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Abstract

Ferromagnetic/ferromagnetic Ni/Co multilayers with component layer thicknesses

ranging from 40 A down to 5 A were prepared by DC·magnetron sputtering. The

magnetoresistive and soft magnetic properties of Ni-Co alloys are of considt'rable

technological importance in magnetic recording and detection. For this reason. and

to study the effect of layering these elements in a modulated structure, the Ni/Co

system was chosen. Furthermore, due to the fact that Ni and Co alloys share a "om

mon d band, it is expected that the total resistance of the multilayers. including the

elemental resistance of the layers and the resistance of the interdiffused alloyed re·

gion at the interfaces, will be lower than for other 3d transition metal combinations.

Consequent1y, the magnetoresistance ratio !1p/ p is expected to be enhanced.

Structu..al characterization by grazing·angle X-ray reflectivity reveals high-quality

layered structures with a weIl-defined composition modulation along the film growth

direction. Quantitative interpretation of the superlattice structure parameters, such

as interfaee roughness, intermilcing, and layer thickness fluetuations, has been per

formed by modeIling the X-ray refiectivity data. Wide-angle X-ray diffraction scans

display the polycrystalline nature of th~ Ni/Co multilayers which grow in an FCC

phase with a preferred (111) orientation and a fraction of (200) structural domains.

Measurements of the magnetotransport properties of these multilayers indicate

that the magnetoresistance (MR) efiect, !1p '" 0.35 l'n·cm, is roughly constant over

the entire compositional range. The MR ratio !1p/p, which is as high as 3.0% in a

Si/(Ni40Â/CoSÂ)x6 multilayer, is therefore more strongly dependent on the zero

field resistivity p. By fitting a semi-eIassical model to the resistivity compositional

variation, we determined the interface contribution to the resistivity. The MR mea

surements as weil as the magnetic anisotropy of the films, studied by vibrating sample

magnetometry (VSM) and magneto-optical Kerr effect (MOKE) magnetometry, are

consistent with the origin of the observed MR effect being anisotropie magnetoresis

tance (AMR). The smalI magnetic fields required to saturate these multilayers (H. as

smalI as 40 Oe in some samples) make this system a good candida.te for technological

applications because of its high magnetic sensitivity. The highest magnetic sensitiv

ity measured at zero-field and constant in the range from '" -10 Oe to +10 Oe was

O.l%/Oe. This value compares weil with other alIoys being developed as magnetic

sensors.
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Résumé

Une série de multicouches ferromagnétique/ferromagnétique Ni/Co fut fabriquée par

pulvérisation magnétron continue avec les épaisseurs des couches indi,;duelles qui

variaient entre 40 et 5 Â. Les propriétés magnétiques et magnétorésistives des al

liages Ni-Co sont importantes du point de vue technologique dans le domaine de

l'enregistrement et de la détection magnétique. Pour cette raison, et pour étudier

l'effet des interfaces dans la structure stratifiée, le système Ni/Co a été choisi. De

plus, puisque les alliages de Ni et Co partagent une bande d commune, la résisth;té

totale de la muiticouche, qui comprend la résisth;té des couches individuelles ainsi

que la résistivité des régions d'interdifi"usion aux interfaces, sera inférieure à celle des

autres alliages de métaU."< de transition 3d. Conséquemment, le rapport magnéto,,;..

sistif !1p/ p sera augmenté.

Une caractérisation de la structure des échantillons par réfieJcion de rayons X à an

gle rasant révèle une structure hétéroépitaxiale de haute qualité avec une modulation

de la composition bien définie selon la direction de croissance. Une caractérisation

de la structure des multicouches, e.g., la rugosité des interfaces et les fiuctations

de l'épaisseur des couches, fut effectuée par ajustement d'un modèle théorique de

la réfieJcion des rayons X aU."< données. Les spectres de diffraction des rayons X à

grands angles illustrent la croissance des couche-; de Ni et Co dans la phase FCC

et, en général, mettent en évidence une structure polycristalline avec une orientation

préférée (111) et une fraction de domaines (200).

L'étude des propriétés de magnétotransport de ces multicouches indique que l'effet

magnétorésistif (MR), !1p ..... 0.35 J'n·cm, est presque constant pour toutes les compo

sitions. Le rapport MR !1p/p, s'élevant, dans une multicouche Si/(Ni40A./CoSA.)x6,

jusqu'à 3.0%, dépend donc plus fortement de la résistivité à champ nul p. Par ajuste

ment d'un modèle semi-elassique à la variation de la résistivité en fonction de la

composition, nous avons décelé la contribution des interfaces à la résistivité totale.

Les courbes MR et l'anisotropie magnétique des films, étudiée par magnétomètre

à échantillon vibrant (VSM) et par magnétomètre à effet Kerr (MOKE), indiquent

que la magnétorésistivité anisotropique (AMR) est à l'origine de l'effet MR observé.

Les petits champs magnétiques nécessaires à la saturation de ces multicouches (H.
n'C."<cédant pas 40 Oe pour certains échantillons) font de ce système un bon candidat

pour des applications technologiques grâce à sa grande sensibilité magnétique. La

vii



plus grande sensibilité mesurée il. champ nul t.~t constante sur unC' rt~g:ion ~ 'étendant dt"

~ -10 Oc à ..;.10 Oc était O.l''é :Oc. Cette "aleur ,<' compare a"anta~eu,elllel1tà ,'<"Ile,

associées aux autres alliages présentement développés conlnlC senseurs ma~nétiql11~$.•
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1

Introduction

THIS THESIS IS devoted to the study of the structural and Illa~netotransport prop

erties of Ni/Co multilayers.

A metallic multilayer or superlattice is an artificial structure composed of alternat.

ing thin layers of two or more different metals or alloys. Recent advances in the deposi

tion techniques required in the fabrication of these structures. as weil as the emergence

of sophisticated characterization methods, have spurred much interest into this bur·

geoning field of scientific research. The new physical properties e:thibited by mctallic.

multilayers have attracted so much interest because of the wide range of phenomena

associated with very thin films, interfaces, and low-dimensional effects[l, 2, 3, 4, 5,61.

Active topics of research in multilayers include magnetic surface anisotropy[i], giant

magnetoresistance[8] and associated antiferromagnetic coupling of ferromagnetic lay

ers across nonmagnetic spacer layers[9, la], low-dimensional superconductivity[ll],

and anomalous mechanical properties[12].

Moreover, the practical application for multilayers are widespread. In fact, thin

film deposition is the primary method of fabricating magnetoresistance devices for

magnetic recording and the detection of magnetic bubbles. The advantages of thin

film technology include the ability to batch-fabricate and to construct magnetic

recording head arrays for multi-track use. It offers complete processing on a sin

gle chip. From an electrical and magnetic viewpoint, the small volume of the film in

such devices leads to high data density and a good electrical impedance match. The

refinement of the magnetic structures, upon which these devices are based, to improve

the magnetoresistive sensitivity lUld, consequently, the data storage density potCDtial

1



is therefore of considerable practical importance. In this context, it has been reported

recently that ferromagnetic/ferromagnetic 1\i/Co multilayers[13, 14] sho..... large mag

netoresistance elfects with small saturation fields, leading to high sensiti\;ties which

compare weil to other current and potential magnetic sensor materials.

•
1: Introduction 2
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•

1.1 Magnetoresistance Effects in Metals

The phenomenon of magnetoresistance is a galvanomagnetic elfect and refers to the

change of dectrical resistivity of a material due to an external magnetic field. Ali

ferromagnetic and nonmagnetic metals exhibit an increase in electrical resistance

as a function of applied field H due to thc Lorentz force acting on the conduction

electrons[15]. This e!fect is called the ordinary magnetoresistance (OMR). In general

the increase is proportional to H 2
, but this can be more complicated both at high

magnetic fidd and low temperature. The e!fect is apprecîable only if the mean frec

path of the conduction dectrons is large compared with the radius of its orbital motion

in the magnetic field. The typical magnitude (p(H) - p(H = O))fp(H = 0) of the

OMR in a metal is roughly 10-7 in fields H =4 T[16].

Another galvanomagnetic e!fect, which is purely classical in origin and is exhib1ted

by ferromagnetic metals, is excess resistivity due to the domain structure (ERDS).

For the ferromagnetic metals Fe, Ni, Co, and their alIoys, the electrical resistance

at low temperatures exhibits various anomalies in small fields below ferromagnetic

saturation. Most of these anomalies are caused by an internal field B = p.oMs existing

in each ma.,"Iletic domain. This field acts either through the resistance anisotropy

or through the Hall e!fect generated in the domain. Inverse1y, an electric current

can exert a force on the domain structure and force it to move in the direction of

motion of the carriers, causing the "domain drag" e!fect[17]. li the electron gas

applies a dragging force on the domain walls, inversely the walls will exert a reaction

force on the electron gas, which manifests itse1f as the excess resistivity l1p. l1p/p

is negative below magnetic saturation. It has been shown that the ERDS e!fect

is not electron scattering by the domain walls, but essentially of electromagnetic
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interaction between the magnetic domains and a De e1ectrie eurrent. and is classicaI

in nature[l;"]. The typieal size of ERDS for a ferromagnetie :ùloy is !:>.p/p :::: 10" at

room temperature[l6].

A further galvanomagnetic phenomenon, anisotropie magnetoresistanee (AMR),

which will be discussed primariIy in this thesis, eoneerns the variation of resistivity as

a function of the direction of magnctization relative to the eurrent. Phenomenologi

cally, the AMR effect is easy to understand. Consider the components of the e1eetrie

field inside a conductor which are related to the current density through

where the Pij coefficients forrn the resistivity tensor. Suppose we have a random

polycrystal with its magnetization saturated in the =direction. From symmetry

arguments[l8] one finds that such a magnetized isotropic medium has a resistivity

tensor of the forrn:

• [pij] =

Ei = LPijJj,
i

(1.1)

(1.2)

This forrn of the resistivity tensor corresponds to the fol1owing expression of the

electric field E:

E =pol(B)J + [PII(B) - pol(B)][a. JJa + PH(B)a X J, (1.3)

where J is the current vector and a is a unit vector in the magnetization (M) direction.

The Pii are functions of the induction B, which depends on the external field H and on

the demagnetization factor D of the particular sample geometry. In the cgs system,

B = H +4'l'M(l - D). (1.4)

•
Pli and Pol are, respectively, the resistivities parallel and perpendicular to a. Starting

!rom an arbitrary resistance charaeterized by a multidomain configuration, a smal1

internal field of 50 Oe or Jess aligns domains giving Pli or Pol' This initial difference

flp = PII- Pol is the anisotropie magnetoresistanee. The norrnalized quantity flp/pis
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• Table 1.1: Anisotropie: maJ;netoresistance data for se1ected elements in bulk form.

Element Temp !:J.p !:J.pjPoPo

(K) (J'n·cm) (J'n·cm) (%)

Fe 300 9.8 0.02 0.2

ÎÎ 0.64 0.002 0.3

Co 300 13.0 0.25 1.9

Ni 300 Î.8 0.16 2.0

ii 0.69 0.023 3.3

•

•

called the anisotropic magnetoresistivity ratio and is useful for both basic understand

ing and engineering purposes since it can be obtained direetly from !:J.RjR without

one needing to know the dimensions of the sample. The last term in Eq. 1.3 gives

the extraordinary Hall effeet.

