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Abstract
Magnetic Metallic Multilayers
by
Ranciolph Quentin Hood
Doctor of Philosophy in Physics
University of California at Berkeley

Professor L. M. Falicov, Chair

Investigations of the magnetic and magnetorcsista.nt properties of magnetic metal-
lic muldlayers are presented. Utilizing self-consistgnt Hartree-Fock calculations several
aspects of multilayers and interfaces are explored: enhancement and reduction of the
local magnetic moments, magnetic coupling at the interfaces, magnetic arrangements
within each film and among non-neighboring films, the global symmetry of the sys-
tems, frustration, 6rientation of the various moments with respect to an outside applied
field, and magnetic-field induced transitions. The various situations exhibit a rich
structure and a wealth of possible magnetic effects. The magnetoresistance of
fefromagnedc-normal-metal multilayers is found by solving the Boltzmann equation.
The results explain the giant negative magnetoresistance encountered in these systems
when an initial antiparallel arrangement is changed into a parallel configuration by
application of an external magnetic field. The calculation depends on (1) geometric
parameters (the thicknesses of the layers), (2) intrinsic metal parameters (number of
conduction electrons, magnetization, and effective masses in the layers), (3) bulk sam-
ple properties (conductivity relaxation times), (4) interface scattering properties
(diffuse scattering versus potential scattering at the interfaces, and (5) outer surface

scattering properties (specular versus diffuse surface scattering). It is found that a



large negative magnetoresistance requires, in general, considerable asymmetry in thz
interface scattering for the two spin orientations. Specific features of the interfaces that
may produce an asymmetrical spin-dependent scattering are studied: (1) varying inter-
facial geometric random roughness with no lateral coherence, (2) correlated (quasi-
periodic) roughness, and (3) varying cherhica.l composition of the interfaces. The inter-
play between these aspects of the interfaces may enhance or suppress the magne-
toresistance, depending on whether it increases or decreases the asymmetry in the

spin-dependent scattering of the conduction electrons.

P20 mE0R L. FALICOV
DEPASTMINT OF PHYSICS
UNGVERLITT OF CALIFCRNIA
CIRKELEY, CALIFORNIA 94740
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Chapter I: Introduction

Artificially fabricated structures provide new frontiers for the exploration of phy-
sical effects. The availability and control of additional dcgrecs of freedom allow for
the isolation and study of specific physical phenomena and the creation of new dev-
ices. One class of man-made materials, magnetic metallic multilayers, have burst into
prominence recently with the discovery of an oscillatory interlayer coupling! and a

giant magnetoresistance? in these systems.

Magnetic metallic multilayers consist of alternating thin bﬁlms of two or more
chemical compositions, at least one of whiéh is magnetic. In 1902 Maurain® fabricated
* perhaps .the first such multilayer when he electrodeposited a layer of copper and then
a layer of iron on a magnetized iron cathode. He found that for sufficiently thin
copper layers the magnetization of the iron film had a tendency of aligning in the
same direction as that of the cathode. However only within the last‘ decade, with
improvements in growth and characterization techniques that have become widely

available, has a syvstemau'c study of well controlled multilayers been undertaken. 4~

A variety of d.ifferent elements have been combined in the fabrication of mag-
_netic metallic multilayers. They may be grown by sputtering, in Awhich case they are
polycrystalline, or epitaxially, in which case they are single crystals. This thesis con-
centrates on those multilayers composed of transition-metal elements and their associ-
ated alloys in which the thicknesses of the individﬁal layers vary from single mono-
layers to ihiékncsses of about a hundred angstrom. In this chapter the reader is intro-
duced to the subject of magnetic metallic multilayers through a discussion of the mag-
netic (static) and magnetoresistant (dynamic) properties of these systems. Experimen-
tal observations and the theoretical techniques utilized in understanding these proper-

ties are presented.



A. Magnetic Properties

In the transition-metal elements making up the magnetic multilayers, the outer s
and d electrons largely determine the electronic and magnetic properties. As indivi-
dual transition-metal atoms are brought together and form a solid, d electron orbitals
overlap forming itinerant Bloch states that partially hybridize with the s electrons. The
magnetization seen in solids that are ferromagnetic (FM) (e.g. Fe, Co, and Ni) or anti-
ferromagnetic (AFM) (e.g. Cr) are mainly caused by the electrons in the d-like bands.
The itinerant nature of the d-like electrons confers upon the magnetization a sensitive

dependence on the composition and structure of the local environment.

The ordered alternating-compositional structure of magnetic multilayers provide
bulk systems with tunable environments different from those experienced in simple
elemental solids. When two neighboring magnetic layers are in contact, short-range
exchange interactions are large and couple the magnetic moments near the interfaces.
If there is a thin non-magnetic layer (spacer layer) separating the magnetic layers, the
induced polarization of the electrons in the non-magnetic layer can produce a coupling
of the magnetic moments between the magnetic layers. A large magnitude coupling
that oscillates in sign with increasing thickness of the spacer layer is observed in care-
fully grown magnetic multilayers composed of alternating FM layers, such as Fe or
Co, separated by a number of different transition-metal non-magnetic spacer layers

with thicknesses between ten and a hundred angstrom.!’

In general when long- and short- range interactions of comparable magnitude are
present, a rich variety of magnetic structures are possible. Perhaps the simplest model
that can capture this richness of structures is a suitably generalized Hubbard model.
In the Hubbard model® both the itinerant nature of the narrow band d-like electrons
and the dominant contribution from the Coulomb interaction -- the‘rcpulsion that two
electrons experience when they occupy the same site -- are included. In the one-band
Hubbard model the Hamiltonian has the form |

H = Y yicligeis + U Xclirereiey
ijo i
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where 7;; is the intersite hopping, U is the intrasite Coulomb repulsion, and ci’c (¢cio)
are the creation (destruction) operators in a Wannier state of spin G at site i. By
varying the ratio of U to the bandwidth and the density of valence electrons n, a
phase diagram of the low energy states consisting of paramagnetic, FM, and AFM
solutions can be obtained in the Hartree-Fock approximation.” Despite the approxima-
tions made in this approach, the phase diagram provides a semiquantitative explana-
tion of the observed distribution of magnetism in the transition metals. Thus by choos-
ing differcnt values of the ratio of U to the bandwidth and n in different layers, mul-
tilayers composed of various combinations of magnetic and non-magnetic transition

metals can by simulated.

In chapter /I the Hubbard model is generalized and applied to magnetic mul-
tilayers consisting of alternating layers composed of two types of materials, including
FM, AFM, and paramagnetic layers.!? The ground state magnetization is calculated
both in the presence and in the absence of an external magnetic field. A wealth of

magnetic arrangements and magnetic transitions are discovered and discussed.

B. Magnetoresistance

Many different magnetic metallic multilayers consisting of alternating FM metals
separated by non-magnetic metallic layers display a change in the electrical resistivity
as the relative orientation of the magnetic moments in the individual FM layers varies.
Since these variations in orientation are induced by an external magnetic field, the‘
change in resistance is termed a magnetoresistance (MR). When the magnetic
moments in the different FM layers are arranged in an antiparallel configuration the
resistance drops under the application of a magnetic field that aligns the magnetic |
moments in the FM layers. This negative MR has been observed in various
sandwiches!!-17 and superlattices,>1820 such as NiFe/Cu/NiFe, NiFe/Ag/NiFe,
(Fe/Cr),,, (Co/Cu),, (Fe/Cu),, and (Co/Ru), to name just a few. In some cases the
MR is lar‘ge,z'18 as in (Fe/Cr),, and (Co/Cu),,. Currently18 the largest MR observed at
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room temperature is in the (Co/Cu), mﬁltilayer where the MR defined as

Ap/p =[R(0) — R(H,y)VR (Hyy ), is as large as 65 % for a saturating field H,, as
small as 10 kOe (see Fig. 1). Systems with a MR larger than 20 % are said to exhibit
a giant magnetoresistance (GMR) and could be very useful for applications in

microelectronic devices.

The phenomenon of MR is well known in non-layered bulk metals. When a mag-
netic field is applied to a normal (i.e., not magnetic) metal, the resistance increases
regardless of the orientation of the field with respect to the current or with respect to
the crystallographic axes. Increases in the resistance of many orders (a factor of a mil-
lion is not uncommon) can be seen in particularly pure, single crystalline samples at
liquid helium temperatures for applied fields of 100 kOe. At room temperature for
similarly large fields increases of a factor of ten can be observed in polycrystalline
~ samples.?! This positive MR can be understood by noting that the presence of a mag-
netic field produces electron trajectories that are convoluted or helical in nature. So
the net distance an electron can transport its charge before being scattered decreases

as the intensity of the magnetc field increases.

In bulk FM metals the phenomenon of negative MR is observed. In high quality
crystalline type FM metals at liquid-helium temperatures decreases in the resistivity‘as '
large as an order of magnitude can be seen? for applied fields as small as a 100 Oe.
This drop in resistance is related to the change of the magnetic domain structure of
the material induced by the external magnetic field; the material goes from a muli-
domain structure to a single domain. As a result the magnetic field experienced by the
electrons becomes more uniform, deconvoluting the electron trajectories. In addition
the removal of Bloch walls eliminates a source of electron scattering.2? Both effects
result in longer mean-free paths upon the application of a magnetic field.

From an applications standpoint the MR observed in the magnetic multilayers is
of greater interest than the MR found in bulk metals. Large magnetoresistances have

been found in magnetic multilayers at room temperature for low fields (less than a
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100 Oe) in samples which have high resistivities (greater than 20 p ohm-cm). In bulk

magnetic and non-magnetic metals with large MR all of these conditions, which are

important for applications, have not yet been met.

The negative MR in the magnetic multilayers has a different physical origin from
MR observed in buﬂc hbmogencous materials. A simple picture of the negative MR in
the multilayers can be discussed (Fig. 2) by assuming the electrical current is carried
in paralle] separately by the spin-up and spin-down electrons. With this assumption

the total resistivity‘ p(H ) takes the form
1 1 1

pH) pr pL

where pt ahd p, are the resistivities associated with the spin-up and spin-down elec-
trons. It should be noted that when magnetic moments in the different FM layers are
aligned either parallel or antiparallel to each other then the spin-up and spin-down
electrons throughout the entire multilayer can be associated with either the majority or
the minority spin electrons in a given individlial FM layer depending on its direction
of magnetization. When the magnetic moments of the different FM layers are in an
antiparalle] configuration (Fig. 2(a)) both the spin-up and spin-down electrons are
alternatively weakly and strongly scattered as they pass through the different layers;
SO Pt =Py, and. the total resistivity satisfies p(H =0) = (pt + py)/4, where © is
either T or L. The scattering environments experienced by the spih-up and spin-down
electrons are generally different when the magneﬁc moments of the FM layers are
aligned pérailel to each other (Fig. 2(b)). If the resistivity associated with one spin
component is much larger than the other, e.g. p; > p1, then p(H =Hy,) = pr. If in
addition p, for the antiparallel configuration is much larger than p¢, the smaller value
of the spincomponent resistivities in the parallel configuration, then
p(H =H,) < p(H =0) and there is a GMR. This is termed the short circuit effect.
The diamagnetic contribﬁtions associated with the helical trajectories that electrons

follow in the presence of a magnetic field makes a much smaller contribution to the
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MR in the magnetic multilayers in comparison to this spin-dependent short-circuit

effect.

Spih-ﬂip scattering alters the above picture of the short circuit effect. It is impor-
tant to distinguish between the concepts of spin-flip scattering and spin-dependent
scattering. The first refers to an évent in which, during scattering, an electron reverses
its spin orientation. The second one refers to the fact that electrons with different spin
orientations experience different potentials and have different phase-space distribu-
tions. The main source of spin-flip scattering is caused by spin waves, i.e., mag-
nons.24 As the temperature goes to 0 K spin mixing caused by magnons vanishes, but
a residual spin-mixing associated with spin-orbit coupling remains. In 34 transition
metals where spin-orbit coupling is small, spin-flip scattering cross sections are
estimated as being 100 times smaller than non spin-flip scattering cross sections.?2
Therefore in magnetic multilayers composed of 3d transition metals at low tempera-
tures spin-flip scattering is negligible in comparison to non spin-flip scattering, so the
current can be thoughf of as being carried separately by spin-up and spin-down elec-
trons. |

The spin-deendent. scattering which produces pt # p; in the magnetic mul-
tilayers can originate from either within the bulk of the layers or from the interfaces.
The presence of impurities or impérfecn'ons within the layers are a source of scatter-
ing. The fabricated multilayers are far from perfect, exhibiting resistivitiés between 20
and 80 p ohm-cm. Within the FM layers the different density of states for the spin-
up (majority) or the spin-down (minority) electrons result in spin—depéndént mean free -
paths. At the interfaces the presence of roughness (variations in layer thickness) is a
source of scattering. Experiments by Fullerton er al.?” indicate that increased interfa-
cial roughness in (Fe/Cr), enhances the GMR. Interdiffusion or mixing at the inter-
faces results in a alloy-like region near the interfaces. Parkin?® found that the addition
of thin Co léyers at the interfaces of NiFe-Cu multilayers enhanced the MR. The MR

increased monotonically as the Co layer increased to 4 angstrom, then became
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insensitive to the thickness of the Co layer with a MR similar to that of (Co/Cu),

despite the presence of NiFe layers sandwiched between the thin Co layers. Baumgart
et al.?® have found that ultrathin layers of elements (V, Mn, Ge, Ir, and Al) deposited
at the Fe-Cr interface lead to changes in the MR, which correlate with the ratio of
spin-up and spin-down resistivities arising from spin-dependent impurity scattering of
these elements when alloyed with Fe. This result is in agreement with the suggestion
of Baibich er al.? that the spin dependence of impurity scattering at the interfaces is

related to that observed®® in alloyed ferromagnetic metals such as Ni, Fe, and Co.

