated
te, values, obtained from x-ray reflectivity spectfaare
0.78, 1.26, 1.74, 2.37, and 3.12 nm whildg~2.1 nm is
0 found for all the samples. In Co/Au MLs the layer thick-
nesses were estimated by fitting the measured XRD intensi-
ties with the Superlattice RefinemesiUPREX program*®t’
6 20 0 200 40'01 The resultant, values are 1.23, 1.56, 2.05, 2.46, and 3.17
H (Oe) nm while aty,~2.4 nm is found in all the Co/Au samples.
Since the collected low-angle profiles were not reliable
for quantitative analysis only the mediutMAS) and high-

0
=200 -100 0 100 20
6

AR/R (%)
M/M

B

FIG. 1. Isothermal loops of the reduced magnetizafibfiv 4

with the magnetic field applied in-plane, and the correspondin . . .
GMR loops measured at 300 K, for (A) the gangle satellite(HAS) peaks were used iBUPREX analysis.

[Col nm/AU2.5 nmls and (B) the [Col nMCU2 nmls From the satellite peak positions the average latiseral)

MLs. For a detailed study, see Refs. 7 and 9. spacingd= A/(Ncot+ Nay), With Nco andN,, the number of
atomic planes of Co and Au in one bilayer, and the bilayer
320-SE balanced magnetron sputter sources. Two series Bfickness A =tc,+ta,+t’ (t'=total interface thicknegs
ML’s, with a layer sequence ¢fCo(tc,)/Au(2.5 nml;and can be determined directly. Every crystalline layer is de-
[Co(tcy)/Cu(2.1 Mz, were deposited on top of 100-nm- scribed byN atomic planes which are separated by a lattice
thick, thermally grown, SiN buffer layer on 60Qum-thick  constant. The distribution of the number of plamgsfor Co
Si (100) substrates. During deposition, thé1i0)/ SiN, sub-  and Au layers is given by a discrete distribution about the
strates were thermally isolated from the water-cooled supmean valueN¢, and N, with widths s¢, and s,,. The
porting table. All samples were deposited in a cryogenicallylattice spacing is allowed to fluctuate in a continuous Gauss-
pumped chamber with base pressure of® 7 Torr under ian distribution of widths about the average lattice spacing
an Ar(99.999% purepressure of 3 mTorr. An rf magnetron d. This 6 parameter refers to the quality of the atomic order-
gun operating at 30 W with a deposition rate of 0.09 nm/ghg within a single layer and expresséshe intralayer dis-
was used for Co, and dc sputteringSaW for Au, resulting — order. The other type of layer disordering that is taken into
in a rate of 0.12 nm/s. Determination of the thickness of theaccount from thesupreX fitting is the interlayer disorder
various layers was based on the deposition time assumiri@teﬂayel’ disorder refers to the deviation in the periodicity of
constant deposition rates. The x-ray-diffractidRD) spec- the layers in the growth direction that results from layer
tra were collected with a SIEMENS D500 powder diffracto- thickness variations and interface disorder. The interface dis-
meter in6—26 scans, using Cu-& radiation at ambient tem- tanceh and the interface fluctuation widihparameters are
perature. Thus, GMR Co/Cu and Co/Au MLs with values ofrelated to the degree of interfa¢terlayey disorder. The
teo varying between 0.6 and 3.2 nm, and constapt=2.1  parameterc refers to continuous interface disorder and its
nm andt,,=2.5 nm, respectively, were grown under the Variation with A can help to determine whether disorder is
same deposition conditions. These deposition conditions arl@calized at the interfacéor is intrinsic to the layersintra-
the used substrate were fodfd*to produce microstructural layer disordex. The fitting parameters were the average num-
modifications in the Co layering, inducing low hysteresisber of atomic layerdNc, and N, , the discrete fluctuation
(Fig. 1) in the observed GMR curves. widths s¢, and sy, the lattice spacingslc, and dp,, the
The 5°Co NMR experiment was performed at 4.2 K, using interface distanch, the interface fluctuation width, and the
an automated, phase sensitive spectrontétéhe spin-echo scale factor. In this way, the interface layer roughnigss
amplitude was recorded every 1 MHz in the frequency rangé&letermined only from the parametérsandc.
50-250 MHz, in zero external field. All the spectra are cor- The Co/Au XRD profiles at medium- and high-angle re-
rected for the enhancement factor variation at each frequendions are shown in Figs. 2 and 3, respectively. Asymmetric
and represent @°Co hyperfine field distribution in the peak intensities are observed below and above the zero-order
sample. The hyperfine fiel,; can be obtained from the reflections, that are indexed 1d11) and (222 fcc Bragg
frequencyf using the relation Zf= »thf, where v is the peakS. Their refinement has been performed in two stages. In
%9Co nuclear gyromagnetic ratioy(27= 10.054 MHz/T. the first stage we found that tlig, and the Au layer inter-
face roughnesisiAu remain constant with increasirg, (or
A), while thedc, andt"° parameters are decreasing. In ad-
dition, the parameters andc exhibit a tendency to increase
The Co/Cu XRD spectra are characterized by an intenswith increasingtc, (or A). The refinement gives the very
fcc (111 Co(Cu) peak and a weak200) fcc peak, indicating interesting result that both layerd{, andd,,) expand rela-
that the MLs have stron@l11) texture. However, the Co/Cu tive to the bulk values, with the majority of the low ex-
interfaces give a small x-ray contrast because Co and Cpansion confined to the Co layer.
have similar x-ray atomic scattering factors. Thus superlat- The main experimental feature is that ttg; spacings

