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Electronic transport in ultrathin magnetic multilayers
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In-plane electronic transport in ultrathin metallic magnetic structures composed of two ferromagnetic films
separated by a honmagnetic metallic spacer is analyzed theoretically, with particular attention paid to the role
of quantum size phenomena and interface roughness in the giant magnetore¢@idRyeeffect. Within the
one-band model we predict oscillations in the resistivity and GMR as a function of the spacer thickness. In
general, two different oscillation periods are found. It is also shown that the spin-dependent scattering due to
interface roughness can enhance or reduce the GMR effect generated by the spin-dependent scattering on
impurities or other defects inside the films. Long-range in-plane structural correlations of the interface rough-
ness reduce its role in the GMR effect.

[. INTRODUCTION decreases less fast with increasing temperature, and so in the
[Co(10)/Cu(10)];0o multilayersAp/pp=0.8 at 300 K’ which,

The current-in-plane (CIP) giant magnetoresistance to our knowledge, is the highest value reported up to now at
(GMR) effect in magnetic multilayers consists in a large room temperature. The GMR effect also decreases with in-
change of the in-plane electrical resistance as the magnetizareasing spacer thicknedg and disappears what, is sig-
tions of neighboring magnetic films rotate from the antipar-nificantly larger than the bulk electron mean free path in the
allel to parallel alignment? The effect has been observed in spacer material. The dependence on the thickdgssf the
many structures which include transition-metal magnetianagnetic films is more complex. The GMR disappears in the
films.2 Antiparallel alignment can easily be obtained if theretwo opposite limits, i.e., fod,,—0, and also for sufficiently
is an antiferromagnetic-type exchange coupling between ththick magnetic films. At a certain value df,,, smaller than
magnetic films. However, the existence of an interlayer couthe corresponding electron mean free paths, the GMR
pling is not a necessary condition for the GMR to occur, andeaches a maximum. When the sublayer thicknesses are
antiparallel alignment can also be obtained by othemuch smaller than the electron mean free paths, then the
methods' GMR effect considerably increases with increasing number

In most cases investigated experimentally there was af films in a multilayer.
drop in the resistance as the film magnetizations rotated from The GMR effect can be explained qualitatively and de-
antiparallel to parallel alignmenihormal effec}, but an in-  scribed quantitatively by taking into account a spin asymme-
crease of the resistan¢mverse effectwas also observet. try of the parameters describing transport properties of the
The effect is usually described quantitatively by the ratiotwo spin channels for electronic conductith® At low tem-
Aplpp, Where Ap=pp—pp, Whereasp,p and pp are the re-  peratures the channels can be considered as independent. At
sistivities, respectively, in the antiparallel and parallel con-higher temperatures, however, one has to take into account
figurations. The normdinverse effect corresponds then to a interchannel transitions, particularly those which almost con-
positive (negativé value of Ap/pp. From the point of view of ~ serve the electron momentufh.
the conventional definition of magnetoresistance, the normal Two factors contribute to the spin asymmetry of the two
and inverse GMR effects correspond, respectively, to a negashannels: the spin dependence of the scattering probabili-
tive and positive magnetoresistance. ties and the spin dependence of the electronic structure of a

The largest relative resistance change due to the magnetiefect-free system. However, those two factors are not inde-
zation rotation was found ifFe(4.5)/Cr(12)]s, superlattices, pendent because the spin-dependent electronic structure con-
where Ap/pp=2.2 at 1.5 K& We use here the notation tributes also to the spin dependence of the scattering prob-
[A(X)/B(Y)],, wherex andy are the thicknesses, respec- abilities. This is due to the fact that the spin asymmetry in
tively, of the materialA andB (measured in angstromnand  scattering rates results not only from the spin dependence of
n is the number of bilayers. the scattering potentials, but also from the spin asymmetry of

The most important characteristics of the GMR effect arethe density of electron states at the Fermi level. In general,
(i) the temperature dependengit) the dependence on the one can distinguish between two types of the scattering po-
number of films in a multilayer, angii ) the dependence on tential: the so-called bulk scattering potential, which origi-
the thickness of magnetic and nonmagnetic sublayers. Theates from impurities and defects located inside the ferro-
GMR effect decreases with increasing temperature, but thmagnetic and nonmagnetic films, and the interface scattering
rate of the decrease depends on the composition and type pbtential due to a geometrical interface roughness or due to
the structure. In the case of Fe/Cr multilayers, the GMR efintermixing effects. The scattering potential itself, particu-
fect decreases rather fast with increasing temperature. llarly that of a rough interface, also depends on the electronic
[Fe(4.5/Cr(12)]5, superlattice3Ap/pp=0.42 at 300 K, while  band structure. In the diffuse limit the contributions from the
Aplpp=2.2 at 1.5 K. In Co/Cu multilayers, howeveXp/p,  spin-dependent scattering rates and spin-dependent band
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structure are not separable. In systems which are free of scatultilayers. In Sec. Il the appropriate formula for the elec-
tering defectglimit of ballistic transpor}, the situation can tronic conductivity is derived. Numerical results are pre-
change and the GMR effect can be entirely due to the spisented and discussed in Sec. IV, whereas some general con-

dependence of the electronic band structdre. clusions are given in Sec. V.
Two approaches have been developed for the theoretical
description of the CIP transport phenomena in magnetic mul- Il. DESCRIPTION OF THE MODEL

tilayers: the quasiclassical one based on the Boltzmann ki-
netic equatiofi®*?~*4and the quantum-mechanical Kubo for-

malism in real*® and reciprocdl spaces. Al tho;e rated by a nonmagnetic film of thicknedg. Let the axisz
approaches are based on the one-band free-electron-like 305 normal to the structure arid be the two-dimensional
proximation for conduction electrons. Another theoretical aPin-plane position vectorF(E[Ii,z]). The two interfacesin-
p_roa_ch develogequ recently is based on the one-band tighfjexed in the following withg, B=1,2) are assumed to be
binding modef>~ , o located auzzﬁ(li), with