Theoretical considerations indicate in many magnetic multilayer systems the
nature of the scattering at the interfaces has a greater effect on the MR than the
scattering within the bulk of the layers. By fitting MR data of epitaxially grown
Fe(001)/Cr(001) multilayers to model-calculation results, Levy et al.®! concluded that
the ratio of the _'mtcrfacial resistivity to bulk resistivity is 0.83. Further confirmation of
the importance of the interface in the MR effect was provided by Barthélémy er al.32
who point out that the experimental data they obtained for epitaxially grown -
Fe(001)/Cr(001) multilayers seem to be m agreement with the variation of the MR
with

exp(- tCr/l* )

where fc, is the thickness of Cr layer and A* is a length of the order of the mean free
path. Such a variation of the MR with layer thickness is expected from spin-dependent
interface scattering. In contrast with this, if spin-dependent scattering occurred within

the Fe layers, a variation of the form
expl— (tg, + 21¢,)/ A¥]

would be expected. Barna$ er al.3* compared experimental data with their theoretical
. model, based on the Boltzmann transport equation with spin-dependent bulk and inter-
face scattering, and concluded that the experimental data favor the interface contribu-

tion as being the dominant one.
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Since interfacial scattering plays a significant role in the MR of many different

ferromagnetic-normal-metal multilayers, a realistic description of such scattering is
important. In chapters III and IV interfacial scattering is treated with increasing levels
of sophistication. In chapter III the inclusion of coherent spin-dependent scattering,
caused by the variation in the spin-dependent phase space that electrons experience as
they traverse aniixlncrface, is studied. This scatters electrons into well defined direc-
tions, which can be described using angle-dependent reflection and transmission
coefficients. The scattering caused by roughness and impurities at the interfacés is
treated in an averaged way -- by diffusely scattering a portion of the electrons into the
equilibrium direction. It is found that a large negative MR requires, in general, consid-
erable asymmetry in the interface scattering for the two spin orientations.3* In chapter
iV the scattering associated with roughness and impurities is no longer treated in only
an averaged way. The influence on the MR caused by scattering by interfaces with
the following characteristics is considered: (1) varying interfacial geometric roughness
with no lateral coherence, (2) correlated (quasiperiodic) roughness, and (3) varying
chemical composition.>® The interplay between these three aspects of the interfaces
may enhance or suppress the MR, depending on whether it increases or decreases the

asymmetry in the spin-dependent scattering of the conduction electrons.

In these studies the MR is found by calculating the in-plane spin-dependent resis-
tivities py for the parallel and the antiparallel configurations of the FM layers. This is
done by solving the Boltzmann equation in the relaxation-time approXimation for
ferromagnetic-normal-metal multilayers composed of 3d transition metals at low tem-

‘ peratures. In addition to depending oh the nature of the interfaces, the parameters that |
are varied in the calculation include: (a) geometric parameters (the thickness of the
layers), (b) intrinsic metal parametefs (number of conduction electrons, magnetization,
and effective masses in the layers), (¢) bulk sample properties (conductivity relaxation
times), and (e) outer surface scattering properties (specular versus diffuse scattering)

for multilayer systerns consisting of only a few layers.
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D. Figures for Chapter 1

Figure 1

Experimental plots of the MR, [R(H) — R (H 4 )VR (H,y), versus magnetic field (H)
at room temperature when the electrical current is in the plane of the layers for
(Co/Cu) multilayers having different buffer and cover layers: (1) solid curve is for
SiFe(50A)[8A Co/8.3A CulgFe(25R) (2) dashed curve is for SiRu(50R)[8 A
Co/8.3 & CulggRu(25 &). (Data from S. S. P. Parkin)

Figure 2
Representative electron trajectories in a ferromagnetic-normal-metal multilayer for a
spin T and a spin  electron when the magnetic moments are in (a) an antiparallel

configuration and (b) a parallel configuration.
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Fig. 1
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Chapter II: Itinerant-Electron, One-Dimensional Magnetic Superlattices

A, Introduction_

In this chapter I present one of the simplest models which has enough richness to
describe many of the properties of magnetic multilayers composed of materials with
itinerant-electrons in narrow bands. The model is an extension of that used by Penn!
to describe the magnetic properties of transition elements and alloys. The model? is
essentially a Hartree-Fock approximation to the one-band Hubbard model applied to
one-dimensional superlattices. Computations were performed with unit cells (chains)
composed of 16, 17, 18, and ‘19 sites consisting of alternating combinations of two
types of materials, including FM, AFM, and paramagnetic (PM) layers. Periodic boun-
dary conditions were imposed on the chains, so the multilayers become superlattices.
The spatial variation of the magnetization and the total energy of the ground state
were calculated for various values of an externally imposed uniform magnetic field.
Magnetic-field induced phasé transitions (at T = 0) were observed to occur in some
superlattices. Calculations were also performed in systems with frustration, in order

to understand how it influences the magnetization in a superlattice.

While the model chosen is extremely simple, its structure does contain important
features that describe a large variety of itinerant-electron magnetic superlattices.
Understanding the complex structures of a simple model is necessary before more
complex and realistic models can be considered. In section B the model is briefly

described. In section C the results of the computations are presented and discussed.

B. Model
The model chosen to represent multilayer systems consisting of transition-metal
elements or alloys is the one-dimensional nearest-neighbor one-band Hubbard model

in the presence of a magnetic field
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_ t t t t
H =311 i6Cine+¢TiveCic) + LUicTircirc iy ciy
i,0 i
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H

where the uniforrm magnetic field 4 (in energy units) is along the z-axis, and cf,-o
(c;g ) is the creation (annihilation) operator for an electron of spin ¢ in the state
located at the ith site. For all sites within a particular layer U; take the same value.
Separate layers in general have different values of U;. The hopping parameter 7; ;. is
set equal to — (the unit of energy of the calculation) for hopping between nearest-
neighbor sites within each layer and between different layers. The Hamiltonian is

treated in the Hartree-Fock approximation:

_ t t
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where G indicates the spin orientation opposite to 6. With trial wave functions similar
to those used by Penn!, a ground-state phase diagram for a sihgle layer as a function
of the parameters x =(U /t) and n, the number of electrons per site, was determined.
Energies of FM, PM, and AFM states were compared. The phése diagram is shown in

Fig. 1. By choosing various x; = U;/t and electron occupancies »; 52<cficcio> for
[+

each site i in each structure, a variety of multilayer magnetic systems cén be modeled.

The Hubbard Hamiltonian contains no long-range Coulomb interaction, and is
therefore susceptible vto large charge fluctuations, which are energetically very
unfavorable in real situations. In the approach taken here such fluctuations are com-

pletely suppressed by not allowing the existence of charge excess or defects at any
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site. The parameters n; are thus constant for each species; this is accomplished by

adding to Hyr on-site chemical potentials y; for each site i so that the resulting

“Hamiltonian operator

H'=Hpr - X W (cthircin+cTive) _ (3)

s

exhibits a ground state with the predetermined n;. This treatment involves a selfcon-
sistent loop needed tb determine the -chemical. potentials p;. .
Calculations were performed for different multilayers with two species, i.e., the
parameters x; and n; took, throughout the sample, only two different values. The mul-
tilayer samples consist of N sites with periodic boundary conditions, so that the
(N +1i) site is considered identical to the i site for every site i. Each sample con-

tained two or four layers of thickness L, such that

N=XL, ,
o

~and such that in each « layer there are sites of only one species. With a given

strength of the field %, the total energy of the ground state and the corresponding
expectation values | ‘
<clitig> i=l,---,N o,0o=T1
were determined selfconsistently, subject to the. constrainfs
<chrap+<clijap=n “)
the total value and orientation of the magnetic moment at each site could thus be cal-

culated

M; = Z<iclx‘o,+y‘cy+z‘cz|io’><c’i°cid> , )
6.0 ‘

where 0, , 6, and G, are the Pauli matrices:

01 o —i (10
0,=[1 0] o,—[,- 0] "z‘[o —1]
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All calculations were performed for M,= 0, i.e., all <c”;5c.. > were taken to be real.
y 10T

C. Results and Discussion

In all calculations the superlattices were composed of two materials in alternating

layers chosen from the following:

(1) a fully saturated FM state with x = 6 and n =-:- :
(2) an (insulating in the bulk) AFM state withx =6andn =1 ;

(3) a PM state withx = l and n = % , denoted by PM1;
_(4) another PM state withx =1 and n = % , denoted by PM2;
(5) a third PM state with x = 1 and n = 3, denoted by PM3.

The intersite hopping element ¢ between adjacent sites was taken to be constant
(the unit of energy of the calculation), either between identical or between different
spécies. . |

The above parameters correspond to no specific element. In the bulk the fully
saturated FM has IM; | = 0.25 at each site i. The bulk AFM state has partially
developed maéneticmoments, IM; | = 0.89, with fixed but arbitrary orientation, and
which alternate in sign between consecutive sites. An exact solution of the one-
dimensional Hubbard model® yields an insulating AFM ground state for half filling,

which is in agreement with the Hartree-Fock solution forx =6 and n = 1.

Fourteen different superlattices are reported here. The ground state of each, in the
limit as & — 0%, is shown in Figs. 2 through 15. The direction of the infinitesimal
magnetic field pointing in the z-direction is indicated by the small arrow located in the
center of the Figs. 2 through 15. An axis indicating the x and z directions is included
explicitly in Fig. 2. The orientation of the axis is the same in Figs. 3 through 15 as in
Fig. 2. The local magnetic moment (5) at each site is represented by a vector. The

sites are arranged in a ring to display more clearly the periodic boundary conditions.
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Of the fourteen cases here displayed, eight cases consist of periods of two alternating

layers with two interfaces present (Figs. 2, 5-8, and 11-13), while the other six cases
have periods with four layers and four interfaces present. The results have many dis-

tinctive features that should be noted.
(1) Magnitude of the magnetic moments.

The magnitude of the magnetic moments, i.e. the values of IM; | at each site i,
fall within a range of values for each species. These are: |

(12) For the FM layers 0.19 < [M; | £ 0.25 .

(1b) For the AFM layers 0.84 < IM; | < 0.89 .

(Ic) For the wvarious PM layers 0.06< IM;! <£0.25 for PMi,
0.02 < IM; | €033 for PM2, and 0.05 < IM; | 0.3 for PM3; it should be noted
that for PM3, as opposed to PM1 and PM2, the sites are always polarized, but never
fully polarized, i.e., the maximum value attained is 0.33, as opposed to a possible
maximum value of 0.75.

(2) Magnetic coupling at the interfaces.

| The coupling of the maghetic moments at the inierfaces tended to produce either
parallel (ferromagneu'c) or antiparallel (antiferromagnetic) couplings, never magnetic
moments at an angle to each other. The structures, however, because of frustration or
outside constraints (see beloW), exhibit some interfaces with magnetic moments at an
angle (see for instance Figs. 3, 13 and 15). In particular:

(2a) All FM/PM interfaces exhibit an induced magnetic morncni at the PM sites
which align themselves ferromagnetically with respect to (parallel to) the FM moment
(see Fig. 2).

(2b) In all AFM/PM interfaces the induced magnetic moment in the PM sites
aligns itself antiferromagnetically with re‘spcct to the moment of the last AFM site

(see Fig. 8).
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(2c) A similar antiferromagnetic heterogeneous coupling appears in all FM/AFM

interfaces (see Figs. 11-15).

(3) Magnetic arrangements within a single layer.

The FM or AFM couplings of the uniform samples tend to be preserved in the
corresponding layers. However, boundary conditions and external constraints modify
the behavior in each case. |

(3a) Whenever the magnetic moment in the FM is depressed at an interface (typi-
cally = 10-20% smaller than the bulk value), it tends to recover its bulk value
exponentially further inside the layer, with a healing length = 0.3 sites (see Figs. 2-4,
and 11-15).

(3b) Similarly the magnetic moment at the interface of an AFM layer decreases
by = 1-6% and recovers its bulk values exponentially with a healing length = 1.3
sites.

(3c) In superlattices which contain PM layers, their polarization depends on
whether there is a net magnetization present in the other layers, on the effective cou-
pling between magnetic moments at the interfaces (see above), and on the form of the
PM susceptibility x(q); in the AFM/PM superlattices shown here (Figs. 5-1>O) a spin-
density wave occurs in all PM layers with more than four sites; in the FM/PM super-
lattices (Figs. 2-4), spin-density waves where found in PM layers consisting of any |
number of sites. '

(4) Relative orientation of non-neighboring layers.

The relative orientation of two well separated layers is of great technological
interest, mainly in the case of FM layers.

