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A series of{[Co(tc)/Cu(2.1 nm]59/Co(tcy) }30 multilayers have been deposited under specific
magnetron sputtering deposition conditions that lead to giant magnetoresi€&iviBg curves with
technological interest. X-ray reflectivity, magnetic, magneto-transport, and spectroscopic
ellipsometry measurements were used together to examine the dependence of their properties upon
the Co layer thickness{,). Remarkably, the obtained film density and roughness, the saturation
and coercivity fields, the reduced remnant magnetization, the GMR ratios, and the plasma frequency
exhibit a significant divergence as a functiontgf in the range between 1.3—1.6 nm. The observed
microstructural, magneto-transport, and magnetiative differences, induced ii11l) textured

Co/Cu multilayers by varying thi-,, were correlated with changes of the optical electronic states

of the constituents in the electronic density of states near the Fermi levell998 American
Institute of Physicg.S0021-897@8)02512-3

I. INTRODUCTION peak is of an intrinsic nature and is not due to a small amount
of misaligned crystallites witli100 texturing.
Sputtered Co/Cu multilayer¢$MLs) with appropriate Besides their topological morphology, information about

layer thicknesses exhibit giant magnetoresistaf@MR)  the electronic structure near the buried Co/Cu interfaces is
ratios"? up to 60% at room temperature in contrast to epitax-aluable in order to understand the variation of magne-
ial MLs which register a much smaller GMR effect, and their totransport properties as a function @, or tg,. It is well
magnetic switching fieldH) is several times largérThe  established by nofvthat the Co/Cu/Co trilayers exhibit an
observed GMR effect makes them potential candidates fosxchange coupling between the Co layers through the Cu
magnetic sensor applications. However, to enable the poterpacer layer, which is an oscillating function tf, with

tial of these magnetic sensors to be realized, large GMRhree well defined maxima. The Ruderman—Kittel-Kasuya—
ratios with low values of théd should be developetiBoth Yosida (RKKY) oscillations through the spacer, whose pe-
the largest GMR and the lowebl; values were reported for riod depends on Fermi surface parameters, and the quantum
films deposited by magnetron sputtering. Evidently someyell spin-split states, whose occupation depends on their
specific parameters of the developed microstructure reducgnhergy and hence on the layer thickness, are used to theoreti
the coercivity, anisotropy, and magnetostatic coupling. Gencally explain this behaviof.However, in epitaxial or poly-
erally, in TM/NM MLs (TM=Fe, Co, Ni, or permalloy and crystalline TM/NM MLs, grown with a(111) preferred ori-
NM=Cu, Ag, Au noble metalsthe GMR ratio: MR« entation, the observBd oscillatory interlayer exchange
=(Rmax—RJ/Rs, with Rya, and Rg the maximum and mini-  coupling is markedly different from the theoretically pre-
mum resistance as a function of the applied magnetic fielgjicted 112, dependence. The magneto-optical Kerr effect
H, respectively, are oscillating functions of spacer thicknesging photoemission experiments were used extensively to ob-
(tnw) with maxima corresponding to an antiferromagnetictain information about the interlayer magnetic coupling and
(AF) coupling between neighboring TM layers. It has beene electronic states near the Fermi level. Optical studies in
argued that in sputtered Fe/Cu/Fe and Co/Cu/Co MLs thenLs with magnetic and nonmagnetic layers stacked alter-
minority grains with(100 preferred orientation may be re- pately have showi** that, with the presence of interfaces,
sponsible for the AF interlayer coupling, while the dominantihe interlayer interactions and the electronic structure of the
(111 textured grains account for their GMR. On the otherinividual layers induce well defined deviations of the di-
hand, in Co/C(L11) MLs grown by molecular beam epitaxy gjectric function from that observed in single-layer films.
it is founc that the AF interlayer coupling at the first Mg, Thus, varying the Co or Cu layer thickness is expected to

affect the optical properties of the MLs by changing the
dElectronic mail: christides@ims.ariadne-t.gr roughness of Co/Cu interfaces and the grain sizes. Specifi-
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cally, the following changes in the MLs can vary the optical function of Co layer thickness and the detected features were
response function(dielectric function of the films: (a) attributed to electronic structure effects of the Cu layers.

3d-spin polarization ang-d hybridization effects near the
Fermi surface of the constituentdy) topological magneto-
static effects(dipole-field interactions arising from rough-

ness in the Co/Cu interfaces, that favor interlayer ferromag-  Metallic disks of 99.99% pure elements with a diameter
netic (FM) coupling if the film growth is conformal and the of 5 ¢cm, were used as target materials in a high vacuum
magnetization is lying in the film plané, (c) indirect ex-  Edwards E360A sputtering system with a cluster of ATOM-
change coupling that oscillates as a functiort @fbetween TECH 320-SE planar magnetron sputter sources. The sub-
FM and AF coupling. strates were cut before deposition to a size Bfllcn?. All

Two different approaches have been reported in Co/Cgamples were deposited in a cryogenically pumped chamber
based structures that target low coercivityl J and low  with a base pressure ob610 7 Torr under an A(99.999%
switching H¢) fields: either by forming MLs with pure pressure of 3 mTorr. During deposition the
tco~1.5 nm alternated withc,~0.3 nm layer$® in the su-  Si(100/SiN, substrates were thermally isolated from the
perlattice stacking: Co/Cu/Col/.../, or using spin-valvecopper supporting table. An rf magnetron gun operating at
systems*1% where a surfactant layer of In, Pb, or Au is 30 W with a deposition rate of 0.09 nm/s was used for Co,
introduced to control the long-wavelengfvaviness inter-  and dc sputteringtab W for Cu, resulting in a rate of 0.1
face roughness. Recently a third Wayhas been demon- nm/s. Magnetic hysteresis loops were measured with a Quan-
strated to control systematically the magnetostatic effects itum Design MPMSR2 superconducting quantum interference
sputter grown[Co(1 nm)/Cu(2.1 nm]z, MLs by selecting device(SQUID) magnetometer, positioning the sample with
the surface substrate roughness and by using thermal isolte magnetic fieldKl) direction lying in the film plane. MR
tion of the S{100 substrate during magnetron sputteringmeasurements were performed with the four-point-probe
with slow deposition rates of the constituents. The developmethod in samples with 0:41 cnt size, using a dc current
ment of a specific microstructure, in terms of grain size an®f | =10 mA. The fieldH was lying in the film plane per-
degree of layer texturing leading to macroscopic GMR pa_pend|cular to current floyv d|rect|o.n. All measgrements were
rameters appropriate for use in active magnetic sensors, Rerformed at 300 K by first applying the maximum positive
achieved® In the later approach is found that there is afield H parallel to the film plane and then completing the