Ill. XRD SPECTRA AND suprRex ANALYSIS



8814 C. CHRISTIDESet al. PRB 59

1.23 nm é

100

(arb. units)

72

(Intensity)? (arb. units)

<)
S o

(Intensity)

3.17 nm

(11)

30 36 [7] 48
20 (deg)

FIG. 2. Plots of medium-angle XRD patterfgoints and the FIG. 3. Plots of high-angle XRD patterripoints and the cor-
corresponding fitting curveolid line) obtained from thesuprex ~ responding fitting curvegsolid line) obtained from thesuPREx
analysis in[Co(tcg)/Au(2.4 nmls multilayers. The obtained Co analysis in[Co(tco)/Au(2.4 nm]s, multilayers. The obtained Co
layer thicknessest§,) are displayed. The position of the zeroth layer thicknessest¢,) are displayed. The position of the zeroth
order reflection, indexed to th€l11) fcc Bragg peak, is marked order reflection, indexed to the22) fcc Bragg peak, is marked
with a bar. with a bar.

for the Co/Au MLs(Fig. 3, top, determined from the posi-
tion of the fundamental Bragg peak, decrease linearly with

increasingtc,. A linear fit (triangular points, Fig. 4, topof 0.238 e oo o
these data gives d;,,(Au)=0.234 nm for zerd, that is T 0231 Au
close to the bulld spacing of pure Au. Since ttob (4 values £ 0024 di
provide an out-of-plane lattice parameter averaged over all § 0217 '

Co and Au layers in the MLs, this behavior should be re- 5

flected in the variation of thdc, and/ord,, parameter. Thus °'2l°\C(.>‘"\-\
we had to constrain the Co and Au average lattice spacing to ~ 024 .
follow the observed linear decrease of tihg, spacing with E Au®t® °
increasingc,. To formulate the linear variation of the lattice g