The theoretieal basis for the AMR effeet takes into aeeount the anisotropie scat

tering mechanism provided by spin-orbit eoupling and the splitting of the d-bands

in ferromagnetie metals. Whereas the microscopie origin of the effect is believed to

be understood, better than order-of-magnitude ealculations are not so simple. For

example, the faet that Pli is nearly always greater than Pl. at room temperature is not

easily explained. Table 1.1 lists the anisotropie magnetoresistanee data for several

e1ements in bulk form, taken from the review article of MeGuire and Potter[19]. Fig

ure 1.1 illustrates the anisotropie magnetoresistanee ratio for the Ni-Co aIloy system.

A peak value of t!.pjp - 6% around the composition Nio.sCoo.2 is observedj however,

the cause of this peak is not well understood. The Ni-Co aIloy system is technologi

eally very important due to its large magnetoresistivity and soft magnetie properlies.

The large MR can be attributed in part to the fact that Ni and Co form a eo=on

d-band, thereby reducing the initial resistivity Po and enhancing the MR ratio t!.pjPo.

The addition of other 3d impurity atoms, such as Cu, Cr, and Mn[20] increases the

resistivity of pure Ni to a much greater extent, making Co a better choiee for alloys

in magnetoresistanee applications.
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Figure 1.1: Anisotropie magnetoresistivity ratio for Ni.CO(l_.) alIoys (Smit[2lJ and van EL.t(22Jl.

This thesis presents a study of Ni/Co multilayers. As thin films of these aIloys

~e currently being developed for technological applications, it is of interest to look

at how the magnetic and magnetoresistive properties are influenced by the layering

of Ni and Co in a modulated structure. In particular, the nature and role of the

interfaces between successive layers in the structural and transport properties of the

superlattice will be discussed. The structural properties of the Ni/Co multilayers are

studied by grazing-angle (O· < 29 < 20·) and high-angle (20' < 29 < 100·) diffraction

techniques. Quantitative interpretation of the superlattice structure, including inter

facial roughness and intermixing, and total surface roughness, is obtained from an

analysis of the diffraction data. Magnetic hysteresis and the magnetization proeess

are studied by vibrating sample magnetometry and magneto-optie Kerr effeet mag

netometry, while transport properties are measured at room temperature in fields up

to 1 T.

The thesis is organized as follows: In Chapter 2, the theoretical background of

ferromagnetie eonductivity and, specifically, the anisotropie magnetoresistanee effect

is introdueed. Chapter 3 explains the experimental methods used for sample prepa

ration and characterization. Finally, Chapter 4 presents the data and ualysis of the

structural, magnetie, and magnetotransport properties of Ni/Co multilayers, with the

conclusions following in Chapter 5.
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Theoretical Background

THE TRANSPORT PROPERTIES of magnetic metals and alloys, in contrast to other

materials, depend on their associated intrinsic magnetization. Microscopically, the

conductivity of ferromagnetic 3d transition metals is correlated to their distinct elec

tronic structure such as the unfilled d band which is split into spin-up and spin-down

components below the ferromagnetic ordering temperature. This chapter presents an

overview of conductiv:ty in ferromagnetic metals. In particular, the framework for

a semi·classical model of anisotropic magnetoresistance (AMR) is described. Fur

thermore Appendix A discusses the microscopic origin, spin.orbit c~upling, which

underlies the AMR effect.

2.1 Ferromagnetic Metal Gonductivity

Using a quantum mechanical formulation, it is convenient to think in terms of con

ductivity rather than resistivity, because the basic quantity of interest is the current

density J that exists due to an applied force -e(E + v x B) on the electrons. The

ith component of J can be written as

Ji =lTij(B)Ej =-e I: Vi =- 8~ I:Jvi(k)fn(k)d3k (2.1)
011 clect"OfU n

where ln = rn + gn is the Fermi distribution function for the nth band, written in

terms of the equilibrium distribution function :r and a small correction g. There are

as many ln in the problem as partially filled bands. These functions are solutions

to Boltzmann's equation, which demands that in the steady state the time rate of

change of ln due to the appli::d force is cancelled by that due to collisions.

6
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In the one·e1ectron picture of metals. each e1ectron moves in the periodic pott·n·

tial of the lattice and the avcragc potential of ail the other electrons. The solutions

to Schrodinger's equation for this potential are stationary states "'".k which. by def·

inition, have infinite lifetime and consequently lead to infini te conductivity. Only

de..;ations from perfect periodicity of the lattice caused by phonons. impurities. grain

bou",daries, etc., allow an e1ectron initially in the state ln, k) to be round later in a

state ln', k'). Thus the word "collisions" means any interaction or seattering proeess

that causes transitions from the single-partie1e states.

The calculation of <T;j(B) would be straightforward if the fn(k) were known. Un·

fortunate1y, the fn(k) are solutions to N coupled nonlinear integro-differential Boltz·

mann equations (n = 1,2, ..., N) of the form

-~(E+v x B).V'kfn(k) = L {[1- fn(k)Jfn.(k')P';;,k - [1- fn.(k')Jfn(k)Pk,k·.} (2.2)
n',k'

where the sum over states ln', k') is such that energy is conserved and wi.ere the

P's are transition probabilities. In the Born approximation, these probabilities are

proportional to the squared modulus of the perturbation potential matrix element

connecting initial and final states multiplied by the density of final states. The elec·

tronic wavefunctions .,pn,k needed in order to ealculate the transition probabilities

(2.3)

(2.4)

•

that appear in Boltzmann's equation must refieet the ferromagnetic ordering of the

material.

In the relaxation time approximation[23], the electron experiences a collision in

an infinitesimal time interva.l dt with probcbility dt/T. Equation 2.2 can then be

rewritten as
e zO 9n(k)

-i(E +v x B) . V'k[Jn(k) +9n(k)] =- Tn(k)'

The funetion 9n(k) represents the deviation from equilibrium in the presence of the

electric field. The virtue of T is that in simple cases it turns out to be a function of

Ikl instead of k, but at any rate T(k) ought to be a simpler function than fn(k). A
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formai series-solution[24] for In can he written down in terms of 7":

where n is the operator
en = -(v X B)· \7k-ft

8

(2.5)

(2.6)

and where it is tacitly assumed the series converges. Substituting this series solution

for I,,(k) in terms of 7",,(k) back into the equation for Ji, Eq. 2.1, gives

(2.ï)

•

where

o ! Vi
Vj

ds (? 8)17ij ex 7"~ _.

and where the clements of the higher rank tensors I7g2, etc., depend to an increasing

degree on the topography of the Fermi surface. In ordinary metals the first term in

17ij(B) is the zero-ficld conductivity and the third term the (ordinary) magnetoresis

tance effect.

The expression for I7~J) [Eq. 2.8J indicates that the starting point of the conduc

tivity calculation is to obtain the energy bands fn(k) which define the Fermi surface

and give the vclocity

associated with each state ln, k). The need for the wavefunctions is subtly disguised

in 7"(k).

Figure 2.1 shows a schematic diagram of the density ofstates for the sp and d bands

in ferromagnetic Ni and Co. The clectronic structure of these metals is characterized

by the filling of reIativcly narrow d bands capable of holding a total of 10 cledrons

per atom, leading to a large density of states. The exchange splitting of the d bands

is given by 2,. as shown in Fig. 2.1. The d bands are rclativcly fiat, causing the

clements of the effective mass tensor

• !. = Ti2 [82E(k)]-lm., 8k;8k
j

(2.9)

(2.10)
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Figure 2.1: Schematie diagram of the density of states in the 'p and d bands of ferromagnetie Ni
and Co. The total number of e1ectrons in the down-spin (Ieft) and up-spin (right) bands arc also
indicated. (Arter Mathon, Contemp. Phys. 32, 143 (1991).)

•
to be large_ This in turn means that the mobility of d electrons is low. Cutting

through and hybridized with the d bands is a broad sp band from the 4s atomic level.

Mott [25, 26] fust pointed out that in the 3d metals, specifical1y Ni, most of

the current is carried by s electrons because md is large, and that interband (sd)

transiti<>ns malte the dominant contribution to the resistivity because the d density of

states at the Fermi level Nd(fF) is large. A large md implies a large Nd(fF) if the bands

are spherical and parabolic as Mott assumed. This assumption aI10ws him to solve

the two coupled Boltzmann equations in the relaxation time approxima.tion, obtaining

two constant, isotropie relaxation times T. and Td. He obtains, approximately,

(2.11)

where 9' is the angle between k and k'. The conductivity is simply

17= mO•
(2.12)

•
where m: is approximately the free electron mass and T. is inversely proportional to

Nd(fF). Mott's model not only explains the relatively high resistivity of Ni, but also



the decrease in resistivity upon ferromagnetic ordering: The d bands split with the

majority spin bands entirdy bdow the Fermi level, caus;ng a decrease in Nd( €F)'

A common simplification is to assume that there are two large!y independent

conduction channels, sometimes referred to as the "two-current" mode!, corresponding

to the majority (T) and minority (1) sp e!ectrons which independently contribute to

the conductivity whenever spin is conserved in the scattering process. This is the case

for most scattering potentials that do not depend on spin (e.g., phonons, impurities,

etc.) and should be a good approximation at temperatures well below the Curie

temperature where the number of magnons is negligible. Thus,

•
2: Theoretical Background la

(2.13)

Another simplification results by assuming that the probabilities of sd scattering

and 5S scattering are additive, thus

•
1 1 1
-=-+
T T.. "T'.ci

When combined with the two-current model, this gives

ne
2[( 1 1)-1 (1 1)-1]u=- -+-- + -+--

m. "T'.. T.TdT Toi. T.ld!

(2.14)

(2.15)

where n =n,r = n,! and T" == T,r,r = T,!,!. It is expected that T,réf and T,!d! will

be different because the d band is exchange split.

2.2 Semi-Classieal Model ofAnisotropie Magnetoresistanee

(AMR)
The starting point for this calculation is the linear response spin-dependent Boltz

mann transport equation in the relaxation time approximation [Cf. Eq. 2.4]

-

where the function gr{!}(v, r) represents the deviation from equilibrium in the presence

of the electric field E.•
(2.16)

.,



•
2: Theoretical Background

E
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Figure 2.2: Electron transport through a thin film of thickness t, with outer boundn.rics nt ;: = 0
and == t, and dectrie fidd E directcd nlong the", :lXis.

At low temperatures only electrons at the Fermi energJ' need to be considered.

We therefore write TTU> = .xT(l) /VF, in which .xTU> is the electron mean free path and

the Fermi velocity VF is assumed to be equal for both spins. The current density

follows from integrating the solution for th,: Boltzmann equation over the velocity

space aceording to

JT(j)(r) = -e [~r! d3vvgT(1)(v,r). (2.1i)

(2.19)

•
In order to treat the AMR, we assume a dependenee of the mean free path on the

angle 9 between the eleetron velocity and the magnetization M. This intrinsieal1y

anisotropie mean free path for majority and minority spin eleetrons is given by

(2.18)

The parameters a1(l) and bT(l) are a measure for the anisotropy of the seattering, with

higher order terms negleeted.