bimodal distribution with two well separated populations of'°0P- The SE measurements were performed with a phase
grain sizes below and above12 nm. It is observed that the Modulated spectroscopic ellipsometer, using a Xe lamp as

growth of structures with average sizes less than 12 nm, witHght source _for studies in the enoergy range 1.5-55 eVata
a volume fraction of~30%. increases the fraction of FM constant incidence angle of 70.4°, with a step of 20 meV. SE
areas while it reduces the GMR ratio, tHe andH, values Measurements allow the calculattéof the dielectric func-

’ S

. . . o on e(w)=e€(w)+ie(w). The peak-to-peak surface
relative to samples with the same composition, consisting o . .

L . . roughness of the substrates has been estimated using the
grain sizes greater than 12 nm in a fraction of 90%. The

reduction of GMRH,, andH. values, reported in Ref. 16, is multi-mode atomic force microscope MMAFM-2/383, using

. S the Nanoscope Il SPM from Digital Instruments. AFM
due to a fraction of smaller grain sizes, that make the mag .- s performed onx1 um? areas, gave rms values of

netostatic energy term important, whereas in Ref. 13 itis du%urfaoe roughness between 3 and 5 nm.

to a decrease of magnetic anisotropy and magnetic moments Six films of Si(100)SiN,(100 nm]Cof(te)/Cu(2.1
in the Co layers. Thus, the developed micromagnetic state iﬁm)] 5/Co(tey)} MLs, with nominalte,=0.6, 0.9, 1.2, 1.6,
completely different in the two categories of Co/Cu MLs, 2.1, and 3 nm, were used. Their x-ray diffractiédRD)

leading to different GMR and magnetic properties. spectra are characterized by an intense (fttl) Co(Cu)

In the present study, the structural, magneto—transporbeak and a weak200 fcc peak, indicating that the MLs
and optical properties of sputtered Co/Cu MLs are examineg ;e strong111) in-plane texture. The XRR measurements
as a function of Co layer thickness at the second antiferrogere performed with a Siemens D5000 reflectometer, using
magnetic maximum. These MLs were grown under the speparapolic Gbel mirrors to increase intensity and make par-
cific deposition conditions, described in Ref. 16, that led tog||e| the incident beam alignment of G, radiation. The
GMR curves with low hysteresisH) and low switching  setup can produce a parallel beam with a divergence less
(Hg) fields. Our particular aim is to connect the observedihan 0.03° that allows analysis of films as thin as 2 nm. The
GMR curves with changes in the layering, surface morphol-g-29 measurements were performed by using the same step
ogy, and optical properties of these MLs. X-ray reflectivity of 0.006° in three ranges with the following settings: for
(XRR) and spectroscopic ellipsomet($E) were employed 24=0°-0.66° at 0.1 kW x-ray tube power and 0.4 s/step;
to investigate the structural characteristics as a function ofii) for 26=0.66°—1.2° at 1.2 kW power and 2 s/step; and
tco in a series off[ Co(tcy)/Cu(2.1 nm]30/Coltcy)} MLs. (i) for 26=1.2°—3.6° at 1.8 kW power and 5 s/step. The
The average densityd) and the Co/Cu interlayer and silicon new hardware, used in this automated reflectometer, allows
nitride buffer layer rms roughness have been obtained fronthe placement of samples in the incident beam with a preci-
fits of the observed XRR spectra. In SE measurements sion that guarantees that the absolute value of the incident
systematic variation of the real and imaginary paiéw) angle can be reproduced within about 0.001°. Thus an accu-
and e;(w) of the dielectric function has been observed as aate determination of the critical angl@d) value for total

IIl. EXPERIMENTAL DETAILS
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reflection, that is directly related to the film densilyby = However, in diffusgnonspeculdrscattering these angles are
6.>dY?, can be achieved. Collimation of the incident beamnot equal and lead to nonzeto= (k, ,ky ,k;) components

is accomplished by a controllable knife edge over thethat contribute to extra scattering along the specular direction
sample. To estimate the experimental error introduced bk, as well. Thus, a correlation lengt of roughness, that
curvature effects on the film surface, which is known torefers to the lateral distance along an interface at whiclz the
modify the reflectivity curved® reflectivity measurements heights of two points on the surface become statistically un-
were performed by positioning every film in two different correlated, should be taken into account for the correct cal-
orientations rotated by 90° to each other. The adjustment ofulation of the XRR spectra. The change caused by these
the apparatus has been performed by tracking the diredactors in the specular reflection coefficientk,0) for a
beam, which exhibits a Gaussian shape for the detected isingle layerf R(k,0)=r (k,0)r* (k,0)] is approximated ’?
tensity, then setting in such that the grazing incident beam on

the sample was found at the maximum of the Gaussian. At r(k,0)~rF(k,O)exp:—ZkOkl(oZ}

last, the tracking of the reflected beam is observed to exhibit
a sharp Gaussian shape for the recorded intensity of the re- —1/(2772)k0k2(1—n§)C(§)], @
flected beam, leading to unambiguous setting. Thus, the exyhereC(&) is the correlation function of roughness, which
perimental reflectivity curves for the two different sample decays likeC(o?)e ¢, whereasC=1 for total correlation,
positions have shown the same fringe positions and intense=0 for no-correlation, and €C<1 for partially corre-
ties, with nearly the same plateau shape, for the total refleqated interfaces. Furthermorie, is the incident wave vector,
tion area. Consequently, no serious curvature effects frome, is the transmitted component in the film, ang is the
the film surface were detected within our instrumental resorefractive index of the film. FoiC=1 the rms interface
lution. The REFSIM software, included in the Siemens D- roughnesgégg is the same for all layers. B‘<k/k§ then Eq.
5000 XRD, was used to fit the observed XRR data and thep) becomesr(k,0)~rF(k,O)exp(—ZkOkl(of,>), that is the de-
SIMPLEX algorithm was employed to perform the refinementriyed formula by Nevot and Croce in the limit of high spatial