spacing as a function of., we decided to constrain the £ o

interface and intralayer disorder parameters in order to con- g Com,

trol the changes of the lattice spacidg, andd,,, and the g o "aom

interface roughness® andt?™ . 0.235
At the second stage of tteJPREXfitting this behavior is
approximated by considering an increase of the interface dis-
tanceh and the interface fluctuation widthwith increasing
tco- The h parameter is constrained to vary between the
(deotda,)/2=0.225 nm value for the thinner Co layer and 0.220
the da,=0.234 nm limit for the thicker Co laye(Fig. 4, o1 2 3 4
bottom. Also, the interface parameterwas forced to in- feo (M)
crease linearly with increasirtg, (Fig. 4, bottom. The best FIG. 4. In[Co(tcy)/Au(2.4 nm]5, multilayers the variation of
fits, with the same fitting parameters in MAS and HAS pat-y . spacings and the obtained lattice spacidgs, de, as a func-
terns, are shown with a solid line in Figs. 2 and 3 while theirign of co layer thicknessc, is shown on top. In the middle is
variation is plotted in Fig. 4. Thus, trePREXfitting reveals  piotted the variation of the estimated interface roughnggsr ev-
that: (i) The average, out of film planel,,; spacing dis- ery Co and Au layer. The obtained changes for the interface dis-
tances of Co and Au layers are expanded relative to bulkanceh (left axis) and interface fluctuation width (right axig with
(Fig. 4, top. Thus, the obtained,, parameter is about 0.237 t, are shown in the bottom plot. Solid curves are linear fits of the
nm while thed, values scale linearly between 0.208 anddata points.
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FIG. 5. Spin-echo %Co NMR  spectra in
[Co(tcoy)/Cu(2.1 nm]3o multilayers with 16<t;,<<35 nm at 4.2 K. FIG. 6. The variation of signal intensity, obtained from the in-
The integral spectra intensity is normalized to the sample area anrface(circles and bulk(triangles components of the NMR spec-
reflects the intensity variations with Co layer thickness. The fre-tra, is plotted as a function of nomingt,. The intercept of the
guency range is chosen to present the details of the interface pagxtrapolated bulk line indicates that about 1 nm of deposited Co
The inset shows the details of the bulk part. atoms per layer is involved in the interface signal. The plot repre-
senting a sum of the bulk and interface signal intengiyuares

0.214 nm. Comparatively, the corresponding bulk value foxtrapolates to zero at about 0.175 nm.
fcc Au is dqq2(Au)=0.2355 nm, for hcp Co in th€0001]
direction is dggedC0)=0.2023 nm, and for fcc Co is
d111(C0)=0.2047 nm. The results in Fig. 3 indicate that the
strains affect mostly the Co layer structure while the Au
layering is unaffected from changestgf,. The remarkable
Co lattice-spacing expansion, that is about 0.04 to 0.1 n

ture. According to previous studifswve have assumed that
each Cu atom introduces a downshift of the NMR frequency
by ~16 MHz as annin a Co host. Thus, the extended tail on
the low-frequency side of the main Co line intensity can be
assigned to Co atoms located at the Co/Cu interfaces. Figure

5 shows details of the spectrum that exhibit the characteristic
greater than thg bulk fcc or hep Co values, shows that .the‘freatureé3 emanating from a Co-Cu interface mixed over sev-
layer structure is severely truncated along the growth direc

; = . i . : eral atomic layers.
tion. (.”) The obtameo! interface roughnet#ﬁg. 4, middlg A coarse estimate of the Co content in the interface region
remains unchanged in the Au layer and is equal todke