We now eonsider e1eetron transport through a thin film of thickncss t, with outer

boundaries at ;; = 0 and ;; = t, and electrie field E direeted along the :z: axis, as shown

in Fig. 2.2. We assume that the scattering at the outer boundaries is purely difiUsive,

which implies

gT(l)(v,O) =0, if V. < 0,

gT(l)(v,t) = 0, if V. > 0

where V. is a. unit veetor in the direction of the z eomponent of velocity. The solution

•
9 of Eq. 2.16 ca.n now be written[2i]

gT(l)(v,z) = eEv,. [8~~f)] .x~)(v,;;). (2.20)
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Figure 2.3: Geometry of a magnetic multilayer consisting of masaetic layers A and B of thicknesses
a and b, respectivdy.

By construction, the effective mean free path >.~li>cv,.:) includes bulk scattering as

well as scattering at the boundaries:

(2.22)

(2.21)
if v. < 0,

if V. > O.

, TUl( - -) - 'TC!)(8) [1 [-.]]""cff v,.. - A - e.'"q> .;\TU)(9)ü.a: '

, TC!)( - -) QC!)(8) [1 [,-.]]Ad!' V,_ =A -exp ÀTUJ(8)vl' '

Note that this form of >.~!)(v,.:), together with Eq. 2.20, obeys the boundary con

ditions of Eq. 2.19. The conductivity as a function of the angle between M and E

follows from integrating gT(!)(v,.:), as given by Eq. 2.20, combined with Eqs. 2.18

and 2.21 over a unit sphere in velocity space, using Eq. 2.17, and averaging the

resulting current density over the film thickness, yielding

TU) _ ne2 11.' >3 - -2\ TC!)( - _)
(T - --- a-vv:",efi' v,_.

2mvF t 0

•
Carrying out the integration over z, we obtain

•

(TTC!) = ne: ~J. tJ.3vv:>.T(!)(8) {1- >.TU)(8)v. [1- e.'ql [ -t ]]} (2.23)
2mvJ 271" v.>O '" t >.T(l)(8)v.

which is a straightforwa.rd extension of the Fuchs-Sondheimer theory[28, 29] of diffuse

scattering at surlaces in thin film resistivity.

We now apply this result to a multilayer of the type F1 / F: where F1 and F: are

two different ferromagnetic layers. Figure 2.3 shows the geometry of such a multilayer

with magnetic layers A and B of thicknesses a and b, respectively. For each individual

layer, solutions gl<jl(v,.:) of the form ofEq. 2.20 are valid. These solutions must be
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consequently matched to the appropriate boundary and interfacial conditions:

g~(!)(v,O) = 0, if i·, < O.

g~(!)(v,na + (n -l)b) = Ti(!)g1(!l(v.na + (n -l)bl. if i·, > O.

g~jl(v,na + (n -l)b) = Ti(l)g~(l)(v,na + (n - l)b). if i" < O.

g1<jl(v, n(a + b)) = TT(!)g~(!)(v, n(a +b)), if i" > 0,

g~(l)(v,n(a +b)) = Ti(llg1(1)(v,n(a + b)), if v, < 0,

g1<jl(v,N(a +b)) = 0, if v, > 0

1".\

(2.2·\ )

•

•

where n = 1,2, ..., N and N is the total number of bilayers (i.e., thickness t =
N( a + b)). The parameters Tm) determine the probability for an e!ectron to be

transmitted through the interface. The functional dependence of the coefficients can

be determined by matching the free-e1ectron-like (plane-wave) funetions and their

derivatives at each interface[30, 31J.
The conductivity of these multilayers, as a funetion of the orientation of the mag

netization, is calculated similar to the thin film case [Eq. 2.22], but now averaging

over the total thiekness of the multilayer, in each region of the multilayer using the

appropriate expressions for gT(l)(v,z), Eq. 2.24. Equation 2.23, together with these

boundary conc:ttions, will form the basis of our analysis of the resistivity and magne

toresistance in this study of Ni/Co multilayers.
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Experimental Methods

THE PREPARATION OF high-quality artificially inhomogeneous superlattices is essen

tial for the purposes nf this research. The magnetic multilayers studied were grown in

a computer controlled multifunction magnetron sputter deposition system_ Details of

this system as well as sample preparation methods are described in the first section

below.

Ex-situ structural characterization of the integrity of the crystalline layers, interfa

cial roughness, and the superlattice coherence of the layered structure were obtained

by means of high-angle X-ray diffraction and small-angle X-ray reflectivity measure

ments. A vibrating sample magnetometer (VSM) and a magneto-optical Kerr effect

(MOKE) magnetometer were used to measure the magnetic properties of the films.

Magnetotransport measurements were performed on a high-resolution ac-bridge in

external magnetic fields up to 1 Tesla.

3.1 Sputter Deposition

Magnetic thin films and multilayers can be grown using a wide variety of deposition

methods, including electrochemical[32] and vacuum deposition techniques[33, 34, 35].

The latter is subdivided into two main categories: vapor deposition by the=al cell

evaporation or electron beam evaporation, a process referred to as molecular beam

epita."<Y (MBE); and sputtering techniques such as diode, triode, planar magnetron,

and ion beam, which are the most effective methods of growing metallic thin films

and multilayers. Conventional evaporation is a low-energy process with the kinetic

energy of the evaporated source materials typically in the range oflx10-2 to 1 eV[36].

14
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Figure 3.1: Schematic representation of the sputtering process of a positive Ar ion impacting with
the target surf""e.

The nature of this process carnes severa! drawbacks. Foremost, when the evaporated

atoms impinge on the surface of the substrate, they diffuse sideways which can cause

pin holes to be formed, particu1arly for films less than 10 nm thick or when a large

surface defect is present. 5ince the films are deposited at low.energy, they may also

have poor surface adhesion. Furthermore, the composition of alloy films may differ

considerably from the original composition of the target.

In contrast, sputter deposition uses high-energy inert particles to knock of atoms

from the target material, which are subsequently deposited onto the substrate by

bombardment. As illustrated in Fig. 3.1, high-energy particles are created by ion·

izing an inert sputtering gas such as argon and acce1erating them onto the target

material surface. This proeess knocks off target atoms that have typica1 energies of

2·30 eV[36]. Refiected ions or refiected neutral argon atoms and secondary e1ectrons

are also a by-product of the initial process. The energy of the sputtered atoms is

reduced prior to deposition at the substrate by collisions with the sputtering gas.

The deposition rates obtained will depend on numerous factors, including the target

material, acce1erating voltage (- 500 V), sputtering gas pressure (- 1 - 100 mTorr),

and the target to substrate distance (- 5 - 20 an). 5ince nucleation on the substrate

occ:urs at severa! different sites and there is little diffusion, surlace adhesion depends

mainly on substrate ronghness and cleanness. Figure 3.2 compares the energy distri

bution of atoms arriving at the substrate for typica1 thermal evaporation conditions
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Figure 3.2: Comparison of energy distribntion of partide :flux arriving at a substrate for sputtering
at a pressure of la mT and substrate-target distanee of 6 cm, and for thermal evaporation[37J.

•

•

and the sputtering conditions described in the caption[37]. It is seen under these

conditions of high sputtering pressure and large substrate-target distance, that the

evaporated atoms exhibit a much larger high-energy tail and are centered at higher

energies than the sputtered atoms, implying that sputtering is less damaging than

thermal evaporation with, nevertheless, comparable deposition rates. Sputter depo

sition is therefore a relatively simple and inexpensive method of growing high-quality

metallic films. Its principal advantages include the high deposition rates obtained for

most materia1s, and the fad that alloys or compounds can be used as targets.

A magnetron sputtering system is designed with permanent magnets around the

target that produce a magnetic field to confine the plasma close to the target and

away from the substrate. This reduces damage to the substrate and film due to ion

bombardment and allows lower sputtering pressures with no commensurate decrease

in deposition rate. Furthermore, magnetron sputter deposition leads to films with

comparatively low gas impurity levels. In fa.ct, the concentration of impurities in the

deposited films from residual gages, such as oxygen and nitrogen, depend on the film

growth rate and the residual gas pressures in the system during deposition.
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Figuxe 3.3: A sehematie chawing or the multifonction magnetl:on sputterlng system.



Table 3.1: Deposition conditions for the Ni/Co multiJayer series. Purity refers to the e1emental
puritY of the targets, P•••"" is the sputtering pressure of argon gas, PDC is the DC power, D" is
the substrate-target distanee and T is the deposition rate for each target.•
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Target

Ni

Co

Purity

99.98%

99.9%

D,,(cm)

14.0

14.0

8.0

8.0

PDC(W)

80

80

T (A/s)

1.32

2.08

•
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In this study, a series of Ni/Co multilayers were grown in an Edwards multifunc

tion deposition system, as shown schematically in Fig. 3.3. The system includes

three magnetron sputtering sources that can be operated in either DC or RF modes.

In addition, an electron-beam evaporation source is available for the growth of rare

earth buffer or capping layers. A cryo-pump enables base pressures in the vacuum

system, prior to deposition, of 2x10-7 Torr. The pumping and pressure monitoring

procedures are automatically controlled by a microcomputer. The different metallic

targets were separated by an isolation shield, and each was isolated from the sub

strate by a two-position rotating shutter. The deposition rates of individual targets

were measured by means of a quartz-crystal thickness monitor. More precise rate cal

ibrations were obtained by low-angle X-ray refiectivity measurements on single film

samples. In ail subsequent depositions, individuallayer thicknesses in the multilayer

samples were regulated by computer control of the exposure time and substrate posi

tion via a rotating plate on which the substrate is mounted. Furthermore, an internal

radiative heater cau heat the substrate to a temperature of ::::: 300·C. With a typical

target-substrate distance of 14 cm, the uniformity of the deposition from t1:.t",1.5 inch

diameter target used in this system is 5% or better over a distance of 4 cm from the

center of the target (see Fig. 3.4)[38].

Table 3.1 describes the deposition conditions for the Ni/Co multilayer series. To

clean-up the surface of the targets, a pre-sputtering for a period of several minutes

was performed prior to deposition. Multilayered films were then deposited anto either

chemically degreased 2 cm2 oxidized Si(100) wafers through a mask that defined the
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Figure 3.4: Uniiormity of magnetron sputter deposition.

sample dimensions appropriate for transport measurements (see section 3.4).

3.2 X-ray Diffraction

•

X-ray diffraction is a non-destructive, fast and reliable method of extracting valuable

quantitative information on the crystal structure, morphology, and chemistry of the

constituent layers in a super1attice. The most commonly used scattering geometry is

refl.ectivity measurements, in which the scattering vector is along the growth direction

of the layers and perpendicular to the film plane. By convention, these measurements

are separated into smaIl-angle (q < 2 A-l) and high-angle (q> 2 A-l) regions of

the spectrum. In the smaIl-angle region, the length scales probed are much larger

than the atomic spacings, so that the scattering can be considered to arise sole1y



from the ehemical modulation of the multilayer structure. For high-angle scattering,

information on the crystal structure and the super1attice coherence can be measured.