with an optical model. frequency (-nm) roughnesé If ¢>k/k3 then Eq.(2) be-
comesr (k,0)~rg(k,0)exp(2kia2)), that has the form of a
IIl. OUTLINE OF THE PHYSICAL LIMITS IN THE Debye—Waller factor in the limit of low spatial frequency or
OPTICAL MODEL USED FOR THE FITTING OF XRR long-wavelength {um) waviness. ForC=0 the rms
SPECTRA roughness o) is different for every interfacé and for 0

<C<1 bothC; and(c?) vary from top to the bottom of the
MLs. Thus, when the layer morphology in a multilayered
structure deviates from th€=1 and £&>k/k3 conditions,

It is knownt®?° that the Fresnel reflectivity from MLs
with perfectly flat interfaces, without a substrate, is com-

iNo o o
posed from a type ?E(P ¥ sinNg oscillation due to outer yen refinement of the observed spectra withRBESIM rou-
film interfaces plus & “{[sinN—1)p)/sin ¢} term from the  ino  that uses an optical model where a common Debye—

inner film superlattice units that produce the diffracted Bragdnaller factor is assumed for all layers of the same compo-

a.mplitu.de. The .notation- corresponqs FQ':(Z’T/)‘)an nent, leads to underestimated or overestimatednd (o3
sin 6, with A the bilayer thickness} the incident angle) the values.

x-ray wavelength, and; an average refractive index for the Since bulk Co and Cu have similar densities&.9 g/
film structure. Reflectivity spectra that measure the diffracteq:ma)l Eq. (1) indicates that Co/Cu MLs will exhibit small
intensity of the MLs contain information on specular and
diffuse scattering components along the specular directio
from nonideal interface$ In MLs with correlated rough-
ness, that is associated with conformal layer growth, consis
ing of m different layers with layer thickneds and density  itterence in the imaginary parts of the refractive indides

d; for every component, the rms roughnegs®) at each . eads to asymmetric superlattice reflections depending
interface can be described by Gaussian statistics. In the opzi other the x-ray beam encounters the structure Co/Cu/Co/
tical model, ifD; is the location of interface from the sub- &, "o jts mirror image. In the multilayers examined here,
strate O;=Z2;-,t; andD,=0) then the specular reflectivity q |aver stacking is symmetric to Co on top and bottom of
R(k;) decay & the film and the asymmetry around the first Bragg peak is

X-ray contrast because the amplitude of fringes in a reflec-
ﬂvity profile depends upon the reflectivity contrast at inter-
layer interfaces. However, when G radiation is used the
Fresnel coefficient at Co/Cu interfaces is dominated by the

m reduced. Thus, the major contribution in the observed reflec-
R(kz,0)=Re(kz0)| 2 {(di—di11)/do} tivity profiles is expected from x-ray contrast and roughness
=0 of the outer interfaces, which we define as the air film and

2 film substrate correspondingly.

X exp(— 2ikD;)exp(— 2kiki 4 1)(o? )| . (D)
IV. EXPERIMENTAL RESULTS

where the subscript 0 indicates the air/specimen interfaee, A Refinement of XRR data

is the ideal Fresnel reflectivity, ard is thez component of
the wave-vector normal to film surfade= (27/\)sin 6. For The observed spectra are plotted with a 5% offset rela-
specular scattering the incidence and reflection angles atese to the best obtained fitting curves in Fig. 1. Several
equal and consequently only tke component is of interest. assumptions concerningi) the air-film interface on top of
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10° while the calculated spectra were still different from those
107 observed.
10? (c) Since the range of estimated) values was found to
e be m.uchllower than the 8.9.g/6rbu_lk value, a considerablg
| 0.78 nm 174 nm contribution from layer waviness is probabl_e. Thus, a third
10 attempt was to keep tHé= 29 bilayers of the first model and
04 08 12 16 03 06 09 12 15 allow the parameters of the Co cover layer, plus the next two
10° Cu and Co layers on top, to vary independently from the
2 group parameters. In this way the effect from film surface
B, waviness is taken into account. This time a better agreement
g has been achieved between the calculated and observed de-
S 7 0.91 nm cay slope of reflected intensity but the estimated amplitude
SR 2.37 nm of the undulations remained large. Remarkably, the variation
04 08 1216 03 06 09 12 15 of {d) values withtc, has been changed drastically for the
10 group of N=29 bilayers. Thus values dfd) ranging be-
10" tween 7.1 and 8.7 g/chwere found. This happened because
102 the d parameter of the Co cover layer was lowered to
- ~5.8(+0.2) glcn? while its (o?) parameter was always
| 126 nm 3.12nm converged to very low values<(0.1 nm). Top layer oxida-
10 " tion and film surface waviness can be related to this result.
0.4 0.8 1.2 1.6 0.3 06 09 12 15