can be made by plotting the variation of signal intensity in
(~0.237 nm. the two respective parts of a spectrum with the nomtgal
(Fig. 6). The lower frequency limit for the bulk part was
IV. NMR SPECTRA OF Co/Cu t_aker_1 a_t~205 MHz. The intercept of the _extrapolated bulk
line indicates that about 1 nm of deposited Co atoms per
In contrast to experimental techniques that measure madayer are involved in the interface signal. However, the in-
roscopic properties, zero-field NMR probes the local mag+terface line has a cutoff at a lower value, suggesting that
netic environment of the resonating nuclei through the hy-some intensity from the interface is missing due to nonmag-
perfine field, Byy=(27/yh)A(S), A and (S) being the netic or very weakly magnetic fraction of Co atoms. In Fig.
hyperfine coupling constant and the average electronic spiG the sum of bulk and interface signal intensity extrapolates
respectively. Thus NMR is very sensitive to atoms in the firstto zero at about 0.175 nm. This indicates that about one
neighbor shell and probes the local environment—the kindaitomic plane of deposited Co per Co layer becomes non-
and number of atoms—in the nearest-neighfpo) shell as  magnetic. A detailed analysis of the spectra, discussed be-
well as interatomic distances. It is well established that Co irlow, shows that the local Co concentration that is involved in
a regular close-packed environm¥hhas the NMR fre- the nonmagnetic interface layers is less than 20%.
quency of 217 MHz for the fcc stacking and 220-226 MHz ~ Since cross-section TEM imad8sshow clearly the
for the hcp. This frequency can be slightly shifted if a strainCo/Cu multilayer stacking in the columnar grains, a detailed
is present in a sampigbut a fingerprint of a purely Co analysis of the interface structure has been performed by
environment remains a well-resolved, relatively narrow line.assuming symmetric interfaces, using the spectrum modeling
Such a line, corresponding to the “bulk” of Co layer, is procedure described in previous studigé! In Fig. 7 is
clearly visible in all the recorded spectra from the Co/Cushown an example of spectrum decomposition into the hy-
MLs with tc,=1 nm. The bulk line is fully demonstrated in pothetical subspectra computed for each atomic layer in the
the inset of Fig. 4, where its frequency position is slightly interface. A bulk Co line can be fitted at 214 MKstrained
below the regular nonstrained fcc Co li(212—216 MHz.  fcc Co) as well as a broad line at 205 MHz corresponding to
The lack of structure on the high-frequency side of this peakthe grain boundaries. The obtained average concentration
indicates that there is no significant presence of hcp admixprofile for one bilayer is plotted in Fig. 8 for the sample with
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_ _ _ FIG. 9. NMR spectra from three Co/Cu samples with the same
FIG. 7. Experimental and fitted NMR spectrum showing the Co and Cu layer thicknesses but a different number of bilayers. As
interface layer contributions and the bulk compongshiaded aréa  shown, the relative signal intensity from the interface part of the
from the contribution of the fcc phase. One component correspondspectrum grows significantly as the number of bilayers increases.
ing to the grain boundaries is added with a broad line at 205 MHz.
the interface part of the spectrum is growing larger with the
teo=1.5 nm, indicating CoCu intermixing due to interdiffu- Number of bilayers rather than with increasing for con-
sion at boundaries. However, the absence of a bulk Co sign&fant number of bilayers. Consequently, it may be inferred
for teg<1 nm(Fig. 4) shows that Co does not grow in three- that an additive Co layer roughness evolves from bottom to
dimensional island€discontinuous layejsbecause the Co top of the Co/Cu MLs due to development of internal stress
atoms inside the clusters will give rise to bulk Co NMR 9radients with increasing film thickness.

intensity in the case of island formation.
A closer examination of the spectra in Fig. 5 reveals that V. NMR SPECTRA OF Co/Au AND Co FILMS

with increasingtc, @ modification of the interface structure . - .

takes place in the frequency range above 150 MHz. This is !N Fig. 10 the Co/Au MLs exhibit totally different NMR
reflected in the hyperfine field distribution that has been avSpectra from thqs_e observed in G.MR. C_o/Cu MES;-
eraged over the entire film volume. To examine this effectSNOWINg one St”kmg_ feature that is dlstlntrt_)m all the .
NMR measurements were performed in three Co/Cu sample?OWNNMR spectra in Co-based MLs. Practically there is

with different number of bilayers and the same layer thick-N° resolved bulk Co line even fag, as thick as 3 nm. This
nesses. As shown in Fig. 9, the relative signal intensity fron{€2tUre is best displayed in Fig. 11, where the NMR spectra
of Co/Au MLs are compared with the corresponding spectra

_ of Co/Cu MLs forto,=1 and 3 nm. Thus is evident that in
Co concentration our Co/Au MLs there is no regular Co environment with 12

' __ ' '0 Co neighbors located at distances characteristic to the close-
16 T 16 packed structureghcp or fcg. Obviously, a strong modifi-
14 —~ cation of the intralayer Co structure has to be introduced in
: order to explain the large distribution of hyperfine fields in
5 B 12 the NMR spectra.
g 10 10 First, it is reasonable to assume that an amorphouslike
§ e B (topologica) disorder can be induced in the Co layers due to
2 = large (~15%) lattice mismatch between Co and Au. How-
= 6 i ¢ ever, the observédNMR spectra of amorphous Gballoys
4 4 (M=metalloids like B, P, Cexhibit a well resolved Co line,
) 5 corresponding to Co atoms surrounded only withr®oThe
frequency of this line is about 220 MHz, close to that of
O crystalline Co, and is relatively narrow in contrast to the
00 02 04 06 08 10 broad and asymmetric line observéeg. 10 in our Co/Au