A quantitative analysis by modelling the specular and diffuse components of the

reflectivity spectra provides rich information.

•
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3.2.1 Grazing Angle X-ray RefIectivity

Small-angle X-ray refiectivity measurements were performed on a high·resolution,

triple-axis four circle diffractometer with a conventional2.2 kW Cu-target tube source.

Figure 3.5 shows the major parts of this di!fractometer. Three slits with mechanical

resolution of 0.01 mm in both the vertical and horizontal directions are placed along

the path of the X-ray beam to adjust its cross-section and intensity. In this setup,

the source beam of dimension 1x4 mm2 was reduced by slit 3 to 0.4x2.0 mm2 , and

the detector was adjusted to accept ail dastically scattered X·ray photons passing

through the analyzer housing window (a fourth slit, in essence) and reflected by the

analyzer crystal. Two identical Ge single crystals with (111) orientation are used as

monochromator and analyzer and provide a resolution of - 0.01°, full width at half·

maximum (FWHM), for a fJ - 2fJ scan, which, using Cu-Ka! radiation, corresponds

to a Aq of 0.0014 A-! in reciprocal space. The sample is mounted on a goniometer

with four circles of 2fJ, fJ, x, and ,p, as shown in the inset of Fig. 3.5. In mounting

the samples, particular Cafe was taken to maintain the same initial alignment, since

the X·ray reflectivity data is very sensitive to this factor. The mounting procedure

for each sample was to block half the X-ray beam at fJ = 0°, then to perform several

fJ optimizing scans, as wdl as w scans, and a quick fJ - 2fJ longitudinal scan. AlI

measurements were made in a 2fJ range between 0.3° and 9° (q = 0.0427 - 1.2757

A-!) with a step of 0.02° (Aq = 0.0028 A-1). A typical count rate at the first

superlattice peak of - 500 cps was measured.

3.2.2 High-Angle X-ray Diffraction

High-angle X-ray diffraction experiments were performed on an automated Nicolet·

St5e L11 powder diffra.ctometer using Cu-Ka radiation. The system, as illustrated in
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Figure 3.5: Schematic drawing of the high-resolution X-ray difüactomeler used for grazing-angle
X-ray rellectivily measurements. The insel shows lhe lhree rotation axes of lhe goniomeler.



Fig. 3.6, consists of a 2.2 kW Cu-target tube source and a detector with a graphite

analyzer. The width of the source slit is 1.8 mm, the detector slit is 0.2 mm and the.

angular acceptance of the detector is - 0.30
• With the axial divergence of the beam

limited to - 30
, the instrumental broadening for this diffractometer, as estimated

by AI powder diffraction measurements, is 0.150
, FWHM, for a 8 - 28 scan. Most

measurements were made in the 28 range between 200 and 1000 (q - 1.40 - 6.25 A-1)

using a step of 0.50 (ll.q = 0.04 A-1).
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3.3 Magnetic Measurements

Magnetometry is the technique general1y used ·~o obt.ain important information about

the magnetization, anisotropy, and magnetic phase transition. Additional1y, the hys

teresis loop provides information on the remanent magnetization, saturation and co

ercive fields. The methods of measuring magnetie moments can be divided largely

into three classes: measurement of a force on a material in a non-uniform magnetic

field, measurement of magnetie induction in the vicinity of a sample, and indirect

measurements of phenomena which involve the magnetic properties. In this research,

the magnetic properties of the soft magnetic Ni/Co multilayers were studied using a

technique from each of the two latter classes described above: vibrating sample mag·

netometry (VSM), and magneto-optic Kerr effect (MOKE, or SMOKE to emphasize

the surface nature ofthe effect). Both methods are fast, reliable and high1y-sensitive.

3.3.1 Vibrating Sample Magnetometry

AlI magnetic induction measurements involve observation of the voltage induced in a

detection coi! by a flux change when the applied magnetic field, coi! position, or sample

position is changed. This last method is by far the most successful in its incarnation

as the Foner vibrating sample magnetometer (VSM)[39]. At its inception, the novel

features of this magnetometer were: sample motion perpendicular to the applied field

producing an oscillating dipole field, and a detection coi! configuration with effective

area-turns nonsymmetrically distributed about the axis of vibration which permits
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Figure 3.6: Schematie drawing of the high-lLIlgie X-ray dift"raetometer•



the observation of this dipole field. The basic instrument is shown schematical!y in

Fig 3.7. For a sample with moment M" the total flux </J through the detection coils

can be written:•
3: Experimental Methods

</J = AH + B(47l" - D)M. sinwt)
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(3.1)

where A and B are geometrical factors depending on coil geometry, D is the demag

netization factor of the sample, and w is the vibrating frequency. Hence the emf

E(= dt/>/dt) measured by the coils is:

E = C(47l" - D)M.w cos wt (3.2)

•

•

where C is a constant. The amplitude of this emf is measured by a lock-in amplifier

circuit. The constant C can be determined by calibration of the instrument using

a standard with a known moment. For an e.-cternal field applied in the plane of the

film, the demagnetization factor D is negligible in thin film samples.

The VSM used in this work was a modified Princeton Instruments model 155.

The loudspeaker transducer is vibrated by the internai oscillator of the SR830 DSP

lock-in amplifier at a frequency of 82 Hz with the induced emf on the pick-up coils

synchronously detected by the same instrument. The field magnet is powered by

a stable bi-polar power source producing fields up to 200 Oe, which is sufficient to

saturate the soft magnetic films studied here. The sample is attached to a plastic

sample holder rod with vacuum grease and the entire sample holder can be rotated

so that the sample may be placed at any angle with respect to the applied field (in

the plane of the film, for al! measurements).

3.3.2 Magneto-Optic Kerr Effect Magnetometry

The influence of magnetization of a ferromagnetic mirror upon refiected electromag

netic radiation is ca1led the magneto-optic Kerr effect. Phenomenologica1ly, the effect

causes linearly polarized incident light to acquire a rotation of the plane of polar

ization and a consequent ellipticity after refiection from the surface of a magnetized

medium. Figure 3.8 illustrates the magneto-optic effect of inducing an orthogonal

component in the electric field vector of the refiected light. The component of the
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Figure 3.7: Schematie dr&w:ing oC the vibrating sample magnetometeJ: (VSM), showing the sample
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Figure 3.8: Sehematic representation of the induccd Kerr rotation (9) and ellipticity (.) at the
surface of a magnetizcd sample.

response that is in phase with the incident light gives rise to the rotation, while

the component out of phase accounts for the ellipticity. When an external magnetic

field is applied to reverse the magnetization of the sample, the Kerr rotation and

ellipticity also reverse sign. The appeal of this particu1ar technique arises from the

resu1t that, to first-order approximation, the Kerr rotation and ellipticity are propor

tional to the magnetization of the film. Details of this derivation can be found in the

references[40, 41]. A simple measurement of Kerr rotation, 9, versus applied field, H,

corresponds therefore to the M versus H hysteresis loop.

Figure 3.9 shows schematically the apparatus used to detect MOKE signais. In

this set.up, the light source is a He-Ne laser which is linearly polarized. The refiected

light that has been elliptically polarized by the medium passes through another po

larizer (which acts as the analyzer), whose polarization axis is nearly crossed with

the incident beam. It is then detected by a photodiode which is covered by a filter

that only transmits He-Ne light. As the applied magnetic field is swept to reverse

the magnetization of the sample, the intensity of 1ight reaching the detector changes.
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Figure 3.9: Schematic coDfiguzation of longitudinal n.agnetcH>ptic Kerr efFect magnetomcter.



Thus the output of the detector versus applied field yields the magnetic hysteresis

Joop of the sample. Ali measurements were performed ex-situ at room temperatures

in fields up to 0.8 Tesla applied in the plane of the film and the scattering plane of

the light.

•
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3.4 Magnetotransport Measurements

The most important transport measurement in this research is magnetoresistance

(MR). The term magnetoresistance refers to the variation of resistance, p, of the

sample as a function of applied magnetic field, H. It is co=only defined with

respect to the resistance at saturation magnetic field, H., as:

f:.p p(H) - p(H,)
-=
p p(H,)

(3.3)

•

•

AlI transport J)roperties were measured using a four probe high-resolution ac bridge

designed by Cochnne, Kastner and Muir(42] in applied fields up to 1.0 Tesla. The

magnet can be rotated to obtain a field parallel or perpendicnlar to the film plane.

The block and circuit diagrams for this apparatus are shown in Fig. 3.10. The basic

measurement method consists of driving separate but identical alternating currents

through the sample (S) and a standard resistance (R,). The standard voltage is

divided by an inductive voltage driver and compared with the signal acress the sample

using a lock-in amplifier. In this configuration, the apparatus is a direct reading

linear deviation resistance bridge employing the four-terminal geometry necessary for

detecting small resistance values. Since the lock-in amplifier is used in a null-detection

mode and iluctuations in the oscillator current are cancelled to first order(43], the

apparatus is very sensitive to small resistance changes. The essential feature of this

technique is that the transformers Tl and T2 are linked together in such a way that a

change in the current of one loop (due, for instance, to a change in sample resistance)

induces a corresponding change in the other loop. The sensitivity of this ~pparatus

is '" 5x10-6 n and alIows measurement of resistances between 10-2 and 102 n. AlI

magnetotransport experiments in this research were performed at room temperature.
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Figure 3.11: Sample dimensions and geometry for the magnetotransport measurements.

The sample configuration as defined by a contact mask during deposition and

suitable for electrical transport measurements is shown in Fig. 3.11. The mask

defines a sample surface 4.0 mm wide with two small arms for electrical contacts 8.0

mm apart. Current is applied across contacts 1 and 2 using conductive silver paste to

ensure electrical contact between sample and Ieads. Magnetoresistance is measured

across contacts 3 and 5, with the applied field in three orientations: (i) field in plane

and perpendicular to current, transverse MR (TMR); (ü) field in plane and parallel to

current, longitudinal MR (LMR); (ili) field perpendicular to film plane, perpendicular

MR (PMR). Finally, Hall resistivity was measured across contacts 3 and 4 in the same

field orientations described above.
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Results and Discussion

IN THIS CHAPTER we present and analyze the e:,<:perimental results of our study of

Ni/Co multilayers. The first section gives the structural characterization of the multi

Jayers performed by grazing-angle X-ray reflectivity and high-angle X-ray diffraction

experiments. Results from the magnetic measurements by VSM and MOKE, c.'Camin

ing magnetization and magnetic anisotropy, are then presented. Finally, the magne

totransport measurements are shown and correlated to the structural and magnetic

properties of these multilayers.

4.1 Structurai Characterization

4.1.1 Grazing-Angle X-ray ReB.ectivity Analysis

Grazing-angle X-ray reflectivity experiments are paramount in the characterization of

the structure of multilayered thin films. By modelling the multilayers and comparing

the calculated X-ray spectra of the modelIed structures to the experimental data,

one can obtain detailed quantitative structural information such as the bilayer period

A and the interfacial mixing[44, 45], i.e., the region of atomic interdiffusion at the

interface between two Jayers.