(d) Finally, the effect of film-substrate roughness is in-
0 (deg.) cluded in the refinement. Thus, the third model was modified
by considering from top to bottom of the film a variable Co
F'g- , ll/c é‘f?r’m ref/'g‘;“‘t’“y ,\Fjg”\?ﬁm :(f)miﬂlot@/{sg\‘g(lggml‘)zf cover layer followed by a group di=29 bilayers plus two
EFG,Oé.i?)ang 3.nm. 'I]'r310e obégro\)/}éd spectra are plotted(i/(\)/ith ;’;1 ‘5%. (:tﬁmﬂt Cu and Co Iayers adjacent ona §|buffer Iaygr with vari-
line) over the calculated profiles for clarity. The refined Co layer thicknesse?DI€ parameters. After an extensive search in the parameter
(tco) are displayed in every spectrum. space the refinement was converged to meaningful physical
values wheni(1) only the Co cover layer parameters were
varied during the fitting while all the other parameters were

fixed for the Co/Cu multilayer(2) then only the film-SiN
film, (ii) the interlayer interfaces inside the film, afiii) the ~ Parameters were fitted, aii8) only the six parameters of the

substrate-film interface, were made in order to account fofc®/CU group, withN=29 bilayers, were allowed to vary
the observed(a) reduced amplitude in Kiessig fringes and during fitting. The best fitted spectra are shown in Fig. 1. In
(b) the broad Bragg peaks from tie= 30 superlattice peri- F19- 2 the estimated Co/Cu film densifgl) (top), the rms
ods. Therersiv software allows the fitting of thicknegs, ~ roughness in th% film-substrate interfageiddle), and the
rms roughnesg¢o?), and densityd for groups or individual 'MS roughnes¢o®) of Co layers in the multilayetbottom
adjacent layers. Since a reliable refinement of MLs require&S @ function of the obtainett, values, are plotted. The

the smallest possible number of variable layer parameter@dréement between observed and calculated spéagal)

we used a group of N bilayers with the common three men1ndicates that the film surface waviness and the film-

tioned variables for every component for the fitting. In orderSuPstrate interface roughness affect predominantly the x-ray

to derive a model that may better describe the observed prd€flectivity in this series of Co/Cu MLs. The obtaineg,

files, four separated fitting steps were employed: values are given in Fig. 1. The,, values were estimated at
(a) First, a group oN=30 Co/Cu bilayers with only six about 2.1¢-0.3) nm for all the MLs. A satisfactory agree-

variable parameters, three for every component, is considn€nt is found between nominal and estimateg and tc,
ered. The 100 nm thick SiNouffer layer was included in the Va&lues. However, in the MLs with nominat,=0.6 nm a
calculation, using a fixed rms roughness of 0.6 nm and £0% deviation is obtained from the estimated value of 0.78
fixed d(SiN,)=2.3 glcn? parameter. The calculated reflec- M- Since this is the thinner Co/Cu multilayer, with a total
" . . , :

tivity spectrum gave a first estimation of,, tc, and (d) f|Im thickness of ~88 nm, the x-ray bgam penetrgtes the
parameters. A systematic decrease (df, from 7.1 to SiN, buffer layer. Consequently, a statistical error is intro-
6.2 glcn?, has been found with increasitg,. However, the duced from reflectivity contrast in the film-substrate interface
estimated amplitude and decay slope of the reflectivity oscil@nd from some degree of Co—Cu intermixing that causes the

lations were very differentabout 50% from the observed observed deviation i, value. In summary, the fitting of
spectra. XRR spectra with an optical model gave the following re-

(b) To take into account the effect of extended rmsSUlts:

roughness in Co/Cu interfaces, a third CoCu interlayer has (i) The (d)=8.6g/cn? value for the MLs with
been introduced for every bilayer making a groug\b£30  tc,~0.78 nm is close to 8.9 g/chthat is expected for a thick
trilayers with nine variable and properly adjusted parametersCo or Cu film, while for all the other MLgd) falls in the
Only a slight improvement is achieved relative to the previ-range of 7.1—7.7 g/cfn It is well knowrf that the measured
ous model, concerning the amplitude of the undulationsreflectivity is a result of the variation in the scattering length
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88 formed on the surface of BCo(2.1 nm/Cu(2.1 nm]z film
’ } covered with a Co layer, 2.1 nm thick, reveal a vertical sur-
face roughness of- 10 atomic steps and a terrace width of

—~
"g ~2 nm. Thus, the effect of pyramidal growth in Co layers is
= 8o enhanced by increasirig, and creates larger surface anoma-
:;; } lies between the grain boundaries of columnar crystallites
z; * with small and large sizes. Such surface modification may
S} % well account? for (d) value deviations in XRR measure-

} { ments.

. . A (i) A high rms roughness in the film/SiNnterface is

found to induce the damping of the reflectivity fringes in the

calculated spectra, while for the SiNuffer layer the(d)

value is estimated at about 2:40.04) g/cni that is close to

;+ L the bulk value® However, the obtainedo?) values for the

A I film/SiN, interface is in agreement with the rms roughness
T observed from AFM measurements of the substrate surface

* + (Sec. 1). Consequently, théo?) values in Fig. 2 express the
2f average amplitude of film/substrate waviness that is induced
by the substrate surface roughness.

N
=
=
e
o
7]
=
8
o

ol . . N (i) The decrease o¢02> values in the Co layers by
} increasingtc, may signify the formation of relaxed Co

atomic plane® for tc,>1.6 nm. The observed superlattice
Bragg peak indicates that chemical intermixing does not dis-
% solve the bilayer stacking for the thinnég,. Since for

rms roughness (nm)
(=1
o

tco<1.6 nm the(o?) values increase and become compa-
rable totc,(~0.8 nm for the thinnest MLs, it is reasonable
to assume that the island-upon-island growth mode is en-
{ hanced, leading to conformal layering of Cu on Co. This
{ kind of growth mode creates an interface roughness with
high spatial frequency that might be approximated by the
08 16 ) ™ Nevot and Croce formulésee Sec. ). Since therREFSIM
Co thickness (nm) routine uses a Debye.—WaIIer factor, t.h.e m_crgase{m?)
values fortc,<1.6 nm gives the composition limit where the
FIG. 2. The estimated Co/Cu film densigl) (top), the rms roughness of Co layering changes. However, the quantitative estimation of
the film-substrate interfac@middle), and the rms roughnegs?) of Co in <0-2> becomes marginable. Fog,>1.6 nm the lattice relax-
Co/Cu interfacesgbottom are plotted as a function of the estimategfrom ation of the inner Co atomic planes alter the Co on Cu
the XRR data analysis. P .
growth process and leads to nonconformal interface rough-
ness, that is characterized by large lateral length scales or