(4a) Whenever possible, i.e., for small enough‘ ﬁelds and whenéver the boundary
conditions allow it, two consecutive FM layers separated by PM layers tend to align

Lhc.mselves antiparallel to one another (see Figs. 2-4).
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(4b) The coupling of FM layers in FM/AFM superlattices is dominated (in the

case considered here for which the AFM state is much more stable and much more
magnetic than the FM state) by the thickness of the AFM layer; FM layers tend to
align themselves parallel to each other if the number of sites in the intervening AFM
layer is odd, and Qndparallél to each other if that number is even. For a half-filled
band, the case considered here for the AFM, the Fermi wave vector is half the dis-
tance to the Brillouin zone boundary, and therefore the Fermi-surface induced oscilla-
tions (referred to as RKKY oscillations)? have a period of twb lattice sites, in agree-
ment with the results.
(4c) External constraints and frustration (see below) may change this behavior.

(5) Global symmetry of the ground-state arrangements.

All cases shown here (Figs. 2 through 15) exhibit a symmetry line, placed d@ays
vertically in the drawings. Thése symmetry lines are of two types

(5a) Mirror-image sites have identical spin orientations (Figs. 3 and 12).

(5b) Mirror-image sites have magnetic moments that have identical components
along the z axis, but components of identical magnitudé and opposite sign along the x
axis (Figs. 2, 4-10, and 13-15).

(5¢) In the case in which 311 spins have z-axis-only orientation both (52) and (5b)
apply (Fig.' 11). | |

(5d) Figs. 9, 10, and 14 show also an additional (horizontal) line of symmetry, of
type (5a).

(5e) Fig. 3 shows also an additional (horizqntal) line of symmetry, but of type
(5b). | |

(5f) Finally, Figs. 3, 9, 10, .and 14, all four-layer superlattices, can be thought of
as composed by two two-layer cells, related to each other by a half-period translation
followed by inversion of the x component of the spin (which is complete spin-

inversion in Figs. 9 and 10).
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(6) Frustration.

Although frustration -- incompatible demands on the spin arrangement -- is com-
mon in two- and three-dimensional problems, it is never present in infinite one-
dimensional systems. In one dimension it is always possible to arrange spins in a
sequential manner (from left to right, say) and thus avoid incompatible demands. In
more maﬁsﬁc three-dimensional models of superlattices, frustration may occur at
FM/AFM interfaces because of different pc;ssible arrangements of lattice sites, e.g.,
the presence of triangular arrangements and/or incompatible AFM couplings. It is
therefore important to understand how magnetization changes are caused by frustra-
tion.

It is possible in one-dimensional situations to obtain frustration conditions
artificially by imposing periodic boundary conditions with a period that is not compa-
tible with thé physical characteristics of the system. Such an artificially imposed frus-
trated situation in general disappears with a doubling of the unit cell, in which succes-
sive segments are allowed to take different i.e., not identical configurations. In the
cases reported here there are five such artificially (periodic-boundary-condition

imposed) frustrated situations: those shown in Figs. 2, 6, 7, 13 and 15.

The system of Fig. 2 is frustrated because the induced spin-density wave in the
PM is not compatible with a uniform orientation of the FM segments. Evidence of this

effect is given in the unfrustrated situation of Fig. 3.

The systems of Fig. 6 and 7 are frustrated because the natural periods of the
AFM and the induced spin-density wavé in the PM are not compatible within a single
combined period. When this incompatibility is removed (Figs. 5, 8, 9 and 10) the frus-
tration disappears.

The system shown in Fig. 13 can be viewed as a distortion of the system shown
in Fig. 11 in which a single site from the AFM layer is removed. The presence of
only two layers, the even number of AFM sites and the periodic boundary conditions

result in a frustrated situation. As a consequence the magnetic moments in the FM
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layer are at an angle to each other, resulting, in the full period of the FM-AFM super-

lattice, in an extra spin rotation of 180°, which compensates for the extra AFM sites.
A large part of the 180° net twist occurs at the FM/AFM interface with approximately
23.7° at each interface. A net twist of 90.6° occurs in the FM layer while only 42.0°
within the AFM layer. It is interesting to note that the magnitude of the magnetic

moments change -- between Fig. 11 and Fig. 13 -- by less than 1%.

In the system shown in Fig. 15 as in the system shown in Fig. 13 the frustration
results in a net 180° twist among the relative orientation of the spins from an unfrus-
trated configuration that would be present if anti-periodic boundary conditions (a dou-
bling of the unit cell) had been i:nposed instead, with less than a 1% change in the
magnitude of the magnetic moments.

The energetics of interfaces and frustration can be estimated from the various
calculations: the total encfg'ies are -6.411 ¢ for the case of Fig. 11, -6.061 ¢ for the

| case of Fig. 13, -6.006 ¢ for the case of Fig. 14, -6.302 ¢ for the case of Fig. 15, and
-2950 ¢ for a period 8 (four AFM, four FM; not shown) structure. Simple algebra

yields an energy of
-0.296 ¢ for the addition of an extra unfrustrated AFM atom;
0.041 ¢ for each AFM/FM interface;
0.027 ¢ for a single 180° "frustration twist" distributed over 16/17 sites;
0.053 ¢ for a single 180° "frustration twist" distributed over 8 sites.
(7) Orientation with respect to the outside field.

The ground state configuration of each superlattice considered was invariant
under a uniform rotation of all magnetic moments simultaneously. When performing
the calculations, the limit A — 0% was taken to give the ground state a preferred
orientation. For ground states with no net magnetization it was found that the indivi-
dual magnetic moments lined up in the direction perpendicular to the infinitesimal

magnetic field (Figs. 5, 8-10, 12, and 14): it is well known that for antiferromagnetic
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structures, i.e., structures with no net magnetic moment, it is energetically more favor-

able to orient the individual spins in a direction perpendicular to that of the
infinitesimal applied magnetic field

For structures with a net magnetic moment (Figs. 2-4, 6, 7, 11, 13 and 15); the
moment aligns itself, as expected, in the —z (favorable) direction of the infinitesimal
field h.

8 Magnetic-ﬁeld-induéed transitions.

All systems presented here were found to undergo, for'high enough magnetic
fields, a transition into a final phase in which all local magnetic moments are pointing
in the —z direction and are fully saturated. This occurred for fields & > h; , large
enough so that the Zeeman energy, M, h, becomes the dominant term in the Hamil-
tonian. In addition to this final transition, the symmetry present in sofne systems (Fig. |
11, and the artificially frustrated cases of Figs. 6, 7, and 15) guarantees that an earlier
phase transition at h = h. to a state of different symmetry takes place. This transition
occurs in systems where at least one site is on a mirror axis of symmetry 5b, with its
magnetic moment vector oriented along the unfavorable +z direction. Since for very
large fields the final orientation is along the (favorable) —z axis, either a discontinuous
transition takes place, or a state of intermediate broken symmetry appears. In all cases
examined here the latter case ‘applies, and the values of h, are indicated in the
corresponding figure captions. Two possible (mirror-image) broken-symmetry situa-

tions, with identical energies, appear.

D. Conclusions

The one-dimensional problem of heterogeneous periodic structures made from
itinerant magnets examined here shows a wealth of magnetic arrangements and transi-
tions unexpected from such a simple system. The basic mechanisms are relatively easy
to understand, but the variéty and muldplicity of possible effects are a continuous

source of surprises and unexpected results. The effects in real three-dimensional
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structures are probably even more complex, and the possibilities of new arrangements,

unexpected physical effects, and probable new practical applications make this field a

rich one to explore, both experimentally and theoretically.
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F. Figures for Chapter II

Figure 1

The bulk phase diagram for the one-dimensional model as a function of the pumber of
electrons per site n and the relative strength x of the Coulomb repulsion with respect
to the band hopping parameter. Only paramagnetic (PM), ferromagnetic (FM), and
antiferromagnetic (AFM) states were included. The AFM state has a periodicity of
two lattice sites. In the region marked PM only that state exists. In the regions marked
FM and AFM the corresponding states are stable with respect to the PM state. In
region 1 the PM state is stable and the FM state is metastable. In region 2 the AFM
state is stable and the FM state isv metastable. In region 3 the FM state is stable and
‘the AFM state is metastable.

Figure 2

Ground-state configuration of a multilayer structure of period 18 consisting of two
layers: 12 FM atoms and 6 PM2 atoms. The FM atoms are indicated by dashed circles
and the PM atoms by full circles. There is a net magnetic moment for the complete
period of 0.78 electron-spins in the z-direction of the (infinitesimal) magnetic field.
Note the mirror global symmetry (type 5b) along the vertical axis. This configuration
is frustrated because of the peniodic boundary conditions. Recall that the magnetiza-
tion in the y direction at each site i is zero.

Figure 3

Ground-state configuration of a multilayer structure of period 18 consisting of four
léyers: 6 FM atoms, 3 PM2 atoms, another 6 FM atomé, and another 3 PM2 atoms.
The FM atoms are indicafcd by dashed circles and the PM atoms by full circles. There
is a net magnetic moment for the complete period of 0.74 electron-spins in the direc-
tion of the (infinitesimal) magnetic field. Note that mirror-image sitgs along the verti-
cal axis have identical magnetic moments (Sa-type symmetry) whereas mirror-image
sites along the horizontal axis have thé x-component of the magnetic-moment vector

reversed (Sb-type symincﬁ'y).



28
Figure 4

Ground-state configuration of a multilayer structure of pcﬂéd 18 consisting of four
layers: 6 FM atoms, 4 PM2 atoms, another 6 FM atoms, and another 2 PM2 atoms.
The FM atoms are indicated by dashed circles and the PM atoms by full circles. There
is a net magnetic moment for the complete period of 0.71 electron-spins in the direc-
tion of the (infinitesimal) magnetic field. Note the mirror global symmetry (type Sb)
along the vértical axis.

Figure §

Ground-state configuration of a multilayer structure of period 16 consisting of two
layers: 8 AFM atoms and 8§ PM1 atoms. The AFM atoms are indic.atcd by dot dashed
circles and the PM atoms by fﬁll circles. There is no net magnetic moment in this
structure. Note the mirror global symmetry (type 5b) along the vertical axis.

Figure 6

Ground-state configuration of a multilayer structure of period 17 consisting of two
layers: 11 AFM atoms and 6 PM2 atoms. The AFM atoms are indicated by dot
dashed circles and the PM atoms by full circles. There is a net magnetic mofncm for
the complete period of 0.21 electron-spins in the direction of the (infinitesimal) mag-
netic field. This configuration is frustrated because of the periodic boundary condi-
tions. Note the mirror global symmetry (type 5b) along the vertical axis. Notice also
that, although the magnetic moment of the whole structure is oriented along the —z
(favorable) direction, the AFM site at the top of the structure, which is on the sym-
metry axis, is oriented in the +z (unfavorable) direction: this feature guarantees a

symmetry-breaking transition at a finite magnetic field h, = 0.045¢.
Figure 7
Ground-state configuration of a multilayer structure of period 19 consisting of two

layers: 11 AFM atoms and 8 PM3 atoms. The AFM atoms are indicated by dot

dashed circles and the PM atoms by full circles. There is a net magnetic moment for
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the complete period of ‘0.29 electron-spins in the direction of the (infinitesimal) mag-

netic field. This conﬁguration is frustrated because of the periodic boundary condi-

tions. the the mirror global symmetry (type 5b) along the vertical axis. Notice also |
'thaf, although the magnetic moment of the whole structure is oriented along the —z

(favorable) direction, the AFM site at the top of the structure, which is on the sym-

metry axis, is oriented in the +z (unfavorable) direction: this feature guarantees a
symmetry-breaking transition at a finite magnetic field h, = 0.0471¢.

Figure 8

Ground-state configuration of a multilayer structure of peﬁod 18 consisting of two
layers: 12 AFM atoms and 6 PM2 atoms. The AFM atoms are indicated by dot
dashed circles and the PM atoms by full circles. There is no net magnetic moment in

this structure. Note the mirror global symmetry (type 5b) along the vertical axis.

Figure 9

Gfound-state configuration of a multilayer structure of period 18 consisting of four
layers: 6 AFM atoms, 3 PM2 atoms, another 6 AFM atoms, and another 3 PM2
atoms. The AFM atoms are indicated by dot dashed circles and the PM atoms by full
circles. There is no net magnetic moment in this structure. Note that mirror-image
sites along the horizontal axis have‘idenu'cal magnetic moments (5a-rype symmetry)
whereas mirror-image sites along the vertical axis have the x-component of the
magnetic-moment vector reversed (5Sb-type symmetry).

Figure 10 | |

Ground-state configuration of a multilayer structure of period 16 consisting of four
layers: 4 AFM atoms, 4 PM1 atoms, another 4 AFM atoms, and another 4 PM]
atoms. The AFM atoms are indicated by dot dashed circles and the PM atoms by full
circles. There is no net magnetic moment in this structure. Note ihat mirror-image
sites along the horizontal axis have identical magnetic moments (5a-type Symmetry)
whcr‘eas’ mirror-image sites along the vertical axis have the x-component of the

magnetic-moment vector reversed (5b-type symmetry).
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Figure 11 '
Ground;statc configuration of a multlayer structure of period 17 consisting of two
layers: 8 FM atoms and 9 AFM atoms. The FM atoms are indicated by dashed circles
and the AFM atoms by dot dashed circles. There is a net magnetic moment for the
complete peﬁod of 1.00 electron-spins in the direction of the (infinitesimal) magnetic
field. Note the mirror global double symmetry (types 5a and 5b) along the vertical
axis. Notice also that, although the magnetic moment of the whole structure is
oriented along the —z (favorable) direction, the AFM site at the top of the structure,
which is on the symmetry axis, is oriented in the +z (unfavorable) direction: this
feature guarantees a symmetry-breaking transition at a finite magnetic field
h, = 0.0221. |
Figure 12
Ground-state configuration of a multilayer structure of bperiod 17 consisting of two
layers: 4 FM atoms and 13 AFM atoms. The FM atoms are indicated by dashed eir-
cles and the AFM atoms by dot dashed circles. There is, fortuitously, no net magnetic

moment in this structure.