Optical Model for RefIectivity Calcu1ations

The X-ray reflectivity is based on a standard optical model[46]. Consider an incoming

X-ray beam illuminating the surface of a crystal. The index of refraction in the X-ray

wavelength range is slightly Jess than l, and can be expressed as n =1-5 -:- i{3, where

31
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fJ and f3 can be written as
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(4.1)

(4.2)

•

where T, is the classieal e!ectron radius e2/m2 = 2.818 X 10-13 cm, No is the number

density of atoms, >. is the X-ray wave!ength, Jo is the atomic scattering factor at zero

momentum transfer (equal to Z, the atomic number of the atom under consideration),

t!.f' and t!.f" are the real and imaginary parts of the dispersion corrections to Jo, Pc

is the e!ectron density and /L is the !inear absorption coefficient. The critical angle for

total external refiection Oc :::: ,j25 has values typical1y in the range 0.20
- 0.60 using

X-rays of wave1ength around 1.5 Â[47]. At incidence angles greater than this critical

angle, most of the X-ray beam is refracted into the material, al10wing interference

between refiections from various interfaces, inc1uding the upper surface. The highly

periodic structure along the film growth direction in a multilayer sample leads to

constructive interference and superlattice Bragg peaks with positions determined by

the modified Bragg law[48]

(4.3)

or simply (since for smal1:z:, sin:z: :::::z:)

(4.4)

•

where 0 is the measured position of the diffraction peak, and OB is the position

determined from the simple Bragg law (neglecting refraction) sin OB = n>'/2A, where

A is the modulation wave1ength (bilayer period).

The X-ray refiectivity is calcu1ated using a matrix method[46]. Every single layer

in the multilayer is characterized by a (2x2) matrix which is a function of the layer

thickness t, the complex refractive index n (in terms of the e1ectron density Pc and

the linear absorption coefficient /L, Cf. eqs. 4.1-4.2) and the wave vector (11:0 =21r/>')

of the incident beam. The total multilayer matrix is obtained from a product of these

individual layer matrices. Possible interfacial mixing is assumed to have a linear



•
4: Results and Discussion

composition profile and is treated as a sequence of slices (~ 1 Â) \Vith an avcragc

inde."< of refraction for which the appropriate matrix is calculatcd. For examplc. the

average e!ectron density p';' of the mth slice of an interface is given by

(4.5)

where~ and p~ are the e!ectron densities of the pure materials A and B, respective1y,

and M is the number of slices. The average linear absorption coefficient is similarly

defined. The global interface roughness is incorporated into the mode1 calculation

by assuming a Gaussian form (with a Debye-Waller factor to inc1ude the effect of

thermal vibrations of the ions about their equilibrium positions) to simulate the

damping effect[49J. Thus the specular refiection intensity R from a rough multilayer

is given by

(4.6)

•
where r is the ref!ection coefficient of a multilayer with smooth interfaces, q =

41rsin9/>.. is the scattering vector, and Ur is the root mean square (rms) value of

roughness.

A computer program deve!oped originally by M. Sutton's group of McGill Uni

versity and Y. Huai, R Cochrane of Université de Montréal[49, SOJ was employed to

calculate the grazing angle ref!ectivities from the above optical mode!. The mode!

calculations are fitted to the data using a non-linear least squares proc~dure that

minimizes ")(.2 defined as
M

")(.2 = I:(Rt - Ri)2/U;
i=l

(4.7)

•

where R:t and Ri are the experimental and calculated X-ray ref!ected intensities,

respective!y, M is the total number of data points and ul is the weighting function.

Whereas this fitting procedure is wide!y used and, in general, successful in quan

titative X-ray analysis, the large number of parameters that are required leads, in

certain situations, to a degeneracy in sorne of these parameters.
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Figure 4.1: Schematie representation of the fitting parameters used in the X-ray fitting proee<!Ule
on single layer thin film samples.

Single Layer Results

For the purpose of calibrating the deposition rates in the magnetron sputtering system

(Cf. Sec. 3.1), two single films of Ni and Co were prepared. Since the thicknesses

of these films are comparable to the total thickness of the multilayer samples, it

is possible to compare the total surface roughnesses of the simple and multilayered

structures. In the mode! calculations, an oxide layer on top of the sample was assumed

to account for the exposure to air. Optimization of the :fit is achieved by varying the

thicknesses of the film and oxide layers, the roughnesses of the substrate and Ni or

Co layer, and the rms outer surface roughness u•. Figure 4.1 illustrates these :fitting

parameters.

Figure 4.2 presents the X-ray refleetivity data (dots) and the calcu1ated spectra

(solid line) for the two single layer :films deposited on oxidized silicon substrates. The



Table 4.1: Structura! parameters extracted from the fitted resnlts shown in Fig. 01.2 for the ,ingl<
layer Ni and Co samples. The captions are: Cf'" substrate roughness; th Ni or Co 13)'cr thicknes...;
CT" Ni or Co layer roughness; tOI oxide layer thickness; (f'", outer surfnce roughness.•
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Sample

SiO,jNi1000A

Si02 /C0500A

(l'. (A)

7.5 ± 0.2

11.7

1027.1 ± 0.3 4.2 ± 0.1

509.7 8.9

9.9 ± 1.7 9.0 ± 2.4

38.1 8.8

•

•

data and calculated results are plotted on a semilog scale as a function of the scattering

vector q = 471" sin B/ À. The e1ectron densities and the linear absorption coefficients of

bulk Ni and Co were used in the calculations. As can be seen in Fig. 4.2, excellent

agreement between the fitted and experimental data is achieved. The actual layer

thicknesses were found to be within - ±10% of the nominal values. In both samples,

an oxide overlayer with approximate1y 30% of the e1ectron density of Ni or Co was

added, with the Co single-layer necessitating a much thicker oxide layer. Similar

thickness oxidation layers have been reported in X-ray diffraction studies of Co/Re

superlattices when Co is the top layer[51J. The layer roughness Ut deduced for the Co

single-layer sample was larger than that deduced in the Ni sample. Furthermore, it

was necessary in both samples to introduce an outer surface roughness to obtain good

fits. The fitted parameters for both single layer samples are summarized in Table 4.1.

In general, grazing-angle refiectivity measurements are sensitive to the average

e1eetron density P. along the film growth direction irrespective of the crystalline qual

ity of the sample. As previously mentioned, the refractive index of a crystal surface

for X-rays is slightly less than unity. Consequently, be10w Il. certain critical angle B.,

total reB.eetion occurs at the surface, and the average e1ectron density at the film

surface can be obtained nom Be OC ,;p.. The critical angles for Ni and Co, as read

off the spectra., are 2B. ~ 0.76° (q. =0.054 A-1) and 0.70° (q. = 0.050 A-1), respec

tive1y. Beyond Be the penetration depth into the film inereo.ses and each interface

sca.tters the incoming wave. The superposition of these sca.ttered amplitudes leads to

an interference efFeet. Thus, the two interfaces of the single layer films give rise to
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Figure 4.2: GraziDg-angl. X-ray relIcctivity data and calculated spectra for th. two single layer
sampi.. Iisted in Tabl. 4.1. Th. dots are th. data points and th. solid lin. is th. ea1culated fCS1Ùt
from th. optiea1 mode!. Th. dotted lin. shows th. approximat. position of th. crltiea1 angle 9••



Ni/Co Multilayers

Ni/Co multilayers with bilayer period A of 50 Â to 80 Â and bilayer number ranging

from 6 to 48 were prepared by DC-sputtering under the conditions listed in Table

3.1 in the previous chapter. Figure 4.3 presents the X-ray reflectivity spectra for the

series of multilayers with a fixed Ni layer thickness of 40 Â. Figure 4.4 shows the same

for the series with the Co thickness fixed at 40 Â. As can be seen in both figures, along

with the total thickness oscillations previously seen in the single layer data, there are

additionallarger satellite peaks due to the superlattice structure. Since the contrast

in the e1ectron densities of Ni and Co is very small, these satellites are e.''Cpected to

be rather weak. Neverthe1ess, superlattice Bragg peaks up to the fourth·order in

both Figs. 4.3 and 4.4 are clearly visible, indicating a well-defined compositional

modulation along the film growth direction.

The multilayer reflectivity data were analyzed using the same optical mode1 de

scribed in the previous section. The calculated intensity was fitted by adjusting the

initial parameters, including the Ni and Co layer thicknesses and roughnesses, and the

X-ray detector background, to match the Bragg peak positions and intensities, and

the overall profile of the spectrum. The number of superlattice periods is set equal to

the actual number of bilayers in the sample. An oxide overlayer of about 20 A, with

an e1ectron density representing roughly 30-40% of the e1ectron density of Co, and

an outer surface roughness were added to fine-tune the calculated results. Finally,

ail the parameters wcre refined using the non-linear least squares fitting procedure

•

•
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intensity oscillations superimposed on the classical Fresnel reflectivity.
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•

which mjnjmjzes ,,2.
Figure 4.5 illustrates a representative fit of the calculated reflectivity to the experi

mental data in a (Ni30A/C040A)x 12 multilayer. The structura! parameters extracted

!rom the fitting procedure are in good agreement within 10% of the nominal values

and are listed in Table 4.2. The roughnesses of the individual Ni and Co layers were

round to vary between 5.0 A and 7.9 A in ail samples with 12 bilayers, independent of

composition; measured roughness sets an upper-bound on the size of the interdiffused
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Figure 4.3: Grasing-angle X-ray refleetivity dat& for a series of (Ni40A/Cote..) x 12 multi1aye>s with
coDStant tNi =40 A and te.. =40, 30, and 10 A. For c:larity, the spect:a have been shifted vertically.
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Figure 4.4: Grazing-ang1e X-ray relIectivity data for a series of (~r.tl'li/C040À)x12multilayers with
constant tOo =40 À and tm =40, 30, and 20 À. For clarity, the spectra have been shifted vertieally.
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Figure 4.5: Grasing-angle X-ray relIectivity data and calculated spectrum for a (Ni30ÀjC040À) x12
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Figure 4.6: Possible island structure lending to high Inyer and surfnce roughness"" while retnining
higher-order superlnttiee peaks.

region in these multilayers. The re1ative1y thick oride layer of '" 20 A required to

obtain good fits refiects the fact that the top layer of each multilayer was Co, which

was shown, in the previous section, to give thicker oride layers. The outer surface

roughness 17. e."dracted from the fits and varying from 2.0 A to 5.5 Â in the multilayers

\Vith N = 12, was significant1y larger for samples with thin layers of Ni or Co and is

like1y to be responsible for the smearmg-out of the fourth·order super1attice peak in

the tco = 10 Â sample. The structural imperfections in this sample may be ascribed

to strong interdiffusion and al10ying at the interfaces [52]. The same behaviour is

seen in the tco = 5 Â samples \Vith 17. exceeding 5.9 Â. Remarkably, the value of

the roughness of the Co layer in the Si/(Ni40Â/Co5Â)x48 multilayer, deduced by

structural refinement, exceeds the thickness of this layer, suggesting the diffusion and

al10ying of the entire Co layer into the surrounding Ni layers. Altemative1y, in these

samples, an island structure of dislocated sub-multilayers may have formed as shown

in Fig. 4.6. This would offer an explanation to the high values of roughness obtained

in the fits despite the observation of higher·order superlattice peaks, since, individu·

al1y, the smal1 multilayer islands would produce the constructive interference at the

superlattice Bragg peaks.