(proportional to electron denskprojected onto & ray normal long-wavelength layer waviness. This kind of spatial rough-
prop Pproj Y ness is better approximated by the Debye—Waller factor.

to the surface. In this experiment the coherence length, OVEL s fort~~1.6nm the obtainedo?) values of 0.4 nm
y CO . .

which the electron density is projected onto surface normal . X
) . = o approach the range of rms interface roughness that is usually
is estimated to be-10 xm at an incidence angle of 0.3° and : . .

obtained in metallic MLs.

is a macroscopic distance. Thus, the obtained dropdpf
(Fig. 2) can be associated with film surface roughness that
creates a density gradient ftg,>0.8 nm. Our results indi-
cate that the surface roughness of Co/Cu MLs can be mo
fied when nucleation of pure Co seeds occurs for thicker C
layers. This can be realized by considering columnar growth  In Fig. 3 are shown the observed GMR and reduced
of Co/Cu crystallites with a bimodal distribution of grain magnetization M/Mg vs H hysteresis loops for the
sizes® that produces a pronounced surface roughness on tdpCo(tcy)/Cu2.1 nm]50/Co(2.1 nm} MLs, with Mg the

of the film for thickerts,, in analogy to formation of quan- magnetization measured at 10 kOe. The observed parameters
tum dots on the surface of GaAs/Gia(Al),As strained su- (AR/R)max, HY, HR, that are extracted from the GMR
perlattices grown in the Stranski-Krastanow mode. Accorddoops, and thel\/lr/MS,Hg’I ,Hg" values, obtained from the
ingly, scanning tunneling microscoffyand X-ray absorption ~corresponding magnetic loops, are plotted in Fig. 4 as a func-
spectroscopy measurements performed in sputtered Co/Cution of te,. The notation corresponds td4, the remnant

MLs show an island-upon-island layer growth that is confor-magnetization foH =0; H?(HQ") is the switching(satura-

mal from layer to layer and leads to pyramidal structurestion) field where the film resistivity(magnetization ap-

Also, scanning tunneling microscopy measurenfénper-  proaches the lowegmaximun value; andHS(HQ") is the

o
=N

03p

dE" Effect of tc, on the magnetic and magnetotransport
groperties
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H O FIG. 4. The observed parametersR/R, HY, HY (left-hand axiy, and
( e) M, /Mg, HY | HY (solid circles, are plotted as a function ¢f,. The plot

on top shows the linear variation f2 with HY . A detailed explanation of
FIG. 3. The observed GMRIeft-hand axi$ and reduced magnetization the parameters is given in the text. The dotted lines are used as guides to the
hysteresis loopgright-hand axis are shown as a function o, . eye while the vertical dashed line indicates a boundary between the inter-
mediate and longk regime(see Sec. IV ¢

coercive field where the film resistivitfmagnetizatiop ex-
hibits its maximum(zerg value. Since there are long tails in [Fig. 4 (bottom], that is different from theAR/R vs tc,
the GMR and magnetization curvéBig. 3 the H, values  variatiorf® observed in Co/Cu MLs grown on 5 nm Fe buffer
were selected at points where the first derivatid R/R)/ layer, where the dominant contribution in the GMR effect
dH equals 0.01 and th®1/M4~0.93(= 0.03), respectively. arises from spin-dependent scattering at interfaces.
Obviously, a decrease dfl; and Hg values is observed (i) The variation ofM, /M., H™ and HR values with
from magnetic and magneto-transport properties WheR _ exhibit an abrupt increase f<bé0>cl.3 nm. This may im-
tco<1.6 nm while the obtained GMR curves suggest thalyy 5 enhancement of FM coupled film regions and a hard-
MLs with tco<1nm can be used for sensor applications.gqping in the magnetization reversal of the magnetic domains
However, fortc,<0.5nm we have found a drop of GMR ¢, ¢ 1.3 nm. Since coercivity is associated with an an-
ratio _d.own to 3% which imposes a.bottom limittig, for the isotropy fieldH ,= 2K o /My, whereK o is the effective an-
specific Co/Cu MLs. In addition, Fig. 4 shows three characigqarony per unit volume for FM coupled Co layers, then its
teristic features which are indicative of a peculiar behavior incg thickness dependence is usually connected with varia-
these Co/C(L11) MLs. These are: tions of the macroscopic interfac& §) and volume K)

(i) A decrease of th\R/R ratio as a function otc,  magnetic anisotropy componeits® These are related by
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the phenomenological expressidtq=Ky+2Ks/tc,. If Ks  parametersFig. 4), with HY ascending andiy' descending
andK,, are constants then a linear plotfqtc, againsttc, by increasingc,, while both approach an upper and a lower
gives an intercept atkg for tc,=0 and a crossover to per- limit, respectively, fortc,>2 nm. This behavior can be ex-
pendicular anisotropy occur&(4=0) at the critical Co layer plained by the gradual approach to saturation in the GMR
thickness of—2Kg/K, . However, this treatment is found curves that is associated with curling details of the magneti-
unsatisfactory since it does not reproduce the behavior aation near the film edg&sand is a characteristic of the
small tc, values where a deviation oK. is often  specific stripes with 041 cn? size. This effect can be as-
observed? as in our case. For coherent MLs thg term  sociated with the linear correlatiot?~—3HY, that is
containg’ contributions from shape, magnetocrystalline shown in Fig. 4(top). The large divergence diY andHY
(MC), and various forms of strain anisotropy while interfacevalues demonstrate the ability of film size and shape effects
anisotropy is solely due to & surface anisotrop$’ In the  to modify the extrinsic magnetic properties of Co/Cu MLs
incoherent case, misfit strain anisotropy may also contribut&vhen the Co layer magnetization and anisotropy vary by
toKg. Thus, in Co/Cl1]) superlattices, where the adjacent increasingtc,.