Cu Concentration MLs. Thus, a glassy disordering, corresponding to isotropic
FIG. 8. Average concentration profile for the Co/Cu bilayer ob-and homogeneous atomic density of amorphous materials,

tained from the analysis of the NMR spectrifig. 6) in [Co(1.5 ~ cannot explain the observed NMR spectra. _
nm)/Cu(2.1 nm]. The dark levels show the Co percentage per A second source of structural disorder may arise from a

atomic plane. significant doping(intermixing) of Co layers with:(i) Au
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FIG. 11. Comparison of°Co NMR spectra between Co/Au and

14 Co/Cu MLs withtc,=1 and 3 nm, respectively.

® fy
2F f, (60 nm films are shown in Fig. 12. In addition, our XRD
10f ® f, data together with previous cross-section TEM

measurement$ provide evidence for a well defined
multilayer structure, indicating that an extended doping or
Co-Au intermixing is very unlikely.

In this study we consider a structural modification in the
Co environment that may reproduce the observed NMR
spectra. To fit the NMR spectra a model with two spectral
components, later on called “zones,” was considered. The
component at lower frequencies takes into account the ob-

FIG. 10. The experimentapoints and calculated®Co NMR served intensity from the interfaces, with at least 3 Ay
spectra from{Co(tc)/Au(2.5 nmls, multilayers are shown on the Whereas the bulk Co Iayer,' with 12 am, cprrespond to
top plot. The spin-echo intensity is normalized to the sample ared)igh-frequency range. The line broadening in every compo-
The obtained frequency positions for the highiy)( low- (f,) fre-  Nent was approximated by introducing the contbpt mag-

quency zones, and their average frequerfgy)(are plotted in the ~Neticvacancies. As in Co/Cu MLs,magneticvacancy at the
middle as a function of2,, The integrated intensities for the high- Nn shell of Co is assumed to cause a frequency downshift of

(f1), low- (f,), and average frequency,{) zones are plotted as a 16 MHz. The observed line broadening was calculated for
function of the nominat, (bottom). every component by considering a random distribution of
magneticvacancies in then shell of Co that produce a bi-
atoms due to interdiffusion an@) other impurities(like Co  nomial distribution of intensities. In this model, the fitting
oxides from a dirty sputtering chamber. To investigate this parameters were thmagneticvacancy concentration and the
possibility, we have prepared two Co-rich films under therelative intensities of the respective spectral components.

same deposition conditions: one with a pure ® nm  The agreement between experimental and calculated NMR
layer and a second CG@0 nm/Au (20 nm film, where the  spectra is shown in Fig. 1Qop).

Co layer is protected from oxidation by depositing a Au

o0

Absolute intensity
N

N
T

21015 20 25 30

tCv:; (nm)

I_ayer on top. XRD papterns_from the as—deposi.ted(ﬁm)nm) VI. RELATION BETWEEN HYPERFINE FIELDS

film reveal a broad diffraction feature locatééig. 12, top AND STRAINS IN Co/Au MLs

near the fcc and hcp Co Bragg peaks witfiller indices

(111 and (200). However, in Co(60 nm/Au (20 nm the The possibility to study the strain of Co with NMR arises

XRD spectra exhibit an intense f¢@¢11) Au peak and the from the dependence of the hyperfine field on the atomic
subsequent222) fcc peak, indicating that the top layer of Au distances. Since in Co/Au MLs the linewidth of the bulk Co
is (111 textured. Post annealing of the as-deposited &b component broadens significantly by decreaswgFig. 10,
nm)/Au (20 nm film at 650 °C for 4 h and of the C@0 nm  top) then a strain gradient would exist within the Co layer,
film at 450 °C for 24 h, led to recrystallization of Co layer in because the strain induced shift is of the same order as the
the fcc phaséFig. 12, top. The NMR spectra from the as- linewidth!® Incoherent Co/Ag and Co/Cu MLs exhibit®a
deposited and post-annealed & nm)/Au (20 nm and Co  shift of the hyperfine fieldBy;) with tc, that is proportional
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for minimum layer curvature correlates the interface stress