Structural Dependence on Bilayer Repetition Number

Figure 4.7 shows a series of (Ni40Â/Co5Â)xN multilayers \Vith the number of bi

layers N varying from 6 to 48. The relevant parameters extracted from the X·ray



Table 4.2: Struetural parllIIleters extracte<! from fitting the X·ray refteeth1ty data for Ni/Co mul·
tilaye::,s deposited on Si. Hele, A is the bilayer period, t o is the oxide layer thickness, t~i and tco
are the Ni and Co layer thicknesses, respec:tivdy, O"Ni a.nd UCo are the Ni and Co layer roughnesses,
respectively, (1'. is the substrate roughness, and (T~ is the outer surface roughness.•
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(NijCo)xN A (A) t. (A) tNi (A) tc. (A) ONi (A) I7co (A) 17, (A) 17. (A)

(40Aj40A) X 12 n.8 21.6 42.1 31.8 7.0 7.0 12.0 2.8

(40Aj30A)x12 70.9 24.0 48.7 22.2 5.5 5.5 10.0 3.6

(40Aj20A)x12 63.5 27.1 48.0 15.5 6.0 7.9 6.3 4.7

(40Aj10A)x12 58.5 23.0 47.0 11.5 5.0 5.0 7.0 5.5

(30Aj40A) x 12 67.0 22.0 37.0 30.0 6.0 5.0 8.5 2.0

(20Aj40A) X 12 54.1 17.2 32.6 21.6 7.0 5.4 8.1 5.5

(40Aj5A)x6 53.9 27~7 49.2 4.7 4.2 4.7 6.0 5.9

(40Aj5A)x24 53.0 17.1 48.0 5.0 5.2 4.9 8.0 6.6

(40Aj5A)x48 52.9 18.7 50.3 2.6 5.2 4.1 6.2 9.5

• fitting procedure are aIso shown in Table 4.2. Most significantly, the outer surface

roughness increases considera.bly as N is increased. Qua.litatively, this is evidenced

by the reduction in intensity of the total thickness oscillations (or lattice fringes)

between the superlattice Bragg pea.ks. In fact, for finite film thickness (- 1000 A),

the suppression of lattice fringes with increa.sing N is partially correlated to an in-

creased outer surface roughness[49). The values of the layer roughnesses ONi and I7Co

were aIso found to increase slightly with N. This observation is consistent with an

accumulation of small thickness :fiuctuations associated with each layer[53, 54)

4.1.2 High-Angle X-ray Diffraction Analysis

•
High-angle X-ray di1Fra.ction mea.surements with the scattering vector perpendicu

lar to the film surface provide information on the atomic order along the growth

direction. Figure 4.8 illustrates the high-angle X-ray diffraction spectrum for a

(Ni40AjC040A)x12 multilayer deposited on a Si (100) wafer. The main di1Fra.ction
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peak at 2B ~ 44.60 corresponds to a weighted average of Ni(l11) and Co(l11) Bragg

peaks. Similarly, the peak at 2B ~ 51.70 cor;esponds to the (200) peaks of Ni and

Co. The other peaks shown are satellite peaks due to the superlattice periodicity. Co

grows in its FCC phase as demonstrated by the fact that the main Bragg peak moves

from a position corresponding to dNi(l11) = 2.034 Ato a position corresponding to

d~;C(l11) = 2.046 A as the total proportion of Co is increased. If Co grew in its

HCP phase, then the diffraction peak would mo.e to the d~;P(0002) = 2.023 A posi

tion. The second peak corresponding to a weighted average of Ni(200) and Co(200)

also behaves in the same manner, shifting from dNi (200) = 1.762 Ato d~C(200) =
1.772 A.

The ratio of the intensiti.:s of the (111) and (200) peaks, l(lll)/1(200) ~ 10, indicates

that the films have a polycrystalline structure with a preferred (Ill) orientation and

a fraction of (200) structural domains. An ideal polycrystalline structure would have

an intensity ratio 1(lll)/1(200) ::::: 2.0. The l'resence of clear superlattice satellite peaks

in the diffraction pattern, at positions consistent with the bilayer period A obtained

by grazing-ang1e X-ray measurement, suggests a long crystalline coherence length (

450 A, as estimated from thefull-width at halfmaximum [FWHM] ofthe (Ill) Bragg

peak in Fig. 4.8) and a well-defined superlattice structure.

•

•
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•

4:2 Magnetization Gurve Measurements

As was previously stated in Chapter 2, the anisotropie magnetoresistance (AMR)

in ferromagnetic transition metals depends on the direction of the sample magne

tization with respect to the direction of the applied current. A characterization of

the magnetization process is therefore vital to the study of AMR in this system of

multilayers.

4.2.1 Vibrating Sample Magnetometry (VSM) Measurements

The magnetization curves for the series of Ni/Co multilayers were measured by VSM

with the field applied in the plane of the films. Fignre 4.9 shows typical magnetic
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Figure 4.8: High-ungle X-ray dil&action pattern for a Si/(Ni40A./Co30A) x 12 multilayer displaying
a polycrystalline structnre with a prefem:d (111) orientation. The inset is un enlarged view showing
the superlattice satellite peaks &rOund the main (111) Bragg peak.



hysteresis loops for a Ni/Co multilayer with the field applied in the longitudinal

and transverse directions, i.e., a10ng the long and short axes of the rectangular film,

respectively. As can be seen in the figure, these multilayers exhibit a strong in-plane

magnetic anisotropy, with an easy axis of magnetization in a direction making an

angle" between 90° and 105° with respect to the longitudinal axis. The remanent

magnetization (M. / M.) is as low as 0.25 in some samples with field applied a10ng a

hard-axis. The variation of the remanence as a function of the in-plane angle (J of the

applied field is shown in Fig. 4.10, with the presence of the easy-axis indicated by the

position of the maximum around (J =105°. The existence of this in-plane easy-axis

is consistent with previous results on Ni/Co[13] and Ni/Fe[55] multilayers. In the

present Ni/Co system, in which the growth of FCC Co has been established, it is not

unreasonable to expect the magnetization to lie in plane. Although 'perpendicular

magnetic anisotropy (PMA) has been reported in u1trathin Ni/Co multilayers[56]

with individuallayer thicknesses of only 2-3 monolayers (ML), in this study most of

the layers are much thicker (~ 10 A~ 5 ML) and the magnetization therefore favours

the in-planc orientation. Moreover, the surface anisotropy term that dominates the

shape anisotropy, or demagnetization factor, in PMA thin films is proportional to

the fiatness of the film. The relatively rough surfaces obtained by sputter deposition

therefore inhibit this perpendicular magnetization configuration. The reason for the

preferred direction of the in-plane easy-axis between 90° and 105° with respect to the

longitudinal axis is not understood and requires further study. A measured residual

stray magnetic field of - 3-4 Oe at the substrate level in the magnetron sputtering

system may be responsible for the formation, parallel to H, ofthe easy-axis. Residual

stress effects due to lattice mismatch between adjacent Ni and Co layers (a = 2.034 A
and 2.046 Â. for (111) Ni and Co, respective1y, giving a mismatch of - 0.6%), or the

lattice mismatch between the substrate (a = 2.35 Afor (111) Si) and first Ni layer

(a mismatch of - 13.5%) are possible explanations as well, since Ni exhibits a strong

negative magnetostriction (.\ = -3.4 X 10-5)[19].

Table 4.3 shows the magnetization data measured by VSM for the studied multilay.

•

•

•
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Figure 4.10: Mngnetic remnnence for n Si/(Ni40Â/Co10Â) x 12 multilnyer as afunetion of in-pInne
nngle of applied field 9, as shown in the ïnset.

ers. The minimum remanent magnetization is given corresponding to the remanence

with field applied along a hard-axis (in all samples, with field applied along an easy

axis, the remanence is nearly 1), whereas both minimum and maximum values of

coercivity are presented. These values were not found to be correlated to the po

sitions of the easy and hard axes, nor was any correlation with composition found.

In fact, coercivity depends strongly on the magnetization process, i.e., domain-wall

motion as opposed to coherent rotation of the magnetization, which in turn depends

on the structure of the films, as well as the magnetostriction and residual stresses

associated with the substrate and magnetic layers. Coercivity is therefore difficnlt

to control and cannot be regarded as a fundamental parameter. Whereas care was

taken to ensure uniformity in the deposition conditions, small variations in vacuum

quality, substrate qnality and. temperature, and deposition rates may be responsible
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• Table 4.3: Magnetic parameters men..<ured by VSM on Ni/Co multilnycrs. ~\[~ is th(' snturntion
magnctizntion, 1\fl'l the rcmnncncc, H~I the saturation magnetic field, and H('(mnx) and ll,.(min)
nre the mu.ximum and minimum coerch"c fields, respectivel)".

Sample 4-:rM. M./M.•(min) H, lIe (ma.x) lIc(min)

(G) (Oe) (Oe) (Oc)

(Ni40A/C040A)X 12 11963 ± 600 0.2i 53.9 S.i 6.6

(Ni40A/C030A)x 12 i389 0.38 42.5 i.4 6.2

(Ni40A/C020A)x 12 i653 0.25 4i.2 9.5 6.9

(Ni40A/Co10A)X 12 6409 0.40 61.1 14.2 10.2

(Ni30A/C040A)x12 0.60 38.0 15.8 13.4

(Ni20A/C040A)x12 0.28 56.0 9.5 6.6

•

•

for the observed spread in the values of coercivity.

4.2.2 Magneto-optic Kerr Effect (MOKE) Measurements

An additional technique used to characterize the magnetzation of the multilayers

was magneto-optic Kerr effect (MOKE). MOKE magnetometry provides fast, non

destructive, and in some cases in·situ characterization of the sample. Specifical1y,

since thp.light penetration is limited (for the case of the À = 6328 A laser used in this

study, the penetration on a Co surface is roughly 200 A), MOKE signals are more

sensitive to the surface magnetization. The main drawback of our MOKE tec.'uùque

is the inability to measure the absolute magnetization of the sample; only the shape

of the M-H loop can be measured.

Figure 4.11 shows two typica1 magnetization curves measured by MOKE on a

Sij(Ni40AjCoSA)x6 mnltilayer, with field applied in-plane 10ngitudinal1y, and trans

versely. Many of the features observed by VSM were consistent with MOKE mea

surements. In particular the same easy-axis of in-plane magnetlZation was observed

around 90° with respect to the longitudinal axis of the films. However, in the series

Sij(Ni40AjCoSA)xN of multilayers with varying number of bilayers N, this in.plane
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easy-axis disappears for the N = 24 and 48 samples, suggesting perhaps that the

interaction of the substrate with the fust layers may be responsible for the formation

of the in-plane easy-axis.