Co and Cu layers occur with the same in-plane lattice param- |, summary, the observed magnetic loops indicate that
eter(coherentwithout misfit dislocations at the interfaces up the magnetic configuration evolves from a state where a
to large layer thicknesses, the Co layer anisotropy has beqQqe fraction of AF coupled Co/Cu regions coexist with a
described adequatéfyby replacingKs with a thickness- syl fraction of FM coupled areas fdg,<1.6 nm, to a
dependent magnetoelastic anisotropy term. This model degjcromagnetic state where the FM fraction becomes domi-
scribes a gradual approach Kiglc, t0 zero forteg=<2 MM, ant by increasingc,. This effect can be related to the lay-
that is observed in Cog)/Cu(2.5 nm superlattice%’ where ering and surface morphology of the MLs. Generally, it is

the Co layers are FM coupled, by introducing a significanty .centeq that for conformal growth of columnar grains the
reduction of the Co MC anisotropy and entering the '”ter'interlayer Co exchange coupling is AF for the proper

faces only as the source of an epitaxial strain which exishaq4 s the RKKY interactions are preserved. However, the
throughout the entire Co layer. In our case, the abrupt reduGspained XRR results indicate that the Co/Cu multilayer
tion of H. parameters foitc,<2 nm, observed in Fig. 4 gy cyre deviates from conformal growth teg>1.6 nm. In
(middie), coincides with a reduction of the remnant magne-, g eement, it is reportdthat for sputtered Co/Cu MLs with
tization MF/MS rat|o.and enh'ancement of the GMR. This (117 texturing, the layer stacking may alternately roughened
observation that the increase in the GMR was always acconky co on Cu growth and smoothened by Cu on Co growth in
panied by a decrease of t"é‘gf/MS ratio was also. found in 5 way that results in nonconformal growth for the thicker Co
other Co/Cu and Fe/Cr MEs and was related with an en- |51 Thys, the deposition of Cu may smooth the underly-
hancement in the fraction of AF exchange coupled Co layerg, g ¢ jayer waviness in a way that the RKKY interaction is
In GMR superlattices or polycrystalline MLs, with grain gfe cively averaged out by local variations tgf, in Co/Cu

sizes larger than the mean-free electron pétht is 20-25 MLs with tc,>1.6 nm. Consequently fdg,>1.6 nm, where
nm in transition metals the observed increase of GMR ratio FM coupled areas are dominant, the observed low GMR ra-

by decreasingc, can be understood with a balaritebe- might be caused by the small residual fraction of the
tween the indirect exchange coupling enedgy and theK remaining AF aligned regions.

as a function otc,. However, in our Co/Cu MLs there is a _ . . e '
significant magnetostatic energy terl,,=Mg, arising C. Dielectric function variation determined from SE

mainly from the grain boundaries of columnar crystallites  gjnce SE in metallic MLs has only been used very re-
with sizes less than 12 nm, that overcomesifeandKer  cently, the information that is contained in the collected
terms by increasingc,. It was observel that a 30% frac- spectra must be specified for every case. Thus, a comprehen-
tion of small crystallites reduces the GMR ratio down to 6%, gjye understanding of our data can be made by explaining the
from the 16% observél when their fraction becomes less involved optical properties in SE for the constituef@si and
than 10%, and were associated directly with an increase qfq) of the MLs. The SE measurements concern observations
the M, /Ms. Therefore, any increase of thd /Mg from  f the complex reflection ratiop=tanye”. By using the
zero can be associated with a parallel alignment of magnetig,easured ellipsometric anglegy,A) corrected pseudo-
components that appear as a FM contribution in the hystelgielectric functions e(w)=€1(w)t+iex(w) are calculated
esis loops. The dipole fields, induced from structural Co/Ctrom the complex reflectance ratios. In general, these optical
interface anomalies and ttg, from the grain boundaries, properties are correlated to the electronic properties of a ma-
interact in a manner that tends to produce parallel alignmengyig). If the solid is a good conductor, like metals, the optical
of magnetic moments between adjacent Co layers ftf,  wave interacts mainly with conduction electrons and, accord-
>1.6 nm. SinceM, decreases rapidly by decreasing be- g (o the Drude theors? the plasma frequency, of the
low 3 nm, thenE, becomes smaller than tir andKeii  glectron gas plays the most important role. Consequently,
terms below a criticalc, and causes the observed variationSipere is a characteristic @? free-electron behavior in the
in the range 1 nmitc,<2nm. Consequently, the observed \aration of e(w) with the photon energys. However, the
changes fotCo<2 nm can be related W|t_h the layer morphol- 1 aasured absorptionef) in bulk Ci* shows a sharp in-
ogy that is developed in Co as a functiontgf. crease at about 2 eV and its reddish color is a manifestation
(i) A deviation is observed between thf and HY  of the rather low threshold for the excitation ofi®and
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FIG. 6. The obtained imaginary pass of the dielectric function is plotted
as a function of the photon energy for the six Co/Cu multilayers with dif-
ferenttc,.

FIG. 5. The obtained real pa#; of the dielectric function is plotted as a
function of the photon energy for the six Co/Cu multilayers with different

teo-

electrons in the conduction band. On the contrary, the optical

reflectance of pure Co filmisis low and decreases smoothly, required. A reasonable analysis of the observed interband
but in a very different way to that expected from a “free- transition peaks can be approximated with standard analyti-
electron” metal, while itse,(w) curve exhibits a slight cal line shaped® However, the selection of the appropriate
structure near 5.5 eV. Also, it is found that formation of a e(w) fitting function requires a tentative assignment of these
surface CoO layer on Co films shifts only the reflectancewo features to the band structure critical points for the Co
curves without changing their shapésrinally, the striking and Cu layerd! It is well known that thee,(w) optical
similarity observetf in the optical density of states of pure spectrum of pure Cti** exhibits two characteristic peaks at
Ni(fcc), Ca(hcp), and Fébco films suggests that the crystal about 2 and 5 eV. The peak near 2 eV is assigned to transi-
symmetry does not have a first-order effect on them. Sincéons between the uppermost, nearly flatl @alence band