A o6 mmy A0 o) 72, to film thicknesst via?® 75, Y £, that is valid for all the
0 annealed principal cubic direction4100), (110), and(111) at the in-
5\"3’ 1600} terfaces. Thus, the obtained linear variation fef and f,
g frequencies witht2, (Fig. 10, middi¢ indicates thaff;= 75,
L fxt(z:o (i=1 or 2. This result shows that macroscopically
g 8o only the normal stresalong the direction of layer curvature
8 is important in our Co/Au MLs. This is consistent with the
g ol L ] average lattice expansion obtained along the growth direc-
40 45 50 55 60 tion from thesupPrexanalysis.
20 (degrees)
> Co(60 nmY/Au(20 nm)| VII. DISCUSSION AND CONCLUSIONS
1ol In Fig. 10 the variation of NMR intensity as a function of
annealed ——» tco resembles the dependence of the interface distanze
rameter(Fig. 4). This may imply that either the fitted con-
sol . centration ofmagneticvacancies originate frommisfit dislo-
as deposited cations at the Co/Au interfaces or excessive internal strain
K exist along the growth direction of Co. Thus the first one is
expected to relieve while the second to increase strain energy

60 in someway for thickerts,. Our ongoing research with

| Co(60 nm) cross-section high-resolutiotHR TEM) measurements in
4 [Co(1 nm)/Au (2.5 nm]3; MLs, exhibiting the maximum
annealed GMR ratio, reveals an fcc-modulated lattice in every colum-
nar structure of the MLs with numeroyd1l} twins and
stacking faults where, throughout a column, Co and Au form
successive layers that grow epitaxially withoutsfit dislo-
cation. These XRD and HR TEM results indicate that the

Spin Echo Intensity
(=3

30[

as deposited

|

15

0 140 160 180 200 220 240 thinner Co layers are excessively stressed and the elastic
Frequency (MHz) energy is stored in the lattice, forming a metastable nano-
structure.

FIG. 12. Typical XRD spectra from the as-deposited and post-  comparatively, previous studfésndicate that in semico-
annealed C®0 nm film are shown on the top. Bottom and middle pherent Co/AgL1]) interfaces a large concentration mwisfit
figures shqw the NMR spectra from the as-deposited .and POSljislocations appear inside the entire Co layer volume,
annealed single-layer ¢80 nm and Ca60 nm/Au(20 nm films, \\hareas Co layers on ALl exhibit misfitsonly near the
respectively. Col/Ag interface. Also, it was showhthat magnetic anisot-

ropy is very sensitive in such kinds of changes at the Co/Au
to the strain(e) in the interface planeB;x¢) and inversely interfaces and the Co layer structure. Furthermore, an NMR
proportional totc, (Byeclltcy). In our effort to derive a  study performetf in thin Co films grown by molecular beam
relation between these parameters for the Co/Au MLs, wepitaxy reveals a dependence of the structural phase compo-
found that the average frequenciés,(high frequencyand sition on the substrate and the growth temperature used,
f, (low frequency, scale linearly withé0 (Fig. 10, middl¢.  which alter significantly the macroscopic magnetic proper-
Thus the variation of ; and f, frequencies does not follow ties. Thus, the strong dependence of magnetizatioh-gn
the observelf 1/t., dependence for completely incoherentthat is generally observédin ultrathin magnetic layers
MLs. (tco<3 nm), does not allow a reliable assignment of a re-