Figure 13

Ground-state configuration of a multilayer structure of period 16 consisting of two
layers: 8 FM atoms and 8 AFM atoms. The FM atoms aré indicated by dashed circles
and the AFM atoms By dot dashed circles. There is a net magnetic moment for the
complete -period of 1.20 electron-spins in the direction of the (infinitesimal) magnetic
field. This configuration is frustrated because of the periodic boundary condiﬁons.
Note the mirror global symmetry (type 5b) along the vertical axis.

Figure 14

Ground-state configuration of a multilayer structure of period 16 consisting of four
layers: 4 FM atoms, 4 AFM atoms, another 4 FM atoms, and another 4 AFM atoms.
The FM atoms are indicated by dashed circles and the AFM atoms by dot dashed
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circles. There is no net magnetic moment in this structure. Note that mirror-image

sites along the horizontal axis have identical magnetic moments (5a-type symmetry)
whereas mirror-image sites along the vertical axis have the x-component of the

magnetic-moment vector reversed (5b-type symmetry). ' .
Figure 15

Ground-state éonﬁguration of a multilayer structure of period 17 consisting of four
layers: 4 FM atoms, 4 AFM atoms, another 4 FM atoms, and another 5 AFM atoms.
The FM atoms are indicated by dashed circles and the AFM atoms by dot dashed cir-
cles. There is a net magnetic moment for the complete period of 0.17 electron-spins,
with a component of 0.17 electron-spins in the direction of the (infinitesimal) mag-
netic field, and 0.02 clecu'on;spins in the perpendicular direction. This configuration is
frustrated because of the periodic boundary conditions. Noté the mirror global sym-
metry (type 5b) along the vertical axis. Notice that this structure has a well defined
chirality; the structure with M, inverted in each site is, of course, degenerate with it.
Notice also that, although the magnetic moment of the whole structure is oriented
along the —z (favorable) direction, the AFM site at the top of the structure, which is
on the symmetry axis, i.s oriented in the +z (unfavorable) direction: this feature

guarantees a symmetry-breaking transition at a finite magnetic field £, = 0.020:.
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Chapter III: Boltzmann Equation Approach to the Negative Magnetoresistance of

Ferromagnetic-Normal Metallic Multilayers

| A. Introduction

Since, as discussed in chapter I, interfacial scattering plays a significant role in
the MR of many different ferromagnetic-normal-metal mﬁltilay_ers, a realistic treatment
of the interfacial scattering is of importance. Camley and Barna$’s model!*? descrip-
tion of the MR effect, despite being one of the more complete proposed before this
thesis, makes a number of unsuitable approximations, in particular with respect to
interfacial scattering. They (A) neglect the difference in phase space available for
scattering of electrons with different spin; and (B) they néglect the angular depen-
dence of the transmission and reflection coefficients at the interfaces. These vapprox‘i-

mations are not made here.

The present model, an extension of the Fuchs-Sondheimer theory,>* uses a
Stoner description® of the itinerant ferromagnetic Fe layers: it introduces different
potentials for majority and minority spins. Band-structure and electron-density effects
are included only by means of a constant, metal- and spin-dependent potential, and an
isotropic effective mass for each spin in each layer. The different potentials in neigh-
boring layers results in coherent potential scatien'ng (i.e., refraction) of electrons as
they traverse the interface. It has been suggested® that this effect alone could accoﬁnt
for the observed spin-dependent transport properties and the dscillatory effects with
layer thickness.’ Spin-dependent potentials are élso responsible for different densities
of states at the Fermi level, i.e., different available phase space for the two different
spin orientations. This spm dependent scattermg mechanism was found to be impor-
tant in describing correctly the MR caused by domain-wall scattering in ferromagnetic
materials.® The angular-dependent effects are treated by a quantum-mechanical match-

ing of the electron wave functions at the interfaces. Impurity scattering at the interface
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and interfacial roughness are also a source of spin-dependent scattering, and they con-

tribute to the present model through a single spin-dependent parameter, in a way simi-
lar to that used by Camley and Barnas. | '

The model here also permits a comparison between Fe-Cu and Fe-Cr sandwiches
and cxplain‘s why, although the two systems have many similarities (e.g., long-range
oscillatory interlayer coupling), they exhibit a large difference in MR properties.

The model predicts the dependence of the MR on the thickness of the layers, on
the quality of the samples (mean free path) and on the quality (roughness) of the sur-

faces and interfaces.

In section B a detailed dcscription. of the model is given. In section C results are

presented. Section D contains the discussion and conclusions.

" B. Model

The in-plane conductivity has been calculated for threé-layer sandwich structures.
Figure 1 shows the system and defines the axes and geometric parameters. Both the
current and the time-independent electric field are in the £ direction. A sandwich con-
sists of three flat layers (labeled 1, 2 and 3) of infinite extent in the £ and the ¥ direc-
tions of thicknesses d;, d,, and d4. The structures investigated have identical fer-
romagnetic materials in layers 1 and 3 and a normal metal in layer 2. The symbols o

and B are used to denote the surfaces of layers 1 and 3 with the vacuum, respectively.

- For a given sandwich the conductivity was calculated for both antiparallel align-
ment, denoted o, and for parallel alignment, denoted o, of the ferromagnetic
moments of layers 1 and 3. Antiparallel alignment of ferromagnetic layers in the
absence of applied magnetic fields has been observed in Fe-Cr and Fe-Cu mul-
tilayers7'§ and is believed to be caused by an antiferromagnetic interlayer cou-
pling. 111 Application of a sufficiently large magnetic field causes the magnetic
moments to align parallel to one another. The magnetoresistance (Ap / p), is defined

by
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= Y

P pr. o

where p,, =(0,, )"\ Note that this quantity varies between zero and one (or
0 and 100%) whenever the resistance decreases upon the application of an external
magnetic field.12 |

The conductivity for both alignments is obtained by adding the contributions of
the spir_l-up and the spin-down electrons, calculated separately. This is the two-current
model,* which provides a good description of electron transport in magnetic 3d
metals. As mentioned in chapter I, spin-flip processes, which ‘rnix the two currents, are

neglected. It is known that their effect is small at low temperatures.'>

The electrons involved in transport are regarded as free-electron-like, with spheri-
cal Fermi surfaces. Within each layer the electrons move in a constant potential V;

which depends on the particular layer i and the spin ¢ of the electron.

The electron distribution function within each layer i and for each spin ¢ is writ-

ten in the form
ficviz) = f3) + gigviz) 2

which is independent of x and y by symmetry. In (2), the first term £, (v) is the
“equilibrium distribution in the absence of an electric field and g;4(v,z) is the deviation
~ from that equilibrium in the presence of the electric field. For an electric field of mag-
nitude E in the £ direction, the Boltzmann equation in the relaxation time approxima-
tion reduces to.

%io . _8ic _ _lelE of %
0z TV, migv, ov,

(3)

where v-t‘-c, is the relaxation time in layer i for spin ¢, and e is the charge of the elec-
tron. The second-order term, proportional to (E X g;4), has been discarded since non-
linear effects (deviations from Ohm’s law) are neglected. The Lorentz-force term,

proportional to (v x H/c), has also been dropped from the Boltzmann equation since
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it gives an effect which is orders of magnitude smaller than those considered here.!

Because of the boundary conditions it is useful to divide g;5 into two parts:
gis(v.2) 1f v, 20 and g;5(v,z) if v, <0. The general solution to Eq. (3) takes the

form

le 1T;,E 3f0 T ,
g,-f,(v,z) _ € 1T;g af (V){l + F,-f,(v)e ‘t;,lv,l} , @)

ic Ovy
where the functional form bf F;5(v) is determined by requiring the electron distribu-
tion functon to satisfy the boundary condition.s described below.
At the two outer surfaces, a and B, the boundary conditions are

+

8ic = Pas81sc at z=0 , _ (5)

83%c = Ppogids at z=d
where d = d; + d; + d3 is the total thickness of the sandwich. The specularity fac-
tors, Py and P s for the respective surfaces and for electrons of spin o, take values
between zero (completely diffusive scattering) and one (completely specular scatter-
ing) and provide a measure of the surface roughness. In (5), and in the boundary con-
ditions at the interfaces in (6) below, ihe'explicit functional dependence of the distri-

bution functions g5 has been dropped.

The boundary conditions for the potential (non-diffusive) scattering at the 1-2

and 2-3 interfaces take the form

8ic = SioRie8ls + SmicTac82 at z =d;

83 = SnzcRn08% + SppeTi8is at z =d; (6)
82 = S23;2;0R2303;o + S326732083 at z =dy +d; ,
836 = S330R108ic + Sn3cTnc8l at z =d; + d;

Here S;;,;.c which vary between zero and one, are factors that indicate the degree of

potential scattering at each of the interfaces i—j for a spin G electron arriving from
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layer i and being scattered into the layer I. The scattering follows the reflection-

~ refraction laws when S =1 and is completely diffusive when S =0. The notation
used for the transmission T and the reflection R coefficients is the following: T;;5 =
probability for an electron of spin 0/ in layer i to be transmitted (refracted) into layer
J i Rys = probability for an electron of spin & in layer k with a velocity directed
towards layer / to be reflected back into layer k. The equations and boundary condi-

tions, as written, satisfy all the necessary conservation laws.

The functional form of S;;,.; depends in detail on the nature of the interfaces. In
chapter IV specific interfacial morphologies are considered along with the correspond-
ing functional forms of §;;,;,. In this chapter only the averaged effects of the interfa-
cial scattering due to roughness and the presence of impurities are considered. Two |
parameters Sy and S,,, for the majority and the minority spins respectively, are intro- |
duced to describe the averaged effects of interfacial scattering. The scattering is taken
to be the same at each of the interfaces. Formally this éan be viewed as the case
when the function §;;,;.5 is independent of the direction and angle of incidence at the

interface and satisfies
SFsiFm =SFssM =SsFFm =SsFsm =Sy - ™
SFsiFim =SFSsim = SsFiFm = SsFisim = Sm

The subscripts S and F refer to a spacer layer and a ferromagnetic layer respectively.

The functional dependence of the reflection and transmission coefficients was
determined by matching the free electron-like (plane-wave) functions and their deriva-
tives at each interface. The solution to this problem, which is identical to that encoun-
tered in optics for an interface between two media with different index of refraction,

is shown schematically in Fig. 2. The reflection R and transmission T coefficients

take the form!4
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1 - k. (E®) P
R.. (E.0) = l ijo ] ’
ijoE9) [1 + hyo(E 0)
4Re [h,-jc,(E,e)]
T,-jc,(E,B) = 1 - R,IO(E,G)

o+ heE0f

Here 0 is the angle of incidence, measured with respect to the z-axis, of an electron
of energy E = -!2-m,-<,v2 + V5 in layer i with spin ¢ and velocity v moving in a con-
stant potential V;5. The scattering is completely elastic, i.e. ,I the energy of the electron
is a constant of the motion. The symbol Re means "the real part of"; the function

hijo(E ,8) has the form

The transmission and reflection cocfﬁciénts appeém'ng in (6) are related by
Rijo(E.0;)) = R;o(ES;)
ToE 8;) = Tio(E8))

where

sin; E -V,

sinf; E -V

this is a consequence of the principle of (optical) reversibility.!?