€, is proportional to the redlbsorptive part of the conduc- and ans, p-like conduction band just above the Fermi level.
tivity, that is of interest in the present study, the SE spectrahe three independent components of the strain optical
obtained here are discussed only in view of these terms. Thiensor’>3"W,,+2W,,, W,,, andW,;—W;,, obtained from
obtainede;(w) and e,(w) spectra are plotted in Figs. 5 and the piezoreflectance spectrum of single crystal Cu, illustrate
6. These spectra exhibit three characteristic features that getite fact that the 2 eV transitions do not occur exactlyat
erally appear in metallic multilayers of Cu and are well ex-high symmetry point but in a rather low symmetry region
plained from their common electronic and structural modifi-(W-L line) of k space. According to empirical band calcula-
cations: tions, the peak position near 5 eV may occur from transitions
corresponding to different critical point in the first Brilluin
zone of Cu. The first assignméhts made to arM; critical
point at X(X5— X,4,). The second assignment is made to a
sum of two contribution$* one due to transitions from the

(b) The ey(w) and ex(w) spectra exhibit a well defined '0WVeSt Iving 3 states(band J into thes,p band (band §

. and the other between thgp-like states from bands 6—7
interband peak at-2.2 eV and a second broad featurg across the gah,—L,. The X andL high symmetry points

at about 4.8 eV, that are similar to those observed 'rbelong to the faces where tH200) and (111 cubic direc-

Cu/Ni*® and Cu/Cd! MLs. : ) . ) o
. . . .tions, respectively, intersect the first fcc Brillouin zone.
(c) The large interband peak broadening that is observed i . : . . :
hus, if there is such preferential orientation across the

Cu based MLs, compared to the sharp threshold ab- - o .
sorption edge of bulk Ci is due to symmetry break- growth direction of the MLs, an additional broadening can

. ; . . be induced at the 5 eV peak from the Co/Cu interfaces. Since
ing at the interfaces of the multilayer and the confine- : -

. .~ the examined Co/Cu MLs exhibit some degreg 1) tex-
ment of the electronic mean-free path from grain,_ : .
boundaries turing and t.he Co layers have an fcc atoming packing, the
) observed differences among tkev) spectra can be related

Our aim is to explain theelative differences between to hybridization of Cu energy levels that is induced from

the observed(w) spectra by considering only the changes inadjacent Co sites at the Co/Cu interfaces. In this way, unoc-
the optical electronic states as a functiortgf. Therefore, a cupied free-electron like bands of pure Cu, lying above and
quantitative estimation of the involved spectral parameters isear the Fermi level, can be intermixéaith unfilled Co &

(@ Both the real and imaginary parts efw) show a
monotonic, systematic shift with increasihg,, mov-
ing from Cu-like optical constants to Co-like
constants?!
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ening parametel’ (bottom), from Eq. (3), are plotted as a function of the QL : m
estimatedt ¢, values from the XRR data analysis. The vertical dashed line <«
indicates a boundary between the intermediate and fonggime(see Sec. 42F :
IV C).
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states. This will cause a shift of the absorption peak positions Co thickness (nm)

and create a distribution of nearby band transitions that can
smear out the threShpld energy. . FIG. 8. The estimated values of the interband peak energy positioop),
A phenomenological expression, that takes into accounte broadening parameter(middle), and amplitudeA parametexbottom,
the free-carrier and photon absorption from intra-band andfom Eg.(3), are plotted as a function of the estimateg values from the
interband electron transitions, is used for the fitting of theXRR data aqaly5|s. The verthal dashed line indicates a boundary between
. . . o . . . 3 the intermediate and lond-regime(see Sec. IV Q
dielectric function. Thee(w) fitting function is writteri® as

the sum of a Drude term plus a damped Lorentzian oscillator
term, centered at the low energy interband peak positioioih piots exhibit a nonmonotonic variation of the intra-

(hwo/2m) with a strengthA and a dampingbroadening  pang and interband parameters wigg and show a different
factor y. A second Lorentzian term is used for the featuredependence upon the modulation peridd=tc,+te, for
near 5 eV in order to take into account the vast peak broad ~1 3 nm. However, the phenomenological description of
ening that extends beyond the recorded spectral limits. Thge interband parameteB=hwo/27 and y [Eq. (3)] does

analytical expression contains a constant background terfot gjlow their interpretation as absolute values that can be

€. as well compared with calculated band structure transitions. These
wf, A parameters are only indicative of the relative trend that is
=€, ——+ . i i i igi
e(w)=€, o(@+iD) w%— 02— ive (3 followed as a funcno_n of_CO. The possllble.physmal origin of
the observed trend in Figs. 7 and 8 is discussed below.
In the secondDrude) term w,= (47N e/m*) 2 s the First, the variation of the obtained intra-band parameters

unscreened plasma energy related to the demsityf the  is compared to those reported for other metallic MLs. Figure
free carriers with m* being the effective mass and 7 (top) shows the plasma energy, to decrease fotc,
I'(~1/7) being the broadening parameter, which is inversely<1.3nm, whereas an increase is observedtfgy>1.3 nm.
proportional to the free-carrier’s scattering timeA quanti- ~ Remarkably, this variation ob, with tc, is inverse to that
tative estimation ofw,, I', of the energy peak position, the obtained in Pd/Ni MLZ with tpg or A=tpgtty;. It is rea-
amplitude—that depends upon the strength fagterand  sonable to relate this behavior to a common modification in
the broadeningy parameters is achieved by simultaneousthe layering of the two systems by changing In a first
least-square fitting of the real and imaginary parts ofefg approximation, the structural modulation of the MLs is
spectra. The obtained plasma enetgy (top) and broaden- caused by the strain energy due to the lattice mismatch along
ing I' (bottom parameters are plotted in Fig. 7 agaitisi. the (111) direction. This mismatch is about 2% in Co/Cu
In Fig. 8 the interband peak transition energy(top), the  MLs and about 10% in Pd/Ni MLs. A comparative study of
damping oscillator factory (middle), and the weighting Cu/Ni and Pd/Ni MLs®® that exhibits the same difference in
strength factorA (bottom are plotted as a function dt,. the lattice mismatch between Cu/Co and Pd/Ni MLs, indi-
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cates that their structure is influenced by the superpositiothe electronic states was compared to fully relativistic band
and interplay of two contributions: one is tagerage (over-  structure calculations for fcc-C8.To the best of our knowl-
all) lattice compositional modulation, and the second is aedge, there is not a similar study in the dispersion of elec-
A-dependent modulatiaihat is important for structure modi- tronic states along th@ 11) direction in Co/Cu MLs and this
fications and strain effects in the shdrtregime. In Pd/Ni is an attempt to correlate the observed features in the optical
(Cu/Ni) MLs the former is dominant in the lond-regime, response functioa(w) with changes near tHg(Eg). In Fig.