A tentative explanation for the obtained hyperfine fieldduced Co magnetizationM), relative to bulk CoMg
dependence upon the strain gradient in Co layers is giver{~1400 emu/cr), to be attributed to a certain degree of
Usually, strain gradient in a film is initiated from internal deformation in Co layers. Conversely, an enhankkd Co)
stress variations as we move from the interfaces towards thie our samples is out of the question because it would cor-
middle of a layer. Such a case can be realized in a layer-byrespond to higher hyperfine fieldg&equenciesthan that ob-
layer mode of growth where the film is subjected to a changserved in the NMR spectra. Thus in our case a determination
of interfacial stress from the bottom to the top that causesf Mg from typical magnetic measurements, such as magne-
bending. In a first approximation, the strain is tensile andometers or ferromagnetic resonarifegannot provide a
compressive above and belownautral plane, lying, for ex-  unique correspondence to microstructural features.
ample, in the middle of a Co layer. Thus a bulk elastic en- Alternatively, the conduction made between the average
ergy involved in the bending can be calculated by using théwyperfine field frequencies and normal stresses led to a rela-
common assumption of Euler and Berndtlivhere only the  tion between the strain artg,. In our NMR model the av-
normal stress along the direction of curvature is importaneragemagneticvacancy concentration, calculated from the
and the strairz; and the stress;; components are symmet- high- and low-frequency “zone” components, gives an indi-
ric around aneutral plane, withe,,=(1—»?)71,/Y (Yisthe  cation about the variation of strain wit, (Fig. 13. Thus,
Young’s modulus and is the Poisson ratjo The condition  although themagneticvacancy concentration in both compo-
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0.6 —T nanostructure of Co is generated. Generally, the major dif-
B- - high frequency "zone" ference between the Co/Cu and Co/Au MLs is the lattice
-- @-- low frequency "zone" mismatch of the constituent elements along ¢h&l) direc-
-- A - average concentration tion of growth. This is about 2% for Co on fcc Cu and about
04} L 15% for Co on top of fcc Au. In sputtered Co/Ag MLs that
0. exhibit a 14% lattice mismatch as well it is obsertethat
L Ag forms bridges and discontinuous Co layers ffgg<1.5
Aooa. N ) nm. Also, sputter-grown NiFe JAg MLs**** deposited in
U A1 temperatures above 300 K and Co layers doped with small
‘A amounts® of Ag form discontinuous layers and immiscible
W N-.... n-. solid solutions with the Co host, respectively. Conversely,
L formation of Co-Cu solid solutioi$®’ and metastable
0.0 — —_ ' phase® were reported in thin films and nanocrystalline par-
0.7 ; T T - ticles. To the best of our knowledge, formation of substitu-
-- - - high frequency "zone" ] tional Co-Au solid solutions has not been reported in Co/Au
-- @-- low frequency "zone" thin films, and the NMR spectra from the as-deposited and
0.6 ’ annealed Cq60 nm films exclude this possibility in our
Co/Au MLs as well. Since the Co/Cu and Co/Au MLs were
grown under exactly the same deposition conditions the de-
05F 7 formed Co layer structure in Co/Au MLs can be attributed to
R-...g.- BB the following intrinsic properties(i) The frequently ob-
served stacking faults in Co filni8 arising by the negligibly
small difference in free energy between the fcc and hcp
packing in two dimensiond(ii) The large lattice mismatch
03 L , , between Co and Auiii) The unique abilit§° of Au(111)
' 1.2 1.8 24 3.0 surface to reconstruct during growth of Co layers on Au,
t. (nm) which prevent extended diffusion of Au atoms inside the
Co deformed Co layers.
In conclusion, it is demonstrated that structural informa-
angles, that is calculated from the hightsquares and low-  tON obtalngdsl;rom XRD data analysis can be used comple-
(circles frequency zone components, is plotted as a functioggf ~Mentary with>*Co NMR spectroscopy in order to probe in-
(top). The relative zones content that is calculated for the high-directly the local structure differences in multilayers with
(squaresand low-(circles frequency zone components is shown in magnetic Co layers. Specifically, while the NMR spectra in
the bottom plot. our Co/Cu MLs reveal an fcc Co layer stacking, the Co/Au
ML’s exhibit a broad distribution of magnetic hyperfine
fields that cannot be assigned to any of the known crystalline
or amorphous Co structures. Analysis of the Co/Au superlat-
tice reflections from the XRD patterns indicates that the Co

e u.

Co vacancy concentration

04} ;

Relative "zones" content
| |

FIG. 13. The averaganagnetic vacancy concentratiortri-

nents descents by decreasing (Fig. 13, top, the relative

volume of the two “zones,” calculated as a ratio of the
component intensities from the fitting procedure, remains un S -
changed(Fig. 13, bottor). This result is consistent with a 12Yers fco) expand significantly along the growth direction

deformed structure where the ratio of bulk to interfacag- relative to the close-packed lattice values, with the larger
netic vacancy concentrations remains unchanged in the exXPansion confined to thinner Co layers. This Co layer lattice
expansion induce a reduced density and the resultant distri-

aminedtc, region. However, a 10 to 15% average concen--"F . : X
tration of magnetic vacancies inside the Co layers is bution of internal stresses is reflected in the NMR spectra.
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