Substitution of Eq. (4) into the boundary Egs. (5) and (6) yields unique solutions
of FZ (v). The form of the boundary conditions are such that these functions depend
only on the magnitude of the velocity v and the cosine of its angle with respect to the
z-axis. Therefore, the functions can be written as F;% (v,cos6) where the plus sign
corresponds to 0 < 6 < n/2 and the minus sign corresponds td n2<O<T

The current density along the electric field in each layer i for electrons with spin

C is given by
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] jv, 8icv,2)d3v ®

| Mo
Jio(@) = ~lel p

where h is Planck’s constant. Substitution of Eq. (4) into Eq. (8) and the use of

Fermi-Dirac statistics for ;% yields

1 _——
Jio2) = G E %j Figu)(1-u2)e ™ gyt | ©)
J ' | |

. where the Fermi velocity vg;4 is given by

o A f2E Vi)
Fioc m‘_o
" for an electron with the Fermi energy Er. The mean free path, A;4, is defined by
Aic = Vgig Tis- The bulk conductivity of electrons from layer i of spin ¢ is denoted

by 6;, and is given by

3
4 VFi
0"-0. = ? T 82 Tio (mio)z [ th’ ]

The function F;4(u) is defined by the equation!®

~ Fi;(v,.-,-c,u) if uz2 O N
Filu) =

FisOEou) ., if u<0

Physically the first term in Eq. (9) corresponds to the current in a solid of infinite
extent with no surfaces or interfaces. The second term is a measure of the deviation in
the current caused by the presence of surfaces and interfaces. Plots are shown below
which show how the current is distributed throughout the trilayer. In order to obtain
the MR one requires the effective conductivity, which is found by averaging overvthe
whole film |

c = Fl—'i zj e (2) dz.

i =10=t!
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Integration yields

3 d;
¢ = 'Elog.icio[[j]

3 2 1 Z; _ 21
4 [_(,1_0] [au Q-udu Figu)le ™ —e | , 0
-1

where zo=0, z; =d,, z,=d, +d, , and z3 = d. The first term in Eq. (10) can be
interpreted as the bulk conductivity of each layer weighted by its relative thickness.
The exponential factors in Egs. (9) and (10), which go to infinity as ¥ — 07, are com-
pensated by the prefactor F ;o(#), which approaches zero rapidly enough in the same
limit to insure integrability. v

The MR, (Ap / p), is found by calculating independently the conductivities o=
and om. Although in some cases the ferromagnetic layers may be different, in all
results presented hefe it was assuxhed that the ferromagnetic layers 1 and 3 ai'e com-
posed of the same material with identical bulk properties. This assumption reduces
the number of parameters necessary to characterize a structure. Associated with thé
electrons in'layers 1 .and 3 are the minority (dcnotéd using a small subscript m) and
the rnaj'ority (denoted using a capital subscript M) spir{s with effective masses m,, and
myy, relaxation times 1, and Ty, and potentials V,, and V,,. The spin-up and spin-
down electrons in layer 2, which is the normal-metal or spacer layer, move in a poten-
tial V; with an effective mass m, and relaxation time T,. At the outer surfaces o and
B 6f the fenomagnetic layers 1 and 3 respectively, the surface scattering parameters
for the majority and the ininon'ty spins are described by Py, Py P, and Py, .
At the interfaces S, and S,;, describe the interfacial scattering of the majority and the
minority spins, respectively.

The values of the potentials are determined by treating all of the valence s and d
electrons as being in a single free-electron-like band with an isotropic effective mass.

The effective mass is, in general, taken to be larger than the electron mass, since the
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d electrons, which contribute to the density of electrons, are in narrower bands than

the free-electron-like s electrons. Within the ferromagnetic layers 1 and 3, the bands
for the .minority and the majority spins are shifted by a k-independent exchange
potential, yielding two different spin-dependent, constant potentiais, V,, and V),. The
value of the exchange splitting.is chosen so that the difference in the density of the
majority and the minority electrons yields the net magnetic moment of the bulk fer-

romagnetic material.

C. Resulits .
The theory, as developed thus far for a sandwich of two identical ferromagnetic
metals separated by a layer of a normal metal, includes 18 parameters:
three effective masses my,, m,,, and my;
three constant potentials V,, V,,, and V;
three relaxation times Ty, T,,, and Tg;
three thicknesses d;, dz, and dj;
four free-surface scattering parameters P oy, Py, Py and Pg,,;

and two interface scattering parameters Sy, S,,

The results presented here inchide only the cases for which the relaxation times
are identical T = 1,, = Tyy = T,. (The mean free paths of the minority and the majority
spins within the ferromagnetic layers 1 and 3 and for the spacer vmeta] are still
different, however, vsince the Ferq_li velocities are different.) The discussion of the
résults is -also confined to the situation dr = d, = d3 and d; = d,, since this is the
most common case. At the outer surfaces all Ps are taken to be identical
P =Puy =Py = Ppy = Ppn. The spin-dependence of these parameters is caused
mostly by magnetic impurities, which are taken not to ‘bc present at the outer (identi-
cal) surfaces. |

Results are given for two different multilayer systems, Fe-Cr and Fe-Cu. In these

three metals the isotropic effective mass is assumed to be independent of the material
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and spin orientation with a value my; = m,, = m; = 4.0 x free-electron mass. With

this effective mass the potentials, with respect to the Fermi energy Eg chosen to be at
Er =0, are

Vy =-823¢eV,V, =~573 eV for Fe;

Vs, =~ 5.77 eV for Cr;

V, =—8.54 eV for Cu.

Figure 3 shows the potenﬁal energies: V., V,,, and V, for Fe-Cu for the spin-up and
spin-do§vn electrons for both the parallel and the antiparallel configurations.

Thev parameters that remain to be specified for each case (Fe-Cr and Fe-Cu) are
altogether six: (A) two geometric parametefs dr and d,, the thicknesses of the fer-
romagnetic and spacer layers respectively; (B) one relaxation time T, which depends
on bulk sample properties; (C) one outer-surface scattering parameter P (the rough-
ness of the outer surfaces); and (D) two interface scattering parameters Sy, S,
(diffuse scattering versus potential scattering at the interfaces forb the majority and the
minority spins respectively).

Even with these speciﬁcatidns, the phenomena under consideration are compli-
cated functions of the 6 variables, and the task of describing these deperidencie_s is not
simple. In general terms, and with exceptions, it is found that (Ap / p) is a strong
function of the surface and interface parameters P, Sy, and S,,, and a relatively weak
functon of the thicknesses and the mean free path. For example, as P, Sy, and S,
vary between O and 1, the calculated (Ap / p) varies between O and 92.7% for Fe-Cr
trilayers and O and 94.4% for Fe-Cu trilayers, when values of dFv =d, =10.0 A and
1=50x 1035 are chosen. Figures 4 and 5 show the regions in this three-
dimensional "surface and interfacial” parameter space where (Ap / p) is greater than
20% for these values of dr d, and T. With this choice of 7, the mean free paths are:
(1) 4,250 A for the majority-spin and 3,540 & for the minority-spin electrons in Fe; (ii)
3,560 A for electrons in Cr; and (iii) 4,330 A for electrons in Cu. These values

correspond to all mean free paths which are orders of magnitude larger than the film
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thicknesses, i.e., the clean-film limit, where surface and interface effects are supposed

to be paramount.
Some of the interesting results of the calculations are illustrated in Figs. 4-11. It
was found in general that: |

(A) The magnetoresistance (Ap / p) increases with increasing values of P,
.except in the region where S, = §,, = 1 (see Fig. 6).

(B) The magnetoresistance (Ap / p) is in general small (only a few percent)
when Sy, = S,,, except when both parameters are very close to 1 (see Figs. 4, 5 and
7).

(C) The magnetoresistance (Ap / p), as a function of d, exhibits a variety of
behaviors which include (i) a monotonic decrease with increasing dr; (ii) an initial
increase followed by a decrease (a single maximum); (iii) a decrease, followed by an
increase and a subsequent decrease (a minimum followed by a maximum); in all cases
the asymptotic value as dr — oo is zero (see Fig. 8).

(D) The magnetoresistance (Ap / p), as a function of increésing d,, exhibits
either (i) a continuous monotonic decrease, or, most commonly, (ii) a single max-
imum!7 at a value of d; of the order of dr; the asymptotic value as d, — oo is also
zero (see Fig. 9). _

(E) The maghetoresistance (Ap / p), as a function of the relaxation time 7, either
(i) increases monotonically and saturates at a maximum value, or, most commonly, (ii)

increases to a maximum, and then very gradually decreases (see Fig. 10).

Figufes 4 and 5 contain information on how, for specific values of dr_d;, and 1,
the quality of surfaces and interfaces influences the MR. As the surface scattering
parameter P increases from O to 1, i.e., as the scattering becomes less diffuse (or
equivalently the surface roughness decreases) the MR in general increases. It is also
evident from these two figures that the region of large MR is close either to the plane
Sy =1, or to the plane S, = 1, and away from the plane Sy, = S,,. There is a very

large asymmetry between S, and S, in Fe-Cr, but considerably less so in Fe-Cu.
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It is interesting to note that when P = 1, the MR of the trilayer becomes identi-

cal to that of an infinite multilayer or superlattice. A specular-scattering event makes
the electron traverse the same ferromagnetic layer for a second time in the opposite
direction or, equivalently, "continue” through a mirror-image of the film. Therefore, if

for both surfaces P = 1, then as far as the MR is concerned, a trilayer
vacuum | dp | dg | dp | vacuum
is exactly equivalent to an infinite, periodic superstructure
1 2dp 1 dg | 2dp 1 dg | 2dp | d; I2d;;l .

As seen above, the MR increases in general with P, because the number of interfaces
where magnetic scattering can occur "increases” as P increases. When realistic values
are chosen for the parameters, the MR is found to increase by as much as An order of
‘magnitude when P increases from O to 1. This fact can be reinterpreted as an increase
in the MR as the number of magnetic interfaces encountered by an electron within its
bulk mean-free path increases.

Experimentally it is found thét the more layers a sample has, the larger the MR.
The (liquid He temperature) MR in Fe-Cr trilayers prepared by molecular-beam-
epitaxy methods is found to be a few percent,!® while the MR is found to be nearly.

50% Fe-Cr in multilayers prepared by the same method at the same temperature.!’

D. Discussion and Conclusions

Figui-c 4 shows a marked asymmetry in the dependence of (Ap / p) on S, and
S,., i.e., the majority- and minority-spin interface scattering have a very different
effect on the MR. By contrast, a large asymmetry is not present for Fe-Cu (Fig. 5).
Figure 3 shows the potential energies for Fe-Cu for both the parallel and the antiparal-

lel configurations. It is seen that

IV, 1= 1Vl <1V, |
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On the other hand the bottom of the band for Cr is lower than, but much closer to that

for the minority spins in iron, i.e., in the Fe-Cr samples
Wyl <1Vl =1V, |

The difference in V; has a large effect on the MR, as can be seen in the plots of the
in-plane current distribution across the trilayers. Shown in Fig. 11 are the in-plane
currents for the parallel (P/) and the antiparallel (An) configurations of Fe-Cr with
Su =0, S» =1, and P =0.5; the contributions to the current of spin-up and spin-
down electrons are plotted separately. For the chosen set of parameters the (4 Pl)-
electrons undergo completely ‘non-diffusive scattering at both iﬁterfaces, whereas
(L An )-elécrrons and the (T)-electrons in both configurations undergo completely
diffusive scattering either at one or at both interfaces. The current carried by the
(4 PI)-electrons is the largest of the four contributions because those electrons are, in
fact, never "randomized" at the interfaces, i.e., their current is not degraded by
diffusive interface scattering. The fact that (Apv/ p) is determined by the difference of
the conductivities of the parallel and the antiparallel configurations, which are each
-proportional to the sum of the currents carried by the spin-up and spin-down elcctronﬁ,
explains why (Ap / p) is large (50.6%) in this case.

A fraction of the ({ Pl)-electrons in the Cr layer, those incident at low-grazing
angles upon the Fe/Cr interfaces, are totally internally reflected, since 1V | < IV, |.
These electrons scatter diffusively only within the bulk of the Cr layer and so are able
to follow long trajectories (a full mean free path) before being scattered.?’ This
phenomenon leads to a "channeling effect” within the Cr layer. It explains why the
current carried by the (4 PI)-electrons is larger in the Cr layer than in the Fe layers. |

Figure 12 shows how the in-plane current is distributed across another Fe-Cr tri-
layer, but for Sy, =1, S,, =0, and P = 0.5 of Fig. 4. In this case only the (T PI)-
electrons are scattered non-diffusely at both interfaces. Since |V 1 < V), |, channel-

ing does not occur in the Cr layer, and the current is actually larger within the Fe
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layers. Channeling can only take place in the Fe layers and only when P is close to

one. Therefore the regions where the MR is large, ie., (Ap/ p) > 0.2, when Sy, is
close to one, are clustered around P = 1. Even when P is close to one the MR is not
very large; channeling occurs in only one of the Fe layers for both the (T An)- and
(4 An)-electrons. Thus the difference [ott — on] in (1) for Sy=1S8,=0, and
P =1 is considerably smaller, (Ap / p) = 0.411, than that for with Sy, =0, S, =1,
and P =1, (Ap / p) = 0.927.

In the Fe-Cu trilayer, since |V ! is greater than |V, | and 1V, |, channeling
occurs in the Cu layer when either S, or S,, are close to one for the (T PI)- or the
(4 PI)-electrons, respectively. Channeling within the Cu layer, fdr either S, or S,

close to one, leads to a large MR and to the symmetric-looking plot of Fig. 5.

Interesting surface and size effects occur when both Sy and S, are close to one.
The vacuum-metal interfaces now dominate the scattering processes, and the MR actu-
ally decreases as P increases, as can be seen in Figs. 5 and 6. For well formed inter-
faces,. i.e., for S5= 1, the MR is enhanced by greater surface roughness. 'For
smoother surfaces, as P approaches one, the current within the Fe layers increases
relative to that within the Cu layers. In the extreme case when all tﬁ;'ee

P=Sy=58,= 1, the current within each layer for each spin is directly proportional
3
to the density of electrons of that spin in that layer, i.e., to | V;5| 2. Under these con-

ditions the size effect disappears, and the MR vanishes. The trilayer becomes a super-
lattice with no diffusive scattering at the interfaces. This result, (Ap /p) =0 for
P =8, =S,, =1, is valid for any combination of materials and for all values of d;
and 7 (or any other of the geometric and bulk parameters of the general model).2! It
follows from the fact that potential scattering of the electrons at the interface is com-
pletely microscopically reversible, so that the conductivity of the multilayer is equal to

the sum of the bulk conductivities in each layer independently.
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In the opposite case, when S5 = 0 for all interfaces ( i.e., rough interfaces with

completely diffusive scattering), (Ap /' p) = 0 once again, this time regardless of the
value of P, the types of materials in the trilayer or the values of any other parameters.
In this case there is no coherence between the ferromagnetic layers. The individual
layers are uncoupled and the conductance of the trilayer becomes equal to the sum of
the conductances of three layers having rough surfaces, P =0 (thié is the case

obtained analytically in Ref. 4).