4.2.3 Magnetic Force Microscopy (MFM)

Magnetic force microscI'PY (MFM)[57], an ofl'spring of atomic force miscroscopy, al·

lows the imaging of magnetic structures on a 50-100 nm scale. MFM images are

acquired by measuring the response of a sharp magnetic tip mounted on a :flexible

cantilever. The tip interacts with the stray magnetic field emanating from the sample,

and this interaction is detected by measuring changes of either the static de:llection

or the resonant frequency of the cantilever with a sensitive displacement sensor. The

image is formed by raster-scanning the sample with respect to the tip and measuring

the interaction as a function of position.
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Figure 4.12: MFM images of the magnetie domain structure of the (a) ac-demagnetized and lb)
magnetized states in a Si/{Ni40A/CosA)x24 multilayer. The me of the region in (a) is 16 l'm x
16 l'IL' and in lb), 81'nl x 8 l'nl.

Figure 4.12 illustrates the magnetic domain structure of a Si/(Ni40A/ColOA)x24

multilayer measured on the MFM in Peter Grùtter's scanning probe microscopy labo

ratory at McGill University, both in the magnetized and ac-demagnetized states. The

contrast in these images, measured using a perpendicularly magnetized cantilever tip,

is due to magnetization perpendicular to the plane of the film. In the demagnetized

state [Fig. 4.12 (a)], the image displays magnetic domains in an irregular serpentine

island structure, with individual islands of - 10 p.m in length. Preliminary analysis of

this domain structure suggests an in-plane magnetic domain structure., Upon magne

tization [Fig. 4.12 (b)], the domain structure coalesces into a hexagonal arrangement

of domains approximately 2 p.m in size. The profile shown in Fig. 4.13 represents

the intensity of the measured signal through a section of the domain indicated by the

white line in Fig. 4.12 (b). This particular signal profile suggests a perpendicularly

magnetized domain structure, which is consistent with the previous observation of

the disappearance of the in-plane easy-axis of magnetization.

4.3 Magnetotransport Properties

In this section, we describe the results of the magnetotransport measurements per

formed on the Ni/Co multilayers. We expect these samples to exhibit anisotropic

magnetoresistance (AMR), as described in Chapter 2. In a ferromagnetic alloy, this

efi'ect has been shown to be strongly correlated to the intrinsic physical properties
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Figure 4.13: Signal profile orthe eut through a magnetie domain as shown by the white line in Fig.
4.12 (b). The .·axis represents the intensity orthe magnetic signal reeorded by the tip.

which are controlled by the aIloy composition. Specifically, in the Ni/Co binary aIloy

system, a maximum of AMR (ti.p/p) wa.s found at the composition around NisoCo2o ,

which corresponds to a maximum in the initial permeability p'o, as shown in Fig. 4.14.

Furthermore, at this same composition, the magnetocrystalline anisotropy constants

and magnetostriction are nearly zero. Since both AMR and magnetostriction involve

spin-orbit interactions, theoretically, there is some justification to relate these two

quantities; however, there is DO experimental evidence to support this relation and,

as seen in Fig. 4.14, zero magnetostriction occurs around:z: :::: 0.65, whereas maximum

ti.p/p actually occurs at :z: :::: 0.80 (Cf. Fig. 1.1). In addition, due to the formation of

a common d band[58] between Ni and Co, the room-temperature resistivity of Ni/Co

is much lower than other Ni-based aIloys, which, therefore, enhances the ratio ti.p/p.

Of technological relevance in magnetic device design, the optimization of maximum

magnetoresistance and intrinsic properties is useful in obta.ining high magnetic field

sensitivity, i.e., an appreciable MR change in unit field.
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Figure 4.14: Crystalline anisotropy K, and K" saturation magnetostrietioa À.. and initial perme
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4.3.1 Resistivity and Magnetoresistance (MR) of Ni/Co Multilayers

The magnetoresistivity of the samples was measured at room temperature in the three

field orientation described in Chapter 3: (a) field parallel to the eurrent, i.e., longi

tudinal MR (LMR); (b) field in-plane perpendieular to the eurrent, i.e., transverse

MR (TMR); and (c) field perpendieular to the film surface, i.e., perpendicular MR

(PMR). Typical MR eurves showing the dependence of resistivity on magnetic field

are presented in Fig. 4.15. The variation with field depends on the orientation of

the applied field. For LMR, the resistance increases at low field, whereas for TMR,

the resistance decreases with increasing field. The difference in resistance between

the LMR and TMR orientations at saturation field represents the anisotropic mag

netoresistance effect. The MR curves in '~g. 4.15 show a full cycle of l!:..p/p vs. H.

The separation of the two peaks in resistivity on either side of the H =0 axis ref1ects

the magnetic h)'steresis of the samples. Their positions in fact cau be closely corre

lated to the coercive field He in each of the samples (Cf. Table 4.3). Furthermore,

it should be noted that the resistivity of the zero-field state depends on the exact

domain configuration, so it is also history dependent and is not weil defined even for

a given sample at a given temperature. The MR curves shown were recorded after

one full magnetization cycle.
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• Table 1.1: Resistivity P lUld magnetoresistive parameters of Ni/Co multilayers. .t;.p = Pli - pJ.. is
defined as the anisotropie magnetoresistivity, the normalized qUlUltity .t;.p/P is the AMR ratio, H,
is the saturation magneti. field (in-pIlUle), lUld (.t;.p/ p)/.t;.H is the sensitivity.

Samplc p !:>.p !:>.pj p H, (!:>.pjp)j!:>.H

(ILn ·cm) (ILn ·cm) (%) (Oc) (%jOe)

1000 Â Ni 14.9 ± 0.4 0.15 ± 0.005 1.0 45 ± 5 0.03

500 Â Co 20.i 0.21 1.4 100 0.001

(Ni40ÂjC040Â)x 12 19.0 0.34 1.8 60 0.06

(Ni40ÂjCo30Â) X 12 20.1 0.32 1.6 45 0.06

(Ni40ÂjCo20Â)x12 1i.9 0.32 1.8 40 0.10

(Ni40ÂjCo10Â) X 12 li.5 0.42 2.4 85 0.05

(Ni30ÂjC040Â)x12 20.3 0.32 1.6 35 0.06

(Ni20ÂjC040Â)x12 21.2 0.32 1.5 50 0.06

(Ni5ÂjC040Â) X 12 33.9

(Ni40Â/Co5Â)x6 12.3 0.3i 3.0 80 0.09

• (Ni40Â/Co5Â)x12 14.8 0.36 2.4 85 0.05

(Ni40Â/Co5Â)x24 li.9 0.32 1.8 350 0.004

(Ni40Â/C05Â)x48 16.3 0.33 2.0 800 0.003

•

Table 4.4 presents the results of the magnetotransport mcasurements. The values

for /lp and !:>.p/p represent the AMR effeet described above. The values of /lp

measured for the pure Ni and Co thin films agree closcly with the values reported in

Table 1.1. The resistivity of the films is nev~hcless higher than for the bulk clements,

causing a reduction in the AMR ratio !:>.p/p. As can be seen in the Table, /lp alone

is consistently around 0.35 ILn·cm, independent of thickness and composition in all

multilayers. Values of the ratio /lp/p depend only on p, which therefore deserves

closer attention and analysis.

An importR.llt consideration in thin film resistivity is size effeets. It is well known

that resistivity increases as films become thinner due to the additional obstacle for
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conduction e1ectrons of diffuse scattering at the surface. For the resistivity to notice

ably increase, the mean free path (1) of the conduction electrons must be comparable

to the film thickness (t). Under conditions of diffuse scattering, the following approx

imations have been given by Fuchs[28] and Sondheimer[29]. For a thick film where

1< t,

•
4: Results and Discussion

P = Po [1 + ~(lft)]

56

(4.8)

and for a very thin film, where t « l,

4(lft) 1
P=Po 3 [In(lft) + 0.423J

(4.9)

•

•

where Po is the bulk resisti..-ity and P is the measured value. The thick film approx

imation, Eq. 4.8, is a reasonable fit over a wide range of 1ft values even when the

condition 1< t is no longer satisfied. As will be seen be1ow, and from the measured

resistivities of roughly 15-20 JLn·cm, a mean free path of 20-30 A can be estimated.

Since the thinnest multilayer has t =270 A, we may conclude that size effects due to

total film thickness are negligible.

In the measll.rement of thin film resistivity, the effect of grain boundaries must also

be considered. Grain boundaries mark the interface of two crystals that ha.ve different

orientations and thus interrupt the regularity of the lattice. As-deposited thin films

may deve10p a larger number of these grain boundaries than bulk metals, which

increases the grain boundary resistivity. No systematic study of the grain structure

and size was undertaken in this study. Neverthe1ess, a clear trend in resistivity for the

(Ni40AfCoSA)xN multilayers can be seen in Table 4.4, with resistivity increasing

as the number of bilayers N is increased, in correlation with the increased surface

roughness as derived from the X·ray structural studies and shown in Table 4.2.

The resistivity of the Sif(NitNifCoteo)x12 multilayers is shown in Fig. 4.16 as

weil as the theoretica1 values ca1cu1ated from Eq. 2.23 which was derived in Chapter

2. The best fit to the experimental resistivities was found by varying the mean free

paths, assumed to be symmetric, i.e., independent of 6, the angle between the e1ectron

ve10city and magnetization vector, for each layer and the transmission coefficient T
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from the boundary conditions of Eq. 2.24. The fitted resistivities presented in Fig.

4.16 are calculated with ~Ni = 29.9 A, ~Co = 18.9 A, and T = 0.8. The fit is

very sensitive to the choice of this transmission coefficient, which is indicative of the

importance of the interface contribution to the resistivity.

Another efi'ect which must be examined in connection with the magnetoresistance

of thin films is stress. Residual stresses in films, and in particular evaporated films

that are deposited ll.t high temperatures, can be as high as 1010 dynes/cm: anJ can

be either tensile or compressive. Films deposited at high temperature have a residual

stress at room temperature of two kinds. One kind is the thermal stress caused by

the dift"erence in thermal contraction of the:film and substrate. The second kind is an

intrinsic stress resulting from the nucleation and growth of crystallites within the :film.

In a magnetostrictive material such as nickel, the residual stress may be a strong factor

in determining the observed magnetic properties. The response of a :film to an applied

magnetic field will depend on how the magnetic domains behave when it is stressed,



since it is the magnetization that determines the magnetoresistance. Thus if the

hysteresis Joop is modified, the observed resistivity as a funetion of applied field will

be correspondingJy modified. These changes do not mean, however, that anisotropie

magnetoresistance measured under saturation conditions is affected. Based on the

efÏect stress has on the average resistivity of the film, one can speculate that any

change in t!J.p with stress is probabJy small. In fact, the large ,-alue of magnetostriction

for Ni is just a manifestation of the magnetoresistive anisotropie effect, itself caused

by stress orientations of the domains. It is estimated[19] that a residual stress of 1010

dynes/cm2 could cause a change in t!J.p/p of 4 x 10-3
• The change in p would be less

than 0.5%, and this would have a negligible effect on the AMR ratio.