that is above ~10 (~15) atomic plane®® In the 6 the positions of the broad interband peaks match with the
intermediateA regime the coherency strains can be balance@bserved range of optical transitions in thg ) spectra of

by the average lattice effects and may cause a lowering gfure-Cu films. Thus, the obtained variation Bfand y pa-
lattice symmetry (defec) that produces incoherent layer rameters witttc, (Fig. 8) can be attributed to-spin polar-
stacking. In Pd/Ni(Cu/Ni) MLs the A is about 49) atomic ization of Cu induced from a progressive enhancement of Co
planes for the intermediaté- regime3°“° Since the layer layer magnetization by increasirng,. In support of this ar-
thicknesses are much shorter than the electron mean-fregiment, x-ray magnetic circular dichroism measurenfénts
path, then the induced defects in the intermediateegime  in Co/Cu111) MLs indicate that the induced Cu moment is
may affect the densiti, of free electrons and cause a non- primarily situated at the Co/Cu interfaces, which consist of
monotonic dependence of,, with A8 In our Co/Cu MLs, ~2 atomic layers of Cu, and its average moment is shown to
that exhibit the same lattice spacing mismatch with thefall off inversely withtc,. Also, x-ray absorption and x-ray
CU/Ni MLs, the constantc, of 2.1 nm corresponds te 10  emission spectroscofiyof Co and Cu layers in Co/Cu MLs
atomic planes and the long+regime is expected to occur for indicate that the 8-density of states of Cu interface layers is
tce=1.3nm (~6 atomic planes assuming the elasticity enhanced near the Fermi level relative to bulk metal. In ad-

properties of the constituents are the same. The observédition, layer morphology effects induce a random distribu-
change in the variation ob,, and the other interband pa- tion of strain-driven interface defects and create a distribu-

rameters in Fig. 8, occurs within the range of 1.3tion of exchange-spliti levels inN(Eg) of Cu, resulting in
<tco<1.7nm that defines an intermediateregime for the dispersion of photon absorption energies. Such modifica-
these Co/Cu MLs. Thus, the developed defects at Co—ctions in the optical electronic states may diminish the inter-
interfaces, resulting from competition between coherencypand threshold energies of Cu and can be responsible for the
strains and the average lattice modulation, may alter thémoother decay of the,(w) spectra(Fig. 6) with increasing
overall free-carrier density as a function af This is in  tco- Thus, the obtained lowering of the energy peak posi-
accordance with reported angle-resolved photoemissiofons and the enhanced peak broader(ifig. 8) as a func-
spectrd’t where epitaxially grown ultrathin Cu films on tion of tc, (or A) is related to the degree efd hybridization
Co(111) exhibited a bulklike continuous dispersion for the Near the Fermi energy of Cu at the Co/Cu interfaces and the
sp state, showing that the Cu/Cld]) interface is essentially €Xtra contribution from the Co optical electronic states for
transparent. The analysis of these spéttshows that the thicker Co layers. Consequently, the nonmonotonic behavior,
Cu—Cd111) system, unlike the Cu—-Gb00) and Cu— observed near thQ;oélB pm(Figs. 7 and 8 is in'dic'ative
Co(110 systems, does not have a significant gap near thfor the Co concentration limit where the electronic film den-
Fermi level for electronic confinement. sity is periodically modified in a different way from the
An explanation is now required for the inverse variation C0/Cu multilayer stacking.
of w, with A, that occurs between the Co/Cu or Ni/Cu and
the Ni/Pd MLs. It is _WeII kn_owf‘\2 that for_ metals the density V. DISCUSSION AND CONCLUSIONS
of states per atom is a universal function of the electron-to-
atom ratio within a given structure. As a result the density of  In this study a series of sputtered (EQ/
states near the Fermi lev@®l(E¢), exhibits a sequence with {SiN,(100 nm){[Co(tco)/Cu2.1 nm]zCo(tcy)}sp  MLs
alternative maximum and minimum values as a function othave been deposited under specific deposition conditions that
the valence electrons per atom, for elements belonging in thgave GMR curves with small hysteresis fgg<1.3 nm. The
same row of the periodic table. This classification schemeelected film processing is based on the layering modifica-
shows that Pd exhibits the high@${E;) from all the other tion induced from the intrinsic &) and thermal ¢,
metals while Cu exhibits the lowest. Consequently, the instresses that are developed between the substrate and the film
verse variation ok, upon A that is observed in Pd/Ni and during deposition. Thes;,,, in general, increases with in-
Cu/Co MLs can be explained, first, from a large difference increased film thickness but also depends on deposition rate
the N(Eg) between the nonmagnetic componeffsl and and temperature by lattice mismatches between the substrate
Cu) and, second, from electronic energy changes mgar and the film, lattice defects, and impurities. Thermal stress
due to hybridization and magnetic polarization effects neaoccurs when the film and the substrate expand and contract
the interfaces. at different rates during thermal cycling. Since the XRR
To understand the variation of the interband parametermeasurements do not reveal any bowing effect from tensile
E andy with tc,, the influence of interface Co atoms in the or compressive film-substrate stresses, the Co/Cu layer mor-
electronic structure of Cu layers should be considered. Thphology is controlled by strain-driven lattice and interface
majority and minority spin bands of Co have been mappedefects that are gradually developed during deposition. A
out along the(001) direction in Co/Cu MLs by means of recent investigation into the effect of deposition conditions
photoemission experiments and the observed dispersion ah GMR curves of{Co(1 nm/Cu(2.1 nm}s, MLs™ indi-
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