The experimentally observed values of MR in Fe-Cr and Fe-Cu multilayers can
be matched by the calculatioﬁ with a proper choice of the parameters. However, the
model in its present form, which considers all of the valence s and 4 electrons as
comprising a single band with a single isotropic effective mass, yields effective resis-
tivines p:t and pr: which are about an order of magnitudc smaller than those meas-
ured in' multilayer structures. The effective resistivities are too small because the
model has too many free-electron-like conduction electrons: eight in Fe, six in Cr, and
eleven in Cu. Proper consideration must be taken of the fact that, in these metals, s
and d electrons comr;bute very differently to the transport properdeﬁ. The narrow
character of the d-bands has been accounted for in the si.ngl-e-band approach by a sin-
gle, large, isotropic effective mass, four times larger than the free-electron mass. A
better approach to the problem would be to include a realistic band structure with its
12 bands, wide and narrow, as well as the hybridizétion'and spin polarization. Such a

treatment would make the calculations much more involved, if not impossible.

Within the confines of a single-band mode!l a simple, natural way to.decrease the
numbervof conduction electrons is by reducing the density of the electrons in each
layer by a constant scaling factor, ¥, independent of the material and the spin of the
¢lectrdn. It should be stressed thatl the introduction of such a scaling factor does not
change the form of the results found above. The number of electrons and the magneti-

~ zation decreases by a factor of y. The resistivites pr and pt increase by a factor of
1
about v, and (Ap / p) decreases by a factoif of about 73. A value of Y= 8 was chosen
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for making comparisons with experimental data. With this value the number of

effective fme—_elcctron-like conduction electrons are: 1.00 in Fe, 0.75 in Cr, and 1.38
in Cu. Calculations were able to yield values of the MR and the resistivities, pt and

pri, similar to those measured experimentally.

In order to model multilayers, which consist of several layers, the surface param-
eter P is taken to be one. Baibich er al.!® found that a mulilayer of
(Fe 30 Arcr 9 .2\)60 , prepared by molecular beam epitaxy, had (Ap / p) = 0.46 and
an absolute resistivity change of about 23 uQ cm. With P =1, §,, =0, Sy =1,
dr =304 , d,=9A& and t=1x103s values of pr=261puQcm and
pri =47.6 uQ cm were calculated, which corresponds to (Ap / p) = 0.452 for the
MR. When P is set equal to zero, with the values for the other parameters
unchanged, calculations yield pr=63.5uQcm, pru=742uQcm, and
(Ap / p) = 0.144 for the MR. Experimental values of p are between 20 and
80 uQ cm. With this choice of v, T, and effective mass ( i.e., an effective mass of
four times thé electron mass), the bulk mean free paths are: 425 A for the majority-
spin and 354 A for the minority-spin electrons in Fe; and 356.3 for the electrons in
Cr. | ,

Petroff er al.® report that a multilayer (Fe'15 A/Cu 15 X)so made by sputter-
ing, had the following characteristics: pm = 248 uQ cm, pru=278 pQ cm, and
(Ap /p)=0108. With P =1, S, =072, Sy =093, dr=d, =152 and
T1=1x 10735 values of prr=24.1 uQ cm and prn =27.0 uQ cm were calculated,
which cofrespond to (Ap / p) =0.107. Here the bulk mean free paths are: 425 A for
the majority-spin and 354 A for the minority-spin electrons in Fe; and 433 A for the
electrons in Cr.

Calculations predict that a trilayer with completely diffuse scattering at the sur-
face, P = 0, and with atomically clean interfaces, Sy = S,, = 1, can have a sizable
MR (caused by the "channeling effect” discussed above) when the density of spin-up

and/or the spin-down electrons is greater in the spacer layer than the corresponding
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ones in the outer ferromagnetic layers. For example in Fe-Cu, where the density of

electrons is greatest in the Cu layer, the results pr=10.1uQ cm,
pit =163 uQ cm, and (Ap / p) =0.382 wére found when y=8, dr =d; = 10 and
T=5x107s.

As clearly seen in Figs. 4 and 5, a large MR requires, in general, a large
difference in interface scattering for the different spins. When Sy, = S,, (with some
exceptions, see Fig. 5 and the size effect discussed above) the MR is found to be not
more than a few percent. Therefore a large MR cannot be explained as being caused
solely by different densities of electrons with different spins, which vary from layer to
layer. What is required is a spin imbalance and a spin-dependent scattering mechan-
ism at the interface, i.e., Sy #S,,. When sﬁch a spin-dependent scattering mechan-
ism exists, for example when magnetic impurities are present at the interfaces, the MR
is profoundlyvinﬁuenccd by spatial variations in the density of electron spins. This is

the main cause of the GMR effect in ferromagnetic multlayers.



E. References for Chapter I

1

10

11

12

13

J. Bamna$, A. Fuss, R. E. Camley, P. Griinberg, and W. Zinn, Phys. Rev. B 42,
8110 (1990).

R. E. Camley and J. Bamna$, Phys. Rev. Lett. 63, 664 (1989).

K. Fuchs, Proc. Cambridge Philos. Soc., 34, 100 (1938).

E. H. Sondheimcr, Adv. Phys., 1, 1 (1952).

E. C. Stoner, Proc. Roy. Soc. London A, 165, 372 (1938).

P. Baumgart, B. A. Gumey, D. R. Wilhoit, T. Nguyen, B. Dieny, and V.
Speriosu, J. Appl. Phys. 69, 4972 (1991).

S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rev. Lett. 64, 2304 (1990).

G. G. Cabrera, and L. M. Falicov, phys. stat. sol. (b) 61, 539 (1974); 62, 217
(1974).

F. Petroff, A. Barthélémy, D. H. Mosca, D. K. Lottis, A. Fert, P. A. Schroeder,
W. P. Pratt Jr., and R. Loloee, Phys. Rev. B, 44, 5355 (1991).

S. S. P. Parkin, Phys. Rev. Lett. 67, 3598 (1991).

P. M. Levy, S. Zhang, A. Fert, Phys. Rev. Lett. 65, 1643 (1990).

It should be noted that the magnetoresistance (Ap / p), as defined, is positive
when it refers to what is usually called a negative MR. Only cases with
(Ap / p) 2 0 are considered in this contribution. Situations where (Ap / p) <0
(ordinary magnetoresistance) may occur in the model when the relaxation times
;5 for spin ¢ take different values in different layers i. Such cases are not dis-
cussed here. ’

A. Fert and 1. A. Campbell, J. Phys. F: Metal Phys. 6, 849 (1976); 1. A. Camp-
bell and A. Fert, in Ferromagnetic Materials, edited by E. P. Wohlfarth (North-
Holland, Amsterdam, 1982), Vol. 3, p. 769. |



14

15

16

17

18

19

20

65
For the sake of simplicity the formulas for the reflection and transmission

coefficients are written exclusively for the case in which the effective masses are

the same on both sides of the interface, i.e., m;g = mjg.

See for instance E. Hecht and A. Zajac, Optics (Addison-Wesley, Menlo Park,
1974) p. 91.

It should be noted that the function F; 4(u) has an analytic form and can be writ-
ten as a closed expression. The expression takes a somewhat simpler form for
long mean free paths. It, however, contains in all instances the transmission and
reflection coefficients and, when inserted in Eq. (10), it yields expressions to;)
complicated to be evaluated anélytically. For the sake of brevity the expression is

not included here.

The observed maxima in the magnetoresistance shown in Fig. 9 are caused by
the fact that most of the effect is caused, as discussed below, by a channeling
effect -- within the spacer layer -- of the spin for which § = 1. As d; — 0 the
contribution of the "channel" to the current becomes smaller, the electrons of
both spins are subject in all configurations to the strong diffuse scattering of the
free surfaccs, and the magnetoresistance decreases with decreasing d;.

A. Chaiken, T. M. Tritt, D. J. Gillespie,v J. J. Krebs, P. Lubitz, M. Z. Harford,
and G. A. Prinz, J. Appl. Phys., 69, 4798 (1991).
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It should be noted that the channeling effect, per se, does note necessarily lead

to a large magnetoresistance, as can be seen from the case shown in Fig. 6
[(Ap/p) = 0 for P =Sy =S, = 1]. The large magnetoresistance appears when,
in the parallel arrangement, there is channeling for only one spin and diffuse
interface scattering for the other one. In that case, in the antiparallel arrangement,

both spins partake in the diffuse scattering, and the long electron trajectories (and
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the channeling) are lost.
The particular result (Ap/p) = 0 is falid for P = S, = S,, = 1 and for any combi-
nation of geometric and intrinsic metal parameters as long as T;5 = T4, i.€., the

relaxation times for each spin are the same in all layers of the system.
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F. Figures for Chapter II1

Figure 1

Schematic diagram of the fenomagnetic-norrhal-ferromagnetic metallic trilayer. Axes
and thicknesses are defined. '

Figure 2

Schematic diagrams of the scanéﬁng processes at (a) the vacuum-metal free surface
and (b) the metal-metal interface. The parameters P and S, define the fractions con-
trolled by the pofentia.ls. In (b) S o R is the probability of specular scattering; S5 T is
the probability of transmission (refraction) intd the other metal. The isotropic, diffuse
scattering parts are (1—P) and (vl —-Sg), respectively.

Figure 3

Schematic diagrams of the potentials for the spin T and spin | electrons in the paral-
lel (TT) and the antiparallel (TJ) configurations of an Fe-Cu-Fe trilayer.

Figure 4

The region in three-dimensional parameter space (P,SM,Sm) where (Ap / p) > 0.2
for the parameters corresponding to Fe-Cr and dp = d; = 104, and T=5.0x 10°85.
The three parameters vary between O and 1.

Figure §

The region in three-dimensional parameter space ( P,Sy,S, ) where (Ap/p) > 0.2
for the parameters comesponding to Fe-Cu and dr =d; = 10A , and
7=5.0x 107135, The three parameters vary between 0 and 1. '
Figure 6 -

Variation of (Ap/p) as a function of P for the parameters of Fe-Cr,

1=50x 1035, dp = d, = 104 and various values of Sy, and S,,.
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Figure 7

Variation of (Ap/p) as a function of S, for the parazfxeters of Fe-Cr,
1=50x10"5, dr =d, = 104 and four different values of Sy, and P: (1) chain
dashed curve Sy = 1 and P = 0.5; (2) dashed curve Sy =1 and P = 1; (3) chain dot-
ted curve S, = 0.5 and P = 1; and (4) solid curve Syy =0 and P = 1. lb
Figure 8

Variation of (Ap / p) as a function of dp for the parameters of Fe-Cr, d; = 104 ,
T=5.0 x 10735 and three different values of Sy, S,, and P: (1) chain doncd curve
Sy =S, = 0.8 and P = 0; (2) dashed curve Sy = S,, = 0.8 and P = I; and (3) solid
curve Syy =S, =land P =0. |
Figure 9

~ Variation of (Ap / p) as a function of d; for the parameters of Fe-Cr, dr = 104 ,
1=5.0x 10735 and three different values of Sy» S, and P: (1) chain dotted curve
Sy =S, =0.9 and P = 1; (2) dashed curve Sy, =05, §,, =1 and P =0.5; and (3)
solid curve §), =1, §,, =0and P = 0. |

Figure 10

Variation of (Ap / p) as a function of 1 for the parameters of Fe-Cr, d; = dr = 10A ,
P =1, and three different values of S), and S,,: (1) chain dotted curve Sj; = 0 and
S, =0.7; (2) dashed curve Sy =0.5 and S,, =1; and (3) solid curve Sy =1 and
S, =0. '

Figure 11

Distribution of the in-plane current (J,) (plotted in arbitrary units) over the thickness
of an Fe-Cr-Fe trilayer. The contribution to the current from the spin-up' and the spin-
down electrons is plotted in the parallel and the antiparallel configuration of the Fe-
layer magnetic moments: (1) solid curve is the ({ P!)-electrons; (2) chain dotted curve
is the (TPI )-electrons; (3) dashed curve is the (4 An)-electrons; (4) chain dashed

curve is the (T An)-electrons The values of the parameters are: T=5.0 x 10713,
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dp =d, = 104,85, =0,5, =1,and P = 0.5,

Figure 12

Distribution of the in-plane current (J,) (plotted in arbitrary units) over. the thickness
pf an Fe-Cr-Fe trilayer. The contribution to the current from the spin-up and the spin-
down electrons is plotted in the parallel and the antiparallel configuration of the Fe-
layer magnetic moments: (1) solid curve is the (4 Pl)-electrons ; (2) chain dotted
curve is the (T Pl)-electrons ; (3) dashed curve is the ({ An)-electrons; (4) chain
dashed curve is the (TAn)-electrons. The values of the parameters are:

1=50x10"3,dr =d, =10&,8,=1,5, =0,and P = 0.5
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Chapter IV: Effects of Interfacial Roughness on the Magnetoresistance of
Magnetic Metallic Multilayers

A. Introduction

A precise description of the character of the interfaces and the resulting spin-
dependent scattering mechanisms in magnetic multilayers is currently unavailable
either from experiment or from theory. There are several possibilities, which depend
on the growth conditions and the materials used during fabrication. Interdiffusion may
be present and intermix the elcmcn_is within a region around each of the interfaces.
By contrast there may be regions, laterally along the interfaces, with little
interdiffusion but with variations in thickness, i.e., geometrical roughness. The varia-
tions in thickness may vary in a random manner with little lateral coherence, or there
may be steps and terraces with considerable correlations. In addin’on there may be
chemical impurities at the interfaces that may have been introduced, intentionally or
unintentionally. Ih principle both the position and the type of atoms present at the

interfaces can influence the spin-dependent scattering of the conduction electrons.