•
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4.3.2 Planar Hall Effect (PHE)

Recall from Eq. 1.3 in the Introduction, the vector form of the electric field E:

Referring to Fig. 3.11 in Chapter 3, the current is constrained to :lIow along the z

direction between contacts 1 and 2. For the conventional Hall geometry, the applied

field is along z, out of the plane of the film, and the Hall voltage is measured along

the y-axis at contacts 3 and 4. However, another effect, called the planar HaIl effect,

can also give a Hall voltage E~ perpendicu1ar to the current J, in fields which have

nothing to do with the Hall effect, i.e., with field applied in-plane. In fact, from Eq.

4.10, we find

•
E = p.l.(B)J + [PII(B) - p.l.(B)][a· J]a +PH(B)a x J. (4.10)

(4.11)

•

where J . M = cosS. The PHE is therefore another manifestation of the resistivity

anisotropy.

A typical PHE curve on a Si/(Ni40A/CoI0A)xI2 mUItiIayer is shown in Fig.

4.17 for field applied in the longitudinal direction, i.e., paraIlel to the current. The

overaIl shape of the curve is quite simiIar to the corresponding MR curves. The most

striking feature is the very high value of the ratio t!J.p/p. This high value, however,

is an artifact of the initial resistivity, measured transversely to the current, being



Figure 4.17: PIanar HaIl elfed in a Si/(Ni40A/CoIOÀ)x12 multilayer with field npplied Iongitudi.
naIly, i.e., paraIlel to the cunent.
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very small (ll.p ..... 0.3 p.fl·cm is similar in magnitude to the AMR effect). Since small

V<l.rÏations in the positioning of the contacts may radically affect this initial resistance,

the ratio ll.p/p is not well-defined. Although output signals in a magnetoresistive

device are proportional to ll.p, the ratio flp/p is a reasonable figure of merit for

device applications because power dissipation is proportional to p. For this reason and

others, the PRE is being considered for applications in low-field magnetic sensors[59).

4.3.3 Magnetoresistive Sensitivity

•

The primary goal of this thesis was not the refinement of magnetoresistive sensitivity.

Nevertheless, the highest sensitivity obtained- in the Ni/Co multilayer system, from _

Table 4.4, was 0.10%/Oe. This value was measured at zero-field, and was constant in

the range from ..... -10 Oe to +10 Oe. These sensitivities compare well with current

alloys such as Ni·Fe permalloy (sensitivity ..... 0.3 - 0.5%/Oe)[60, 61) used in the fab·

rication of magnetoresistive devices. Possible improvement of the sensitivity can be



realized. Since .6.p was found to be a1most constant in ail compositions, an enhanced

sensitivity can be achieved by lowering the initial resistivity po, or by lowering the

coereive and saturation fields. The MR data on the series Sij(NitN;jCotco)xN, with

varying number of bilayers N, indicates that a reduced number of bilayers is desirable

in obtaining low saturation fields. The formation of the easy-axis of magnetization

in-plane may also be critical for the same purpose. Speculatively, high-temperature

rieposition or post-deposition annealing of the multilayers may lead to smoother in

terfaces and reduced resistivity and saturation field. However, this eventual heat

treatment must be controlled to prevent total ailoying and the disappearance of the

superlattice structure.

•

•

•
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Conclusion

IN THIS THESIS, the structural, magnetic, and rnagnetotrMsport propertics of sputter

deposited ferromagnetic/ferromagnetic Si/(NitN;/Cotco)xN multilayers were mea

sured. The technologïcal importance of Ni-Co alloys due to thcir soft magnetic and

magnetotransport properties was a motivating factor in the choice of the Ni/Co mul

tilayer system. Also, the influence on magnetotransport properties of layering Ni and

Co in a modulated structure was of particular interest. The individual component

layer thicknesses, tNi and tco, ranged from 40 A down to 5 A, and the nurnber of

bilayer repetitions N = 6, 12, 24, and 48. The magnetoresistive effect exhibited hy

these structures, important for magnetic recording and detection devices, has been

ascribed to anisotropie magnetoresistance (AMR). A theoretical description of this

phenomenon in 3d transition metals has been presented.

The main results of this research are as follows:

Structural characterization by grazing-angle X-ray ref!ectivity indicated a well·

defined compositional modulation along the film growth direction. The layer thick

nesses extracted from the ref!ectivity data are within 10% of the nominal values for

all multilayer films. The roughness of the individual Ni and Co layers was found

to vary between 4.1 Aand 7.9 A, independent of composition; measurcd roughness

sets an upper-bound on interdifi'usion between the multilayers. The roughness of

the top surface inereases with the number of bilayers N. This has been attributed

to the accumulation of small thickness fluctuations associated with each layer. The

Ni/Co multilayers are polycrystalline and grow in an FCC phase most1y along the

(111) direction, though with a fraction of (200) domains. The multilayer structure is

61



well-defincd and has a long crystalline coherence length of ~ 450 A.

Multilayers with 12 or less bilayers exhibit a strong in-plane magnetic anisotropy.

The origin of the easy-axis of magnetization is not clearly understood, but could

be caused by a combination of the residuai stress resulting from the mismatch of

"tomic spacing between the substrate and first Ni layer, and the large negative mag

netostriction of Ni. By contrast, multilayers with 24 or more bilayers have no in-rlane

easy-axis. This result suggests a graduai disappearance of the in-plane easy-axis as

the number of bilayers is increased due to relief of the residual stress. The coerciv

ity of the N = 12 multilayers varies roughly between ï and 16 Oe, independent of

composition and anisotropy. This variation in coercivity is more likely due to small

fluctuations in the deposition conditions and the resultant magnetic domain structure.

The magnetoresistance (MR) of the multilayers is closely correlated to the mag·

netic hysteresis loops measured by VSM and suggests that anisotropie magnetore

sistance (AMR) underlies the effect. The magnitude of the MR ~p is roughly 0.35

JLn·cm for aIl multilayers, independent of composition. The ratio ~p/p, which is

important for devices, depends therefore on the zero-field resistivity p and was found

to be as high as 3.0% in a Si/(Ni40A/Co5A)x6 multilayer. From the compositionai

variation of resistivity, the elementailayer mean free paths, >'Ni =29.9 A and >'co =
IS.9 A, \Vere extracted. These vaIues for the mean free path indicate that sizc ef!"ects

due to surface scattering may be neglected, since aIl multilayers studied had total

thicknesses ~ 2ïO A. The transmission coefficient T, which represents the probability

of a conduction electron to be transmitted through the interface between two adjacent

layers, was equai to o.s. Moreover, the resistivity was very sensitive to the choice of

T, wmch demonstrates the importance of the interface contribution to the resistivity.

The highest sensitivity (~p/p)/~H at zero-field was 0.10%/Oe and was constant

in the range ~ -la Oe to +10 Oe. This sensitivity compares well with other aIloys

being developed for magnetic sensors. Even though the primary goal of this thesis

was not the ref1nement of magnetoresistive sensitivity, enhanced sensitivity may be

achieved by lowering the initial resistivity p or by lowering the coercive and saturation

•

•

•
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fields of the multilayers. The MR data for the series of multilayers with yaryin!,:

number of bilayers N indicates that satuntion field is smallt'st in the 1Il111tilayers

.....ith fewer bilayers. The formation of an in-plane easy-a.xis of magnetization lllay

also be critical in obtaining smaller saturation fields. Furthermore, a stlldy of th,'

effects of high-temperature deposition and post-deposition heat-treatment may lead

to an improvement of the MR sensitiv;ty in this multilayer system.

•

•

•
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• Appendix

A.l Microscopie Origin of AMR

Bere we discuss the microscopie origin of the AMR effect which leads to the anisotropie

mean aee paths [Eq. 2.18] introduced in the previous section. As was already stated,

sd scattering is the dominant mechanism in transition-metal conductivity. The fer

romagnetic resistance anisotropy must therefore be a consequence of an anisotropie

scattering potential. The spin-orbit interaction has been proposed to explain magne

tocrystalline anisotropy[62] and resistance anisotropy in ferromagnets[21]. It has the

form

where L and S are the orbital and spin angular momenta, respectively, and K is the

spin-orbit coupling parameter. The spin-orbit interaction contributes, depending on

the spin or magnetization direction, to the energy of the d states, making it favorable

for the magnetization to point along certain crystallographic directions. Thus the d

electron spin is coupled to its orbital motion, which in turn is coupled to the lattice by

the crystal field. With M constrained along a particular crystallographic direction,

we use quantum mechanics to calculate new wavcfunctions 'I/J"J in terms of the 'I/J~ that

are obtained when the spin-orbit interaction is neglected. The 'I/J"J exhibit symmetry

lower than cubic and are not eigenfunctions of S. because the spin-orbit interaction

mixes states of opposite spin. Therefore, both

• H•.•. =KL·S (A.l)

(A.2)

•
l 27r ) If . l 1

2

--~ -li.Nd(eF 'I/J.r(!)Vocatt'I/JddT
T.r(!),d

exhibit symmetry lower than cubic. In this equation, dT denotes an integration over

both spatial and spin coordinates and the lé dependence of IVtl.12 appearing in Eq.
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2.11 is ignored for simplicity. A separate spherical parabolic $ band is assumed. with•
.4.: Appendix li5

(,U)

where X is the spin function. Also, V;ca"(r) is assumed to be radial, such that

V
• LlZe: -q'
Kcatt = --e

T
(A.4)

(A.5)

(A.7)

•

where q-1 is a screening length. The zero-field conducth,;ty, under these conditions,

is

u~. = ne: _3_ [1 k;kjds 1 k;kjd..< ]
'J m 4".k4 ...!... + _,_ + ...!... + _,_

• F Tu ':"'.T.Il(k) T.. T'.!.4lk)

where kF is the Fermi wavenumber for s electrons and ds denotes an integration over

the spherical Fermi surface in k space.

The zero-field resistivity Po is assumed to be approximately equal to the resistivity

Pa. in the demagnetized state whieh, using symmetry arguments, can be shown to be

approximately

(A.6)

where Pli and Pl. are the resistivities with the magnetization parallel and perpendicular

to the current direction.. respectively. The results of the calculations for T.T(l) by

Potter[63], when inserted into Eq. A.5, and upon integration[19] yidd

Llp _ Pli - Pl. _ 3(uJ. - un)
- 1 2 -

po 3PII + 3PJ. uJ. + 20')1

•

where

and

and

{ l 1 !fA [(K)2 ~ ( K )2]0')1 =Uo - ï4Qij N. 2-; + 24 2;+ë -

~!iL ln [.L (li) 2 + (3!iL] }
2 N4 16 c N",

{ l 1 & [(5 K)2 19-2,(6 ( K )2]uJ.=uo -,40/3N. 4"2-; + 8 2~+c -

3-/3/3 !iL ln [.L (K) 2 + (3!iL] }
2 N4, 32 c Nt/.

{ l 1 !fA [(5 K)2 ~ ( K )2]uJ. = Uo - 140/3N. 4"2~ + 8 2~+c -

~!iL ln [.L (li)2 +(3!iL]} .
2 N4 32 c: N.t

(A.8)

(A.9)

(A.IO)



The terrn j3(N./Nd l is duc to isotropie ss s~attering, while € is the energy splitting

between the upperrnost two d bands of like spi~ at the top of the band, and 2, is the

exehange splitting, assurned uniforrn, as shown in Fig. 2.1.•

•

•
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