In this chapter I present an extension of the semiclassical (Boltzmann) approach
of chapter IIl, that looks at how particular changes in the structure and the chemical
composition of the interfaces influence the interfacial spin-dependent scattering
mechanism and, more importantly, the MR. Specifically I consider how the MR is
affected by: 1) variations in the size of the geometrical roughness, the mean square
deviation of the surfaces from being atomically flat, with no lateral coherence; 2) the
presence of correlated (quasi-periodic) roughness; and 3) the chemical composition of
the interface. With few exceptions, the simple rule that emérged in chapter Il does
not change. That is, in order to have a GMR, it is advaniageous to have a large asym-
metrical spin-dependent interfacial scattering mechanism, with one spin component
largely scattered diffusely, and the other mainly scattered coherently by the potentials.

What emerges from this study is an understanding of how different qualities of the



83
interfaces leads to asymmetrical spin-dependent scattering. In some cases the interplay

of the different aspects of the interfaces I mention above may enhance the asymmetri-
cal nature of the interfacial spin-dependent scattering and hence the MR; in other

cases it may decrease the asymmetry and correspondingly sﬁppress the MR.

As in chapter III -- an extension of the Fuchs-Sondheimer theory!? and Camley
and Barnas’s approach®* to multdlayers — I use a Stoner description® of the itinerant F
layers; there are different potentials for the majority and minority spins. Band-
structure and electron-density effects are included by means of constant metal- and
spin-dépendem potentials, and an isotropic effective mass for each Spin in each layer.
As an electron traverses an F-S interface the potential difference between the layers
causes it to be partially reﬁccted; with a probability R, and partially transmitted
(refracted) into the other layer, with probability T. The éoefﬁcients R and T are
determined by quantum-mechanical matching' of thé wave functions at the interface,
"and found in general to depend on the Fermi velocity, the orientation of the spin, and
the angle of incidence. In addition a single spin-dependent parameter S is introduced
at -each interface to characterize the fraction of electrons which are coherently scat-
tered by the potential. The remainder, (1-S), is assumed to be diffusely scattered back
to the equilibrium distribution. In chapter III it was assumed that S was independent
of the angle and direction of incidence. It represents the averaged effects of any
spin-dependent interfacial scaitering mechanisms present at the interfaces not caused
by the potential difference. In other words, it represented the average effect of the
structural ‘and chemical imperfections at the interfaces. In bthis chapter 1 show that itv
is possible to quantify specific information about the interfaces by allowing S to
depend more generally on the angle and direction of incidence, and the spin orienta-
tion.

Section B contains a discussion of the interfacial'scattering parameters, S. In sec-
ton C results are presented for various interfaces in (Fe/Cr), and (Fe/Cu), mul-

tilayers. Section D contains the conclusions.
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B. Interface Parameters

When there is little interdiffusion, an interface separating a spacer and a fer-
A romagnetic layer can be described by a function z = z;; + L(x,y), where z is the coor-
dinate normal to the layers and z;; is the average coordinate of the interface, z;, = d,
or 233 =d; + d,. In general the specific form of the function { for a given interface
is unknown: a statistical description of an interface is appropriate. A common

approach® is to consider { as a random variable with a gaussian distribution

= 1 "§2/21'1
w() on e

that is independent of position in the (x,y)-plane, so that

M = V<{(x,y )

and that the in-plane correlation function between two points in the interface is
¢ ["’1 -l ] = <(ry) §(ry)> 1 <(r)>2 = ¢~ MRV

where r; =x;X+y;§ and L is the correlation length. For a finite nonzero L, the
boundary condidoﬁs, Eq. (6) in chapter IIl, must be replaced by a set of integral equa-
tions, since the diffuse scatterihg makes a contribution to the current. In the limit as L
goes to zero the diffuse scattering no longer contributes to the current, Eq. (6) in
chapter III is valid,!° and the function Siju4.c takes the form (see Refs. 6-7 for a

derivation and discussion): |
Sijic = Soexp [—- an(k; ; cosb; )2] ; (1)
Sijijio = So€XP [—'qz(k,-ccose,- - kjocbsej)z] )
Here k; is related to the magnitude of the velocity of an electron in layer i with spin
O, given by k;; = m;5V;s/0. 1 have inserted the prefactor S5 in Eq. (1) to include, in

an averaged way, the scattering effects from impurities, interdiffusion, band structure,

correlation, etc., caused neither by potential difference at the interface nor by
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geometrical roughness.!!

The presence of roughness causes spin-dependent scattering at the interfaces
sinc¢ for electrons at the Fermi energy in the ferromagnetic layers, { = F, the kig
have magnitudes that depend on the spin ¢. From Eq. (1) the diffuse scattering is con-
siderébly larger for electrons impinging upon the interface in directions close to the
normal. Grazing-angle electrons are less effectively scattered, and they tend to be

almost completely internally reflected.

If the surface, on the other hand, has strong lateral correlations, with rs'pical
correlation lengths of the order of the Fermi wavelength, quantum-mechanical coher-
ence effects may take place. In particular, thé presence of a "periodic” potential that
satisfies Bragg’s condition is responsible for electron-diffraction phcnomcvna. Rough-
ness at interfaces with strong in-plane spatial correlations and with typical lengths of,
say, the Fermi wavelength of the majority-spin electrons, will cause these electrons --
which match Bragg’s diffraction condition -- to be coherently scattered onto the
Bragg-peak directions, and removed from the reflected and transmitted beams more
efficiently. These Bragg-diffracted electrons do not contribute effectively to the con-
duction processes. A given "cone” of electrons of a given spin is thus removed, at the
interface, from the current-carrying stream.'? For strongly peaked in-plane correlation

lengths this process may affect one spin and not the other.

Bragg’s condition follows from the conservation of the electron total energy and
crystal momentum in the plane of the interface. An electron with k;4 in layer i, with
spin ©, incident on an interface separating the i and j layers is predominantly

diffracted into those directions k; (whére !l =i orj) that satisfy13
_ )
IKig, 12+ k32, = 1Kjg, 12+ k2, +_ﬁ—’2"(v,o—v‘- ) e

klcn = kicn'+ Kt] . ' (3)

Here K;; is any (two-dimensional) reciprocal lattice vector in the plane of the inter-

face (say the x,y-plane) that is related to the real-space quasi-periodic roughness of
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the (ij) interface. A pictorial representation of Bragg’s condition in reciprocal space is

shown in Fig. 1. Because of lack of periodicity in the z-direction, there is conserva-
tion of crystal-momentum only in the the x,y-plane, as stated in Eq. (3). The "Bragg
spots” (three-dimensional reciprocal lattice vectors) are in this case "Bragg rods", lines
parallel to z (perpendicular to the interface) that pass through each point K;;. In Fig.
1 these rods are drawn along with two hemispheres centered at the origin of k;4. The
radius of each hemisphere follows from Eq. (2) and depends on whether the electrons
are scattered into layer i (backward scattering) or layer'}j (forward scattering). Possi-
ble k;5 (i.e., those that satisfy the equations above) are drawn with the tail at the
center of the two hemispheres and the head at those points where a hemisphere inter-
sects one rod. Two cases, V;; < Vs and V;4 > V;; are illustrated in Fig. 1. In both
cases shown a reflected R and a transmitted T beam occur. In addition the angle of
incidence was chosen in each case such that an additional diffracted beam D just
appears. This has the effect of reducing the inténsity of the reflected and the transmit-
ted beams. The threshold angle of incidence, ©,, at which a diffracted peak appears is
given by
IKig!sin(8,) + kpgy 6 = Xij »

where x;; is the smallest nonzero recipro§a1 lattice vector and k,,,, 5 is equal to the
maximum value of the magnitudes of the two vectors k; and k;,. In this equation
an a\}erage was taken over the azimuthal component of k;,, assuming a polycrystal-
line interface as in most common situations. The removal of electrons from the
reflected and the transmitted beams can be taken into account by assuming that in the
range of angles, 6 > 6, the corresponding functions S;;.;,; are substantially reduced.
This can be achieved by multiplying S;;,;.5 by a factor 0 < ¢;;.5 < 1.

A suitable function, used in the calculations is

Cij;l;czl’ lfKij>ki.0+kmax.6 >

X —k
Cijpio = 1o M Kij Skig+ Ry o and 6 < sin™ [_"_k—’"ﬁ] : @

i.0



K — k
Cijuo=(1—0), ifx;; Sk;o+kyp oand 62 sin~! [ ij — max G ] ,
i.0

here © is the angle of incidence at the (ij) interface, 0 < o <1 depends on the
strength of the interface quasi-periodic potential, and the factor ¢ is independent of
the emerging layer /. If the roughness in the interface is characterized by more than

one typical wavevector, K;;, Eq. (4) can be modified accordingly.

ij*

C. Results

Here results of the MR for (Fe/Cr), and (Fe/Cu), multilayers with different '

types of interfaces are presented.

Shown in Fig. 2 are MR results for (Fe/Cr), superlattiées with interfacial scatter-
ing given by Eq. (6) in chapter III and Eq. (1). The MR can vary considerably as a
function of 7, the magnitude of the geometric roughness, depending on the values of
S5 (ie.,Sy and S,,) in Eq. (1). These results can be understood by examining the
plots of the functions of Eq. (1), with S;, =]landn= 2& shown in Figs. 3 and 4. The
electrons transmitted across an interface have the largest asymmetry in the spin-
dependent scattering. As seen in Eq. (1) the transmitted portion that is not diffusely
scattered, is larger when an electron experiences a small change in potential as it

crosses an interface, because the factor in the exponential,

(ki c0sH; — kjgc0s0;)®
is smaller: Since in (Fe/Cr),, |
WVl < 1Vl =1V, 1,
the majority electrons are more likely to be diffuscfy écattemd than the minority elec-
trons.
When Sy =S,, =1 and N =0 an electron is alway§ coherently scattered by the

potential as it traverses an interface, regardless of the orientation of its spin, and the

MR is zero. As 7 increases the majority-spin electrons are more likely to be diffusely
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scattered than the minority-spin electrons. As shown in Fig. 2 the MR reaches its

maximum value of 820% atn = 2& which is one fifth of the spacer layer thickness
and one tenth of the F layér thickness.

On the other hand, when there is a large asymmetry in the values of Sy, and S,,,,
increasing N from zero lowers the MR, since the net difference in the spin-dependent
scattering for the minority and the fﬁajority spins will decrease. This can be under-
stood by noting that When M is zero all §; ;.5 reduce to the angle independent prefac- '
tors S of Eq. (1), as shown in Eg. (7) in chapter IIl. Multiplication of the plots in
Figs. 3 and 4, that have 1 = 28 and the prefactors equal to unity, by the constants S,
and S,, where S); <1 and/or §,, <1, with S, very different from S, leads to a
smaller difference in the spin-dependent scattering for n > 0. This corresponding
lowering of the MR with increasing 1 can be seen in two of the curves (Sy; = 0 and
S, =1, and Sy =1 and S,, = 0.5) of Fig. 2. The curve with S)y =1 and §,, = 0.5
falls off more drastically with increasing 1 because the prefactors S 4 cause the minor-
ity spins to be more diffusely scattcrediwhilc the exponential or angular dependent
part in Eq. (1), shown in Figs. 3 and 4, causes the majority spins for (Fe/Cr), to be
more diffusely scattered. These two factors cause the asymmetry in the spin-dependent
scattering to decrease significantly with increasing M. By contrast the case ‘with
Sy =0 and S,, =1 has a more gradual decrease in the MR with increasing n
because both the prefactors S and the exponentials in Eq. (1) cause the minority-spin
electrons to be selectively diffusely scattered so that a considerable asymmetry in the
spm-depcndent interfacial scattering persists.

In general, as a function of n, ,the MR undergoes the most dramatic changes
fromn=0to n=2A For increasing > 2 & the MR falls of gradually. Shown in
Figs. 5 and 6 are contour plots of the MR in the parameter space (Sy - S, ) for
(Fe/Cr), and (Fe/Cu), multilayers. In the region where S); = S,, the MR increases as
the geometric roughness 7 increases from O to 2 K, since the roughness leads to

asymmetrical spin-dependent scattering. In the regions where S, is very different
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from §,, the MR decreases either slightly or drastically depending on whether the

exponentials factors and the constant prefactors Sy and S, in Eq. (1) léad to a larger
or smaller asymmetrical scattering. The region in the parameter space where the MR
is the largest for an (Fe/Cu), multiléyer with n=2 X (see Fig. 6b) is for S, > 0.75,
and independent of S,,. By contrast, Fig. 5b for (Fe/Cr),, shows thét the largest values
of the MR occur in the région S, > 0.65, independent of S,,. This difference is
caused by the different values of the spacer layer potentials for Cu and Cr relative to

Vy and V,, for Fe. Since in (Fe/Cu),
Wyl =1Vl <1V, |,

the exponential factors in Eq. (1) cause the minority electrons to be diffusely scattered

more than the majority electrons. This is opposite to the case of (Fe/Cr), mentoned

above. '

| For interfaces with correlated (quasi-periodic) roughness, Eq. (6) in chapter III,

and Egs. (1) and (4) describe the interfacial scéttering. An interface is now character-

ized by five parameters: S, Sm» X, @, and n. All interfaces in a given multilayer are
taken to have the same characteristics; the subscript ij can be dropped from x;;. Cal-

culations with x in thc range of values satisfying the Bragg condition, i.e.,

X <2k, r 5 Where the values of k,, ; depend on the composition of the multilayer,

reveal that there are regions of the parameter space Sy, S,,, K, and 1 where the MR

for (Fe/Cr),, and (Fe/Cu), increases with increasing d.

[1] For (Fe/Cr), there are two overlapping regions, called (a) and (b), where the MR
increases sharply with increasing a. Increases in the MR, A = MR(a =1)- MR
(a=0), as large as 61.0% were found.

[2]. For (Fe/Cu),, there is one region, called (c), where the MR increases by moderate

amounts. The maximum value of A is less than 13.5 %.

~ Note that as a function of a, the changes in the MR are always monotonic, in either

an abrupt or a gradual manner. In each region there is a set of parameters for which
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the MR increases the most: in region (a) it is Sy =S, =1, x =491 X‘l, and

n=02R ; in region () Syy =1, S,, =0, and k=540 4", and n=02R ; and in
region (¢) Sy =S, =1, x=592 & and n=2.0 A In all these cases dr =20 &,
ds =10 &, and 1y =1, =15 =5 x 10713 sec. The reasons for the increase in the
MR for these values of the parameters reveal both why the MR increases in these
regions and why there is such a marked difference in the magnitude of A between
(Fe/Cr), and (Fe/Cu),. |

For Sy = S,,, = i, x =491 A1, and n =0 & in region (a) the MR is zero when
«=0 and 61.0% when a=1. At x=491 &}, which is identically equal to
(K m + kmax )» the Bragg condition, Eq. (4), is not satisfied by the minority-spin
electrons for any angle of incidence on an interface from an F layer to a spacer layer.
Since in addition S§,, = 1, the minority-spin elécn‘ons are coherently scattered by the
potential on approaching an interface from an F layer. The majority-spin electrons

reaching an interface from an F layer with an angle of incidence greater than

= sin”! [4‘91 Ao rax M ] =414°
ke .m

have a probability o of being diffusely scattered. The asymmetry in the spin-
dependent interfacial scéttering is the largest when x = 4.91 .X’l, o =1 and so is the
MR, |

The point in region (b) with Syy =1, S,, =0, x=540 A1, and N =024 has a
MR of 41.1% when =0 and 90.9% when o = 1. The current distribution in the
plane of the layers for ¢ = 0 and a = 1 is shown in Fig. 7. When & = 0 the current is
largest in the F layers fbr the spin component in the potendal V. On the other hand,
when o = 1 the current of the same spin component in the F layer is considerably
- reduced. This reduction, which leads to the large increase in MR, can be understood
by considering the majority electrons in the F layer incident on an interface. Since

Vy < Vs in (Fe/Cr), there is a critical angle of incidence ©.., such that for larger

angles Rﬁg s and T 5. in Eq. (6) in chapter III are on¢ and zero respectively. The
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critical angle determined from Egs. (7) and (8) in chapter IIT is 6., = 56.9°. At

K = 5.40 X‘l, where the MR 1is found to increase the most with increasing o,

540 & = kppe e
Oc = s [ ke iy ]
Since Sy = 1, an electron with 8 g, > 6, is totally internally reflected with pro-
bability (1 — &) and diffusely scattered at the interface with probability a. Therefore,
increasing o decreases the amount of current in the F layers for the majority spins
both when the magnetic moments of the F layers are‘in parallel and in antiparallel
configurations. The electrons with 6f ¢y < 6.,y have a n‘onzero probability Tr ¢
of being transmitted into the spacer layer. When the magnetic moments of the F
layers are parallel these electrons are not diffusely scattered at any interface, but are
always diffusely scattered at altémating interfaces when the F layers are antiparallel,
since S,, =0. In short increasing o removes the portion of electrons in the F layers
that are totally internally reflected, i.e., channeled. These electrons make an equal
contribution to the conductivvity for the F layers in parallel o1 and in antiparallel o=
- configurations. By removing this equal contribution the remaining unequal contribu-
tions to the conductivities in Eq. (7) in chapter II, mainly arising from S,, =0,
become more pronounced, causing an increase in the MR.

At the point Sy = S,, = 1, x = 5.92 A and n = 2.0 & in region (c) for (Fe/Cu),
the MR increases from 48.2 % to 61.5 % as « increases from O to 1. The increase is
the result of the interplay between the scattering caused by geometric roughness, Eq
(1), and tﬁe quasi-periodic roughness, Eq. (4), which tend to produce the largest spin-
dependent asymmetry for those electrons near normal incidence and grazing incidence,
respectively.

In contrast to (Fe/Cr),,, where there are two substﬁnn’al regions, (a) and (b), in
parameter space where A is large, in (Fe/Cu), there is only a small region (c) where
the MR increases moderately with increasing a. The reason is that Vg < V). To illus-

trate this point I discuss two sets of values of the parameters for (Fe/Cu), that are
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analogous to those analyzed for (Fe/Cr),, in regions (a) and (b). If I consider the MR

as a function of o for different values of x with S, = S,, =1 and n = 0, similar to
the point considered in region (a) for (Fe/Cr),, I find no value of x such that only one
spin component is selectively diffusely sc#ttered at an interface. For instance if X is
chosen so as to maximize the interfacial diffuse scattering of the majority-spin elec-
trons from the Fe layer without affecting the minority-spin electrons, the electrons in
the Cu spacer layer impinging on an interface are still diffusely scattered because
ks > kp.y at the Fermi energy. This lack of asymmetry in the total spin-dependent
scattering at the interfaces prevents the MR from increasing as a function of o. When
o = 0 the point in parameter space with Sy, =1, S,, =0, and 1 =0, similar to the
point considered in region (b) for (Fe/Cr),, has a larger éonuibudon to the current in
the Cu layers than in the Fe layers. The larger current in the Cu layer occurs only
when the magnetic moments of the F layers are parallel and only for the spin com-
ponent that experiences the potential V) in the F layers. The larger current is caused
by channeled electrons in the Cu layers that are non-diffusively scattered, since
Sy =1, and totally internally reflected for angles of incidence greater than a critical
angle, since Vg < V). This channeled current leads to a larger MR since it contributes
to or but not to 6. For x in a range of values that destroys this channeled current
the MR wﬂl decrease with increasing «, unlike the increase that occurs in (Fe/Cr),,
since the channeling that is destroyed there occurs in the F layers when the nﬁagnetic

moments are both parallel and antiparallel.

D. Conclusions

In studying the influence of interface scattering on the negative magnetoresis-
tance of ferromagnetic-normal metal multilayers, three aspects have been considered:
(1) random geometric roughness described by 7, the mean square deviation of the
interfaces from being atomically flat; (2) correlated (quasi-periodic) roughness, charac-

terized by the dominant k-vector of the coherence, x, and the scattering strength o;
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and (3) averaged effects due to impurities, interdiffusion, band structure, etc. The last

effect has been included in a simple way using the parameters S, and S,,. Geometric
uncorrelated roughness scatters electrons at normal incidence more efficiently, while
the correlated (quasi-periodic) roughness has its greatest effect on electrons at grazing
angles'. These different properties of the interfaces can combine to produce either a
large or a small asymmetry in the spin-dependent interfacial scattering. A giant MR
results whenever the spin asymmetry is large. Further experimental and theoretical
investigations are needed to ascertain which properties of the interfaces are realized
during particular instances of fabrication of multilayers by means of various tech-

niques.
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It should be noted that the derivation of the equations in Refs. 6-9 require a
correlation length ldnger than the electron Fermi wavelength, so that a vector
normal to the surface can be properly defined. In this sense the limit L — 0 is
not strictly valid. It should be understood as the limit in which L is still longer

than the Fermi wavelength but shorter than all other lengths in the problem.

If the geometric random roughness of the interfaces were the only source of
scattering, the prefactors in Eq. (1) must all be taken to be S5 = 1. This is, how-
ever, not a realistic assumption. Impurities and other defects at the ixiterfaées
scatter electrons of opposite spin in a different way. Hence Sy, and S,, are not
equal, and in general both less than one.

It should be emphasized that ""roughness" with a single, given periodicity, pro-
duces Bragg beams with well defined directions of propagation, i.e., electron tra-
jectories with their own (positive or negative) contribution to the current. For a

smooth, non-uniform, quasi-periodic distribution of geometrical defects at the
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interface (i.e., a Fourier transform of the topography consisting of a peaked but

continuous function), the distribution of velocities of electrons Bragg-scattered
over the Fermi surface tends to average down to zero, resulting 'in the electrons
being effectively rembved from the current-carrying distribution, i.e., relaxing
back to equilibrium.

As in Eq..(7) inv chapter III, the masses m; 5 and }njo in Eq. (2) are assumed to
be equal. All calculations presented in thcvpaper have m;s =m, indépendem of

the layer i and the spin ©.
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F. Figures for Chapter IV

Figure 1

Illustration of the Bragg condition in reciprocal space for a periodically modulated
interface with a minimum nonzero reciprocal lattice vector x;; viewed from two

different perspectives and for two different cases: on the left side Vi <Vjo and on

the right side V5 > V;5. The perspectives at the top of the figure are in the plane of

the interface; the "Bragg rods” are out of the page. Hemispheres of k-vectors for the
two films at the interface, corresponding to an incident k;, labeled I, with the angle
of incident © are shown. The solid vectors labeled R and T are the reflected and
transmitted beams, respectively. The angle 6 was ch_osén-in each case to equal the
threshold angle. A single grazing-angle additional diffraction peak occurs either in

back-scattering (left) or in forward-scattering (right). The corresponding k-vectors are.

shown (dotted vectors), and labeled D in the figure.

Figure 2

Variation of (Ap/p) as a function of 1, the magnitude of the geometric roughness, for
an (Fe/Cr), multlayer with interfacial scattering described by Eq. (6) in chapter III
and Eq. (1). The parameters are dp =204 dg =104 and
Ty =1, =T =5 x 10" B3sec, with four different values of Sy, and S,,: (1) chain-
dashed curve Sy =0 énd Sn =1, (2) solid curve Sy =Sn =1; (3) dashed curve
Sy =1and S, = 0.5; and (4) chain-dotted curve Sy, = S,, = 0.5.

Figure 3 . |

Variation of S g.;.q, from Eq. (1), as a function of 6, the angle of incidence, with
Sg=landn=2 A for an (Fe/Cr),, multilayer, with four different values of i and o:
(1) dashed curve i =S and 6 =m; (2) solid curve i =S and o =M, (3) chain-
dashed curve i = F and 6 = m; and (4) dotted curve i = F and o = M. Note that
Sr.s.s.m 18 zero for O greater then the critical angle of incidence; the angle at which

Tr 5. goes to zero.
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Figure 4

Variation of Ss r.;.5» from Eq. (1), as a function of 6, the angle of incidence, with
Se=1and N =2 A& for an (Fe/Cr), multilayer, with four different values of i and o:
(1) dashed curve i =F and 6=m; (2) solid curve i = F and ¢ =M (3) chain-
dashed curve i =S and ¢ = m; and (4) dotted curve i =S and o = M. Note that the
chain-dashed curve and dotted curve overlap.

Figure §

Contour plots of Ap/p in the parameter space S,, and S), for an (Fe/Cr), multlayer
with dr = ZOK, dg = IO.X, Ty =T, =T = 5.0 x 107 3sec. The electron scattering at
the interfaces is described by Eq. (6) in chapter Il and Eq. (1). In (a) 1| = O and in (b)
= 24

Figure 6

Contour plots of Ap/p in the parameter space S,, and S,, for an (Fe/Cu), multilayer
with dr =204, dg = 108, Ty =1, =1 = 5.0 x 1073sec. The scattering at the
interfaces is described by Eq. (6) in chapter III and Eq. (1). In (a) n =0 and in (b)
n=2& |

Figure 7 ‘

Diagrams of the potentials and the calculated in-plane current J, (z) for the T-spin and
l-spin electrons in the parallel (TT) and in the antiparallel (T!) configurations of an
(Fe/Cr),, multlayer in which three of the layers are shown. The scattering at the |
interfaces is described by Eq. (6) in chapter III, and Eqgs. (1) and (4) where Sy, =1,
S, =0,1M=0, and x = 5.404&'1, with two different values of o: (1) dashed curve
a=0;, and (2) chain-dotted curve a=1. The oiher parameters are dp = 203\,

ds =104 and 1y = 1,, = T5 = 5.0 x 10 3sec.
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