Since the GMR effect is not of a quantum origin, the
quasiclassical approach gives rather satisfactory results, ex- z B(ﬁ)zz ot f B(FE)_ (1)
cept in the limit of very clean sublayers, when the bulk elec- _ - )
tron mean free paths are much longer than the sublayer thicki€rézy=d;, zZ,=d; +d,, and the functiorf 5(R) describes
nesses. In that limit the quasiclassical approach breaks dovfifVviation of thepth interface from the perfectly flat plane
and one has to apply a quantum-mechanical formalismZ=Zg, With
which explicitly takes into account the wave nature of elec- 1
trons. This, in turn, leads to quantum size effects in the re- <fﬁ(§)>: - f fﬁ(ﬁ)dﬁz 0, )
sistivity and magnetoresistance. Those effects give rise to S
oscillations in the dependence of the resistivity of a sing|
metallic film on the film thicknes&?® They also lead to
similar oscillations in the GMR effect in magnetic sandwich
structureg>18

The structure under consideration consists of two ferro-
magnetic layers of thicknessels and d,, which are sepa-

%y definition, whereS is the sample area arjé) denotes the
average value of the quantity. N
In real structures the functiorfg(R) taken at two differ-
) . . . ent points of the same or different interfaces are usually cor-
Without counting the role of interfaces in the breakdown g|ateqd. n this paper, however, we will consider the case of
of the quasiclassical approach in the limit of infinite bulk , oorejation between the roughness of different interfaces

mean free paths, the role of the interfacial roughness itself i'?no cross correlationsMoreover, we assume that both inter-

the GMR effect is still not clear. Much experimental Work taces are described by the same autocorrelation function
has been dorf&?"to clarify the role of interface roughness, G(RI&)

but it is still not clear which scattering processes, bulk or
interface, contribute dominantly to the observed GMR effect. - . 1 - .
Apparently, both contributions are important and their rela-  (fg(R")fz(R"+R))= S j fa(R)fg(R"+R)dR’
tive role depends on such factors like the quality of the in-
terfaces, distribution of bulk scattering centers, composition =Sppr n;e(R/gﬁ), 3
of the multilayers, and possibly other factors. ) ) )

In this paper we consider a sandwich structure with twoVhere 7 is the amplitude of the interface roughness,
ferromagnetic films separated by a nonmagnetic spacer. 1 AL

s f f4(R)dR

Electronic transport properties are described within the two- :<f2(|i)>l/2: (4)
g . . . Mp=\'p :
current Mott modef® with particular attention paid to the

&nd &z is the lateral correlation length. We assume the same
form of the autocorrelation functio®(R/¢) for both inter-

role of interface roughness and quantum size effects in th

GMR effect?® We consider the case when the Fermi level is

adjusted so that the numbi®' of conduction electrons per faces, but the roughness amplitugg and the correlation

unit area of the structure varies with the sublayer thicknessq@ngtﬁ £5 can be different for different interfaces; # 7, and
el __

asN"=2.n,d,, wheren, are the bulk electron concentra- .« “in general. In the following we will assume the ex-

tions andd,, are the sublayer thicknessébe indexa distin-  yonential model for the autocorrelation function,
guishes here between different sublayesss0,1,2, with

a=0 corresponding to the spacer ame 1,2 to the two mag- G(R/&)=exp —R/¢). (5)
netic filmg. We show that the size effects lead to oscillations
in the dependence of the resistivity and GMR effect on the For simplicity, we assume perfect outer surfaces which
spacer thickness with two different oscillation periods, inare located, respectively, &=0 and z=d;+dy+d,=L,
general. One of them is related to the Fermi wave vector andith L being the total thickness of the structure.
was already found befor&:!® The other one occurs in the  The electronic properties of the structure under consider-
presence of interface roughness and is related to the depth afion will be described within the one-band model, with the
the quantum well in the spacer. We also show that the spinconduction band of the ferromagnetic metal being spin split
dependent scattering by a small interface roughness can alue to an effective exchange field. No spin split is assumed
ther enhance or reduce the GMR effect generated by th®r the nonmagnetic spacer. We assume further that impuri-
spin-dependent bulk scattering. ties with a spin-dependent scattering potential are distributed
In Sec. Il we describe briefly the model used for the theo-uniformly inside the magnetic films. The scattering potential
retical description of the transport properties of magneticof impurities located inside the nonmagnetic spacer is as-
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sumed to be independent of the electron spin orientation. For
simplicity, we will consider only configurations with strictly
parallel and antiparallel magnetizations and will neglect
spin-flip scattering processes. The two spin channels for Er
electronic transport can then be considered separately.

The electron states of a given spin orientatiorare de-
scribed by the total HamiltoniaH , of the form

Parallel configuration (P)

H(T: HOo’( I?)—f—vo'( F), (6) U | spin 1
whereH,,(r) is the Hamiltonian of the defect-free system, U spint Uy
1+ - o . P I
- - 0 ol 1 Vot
= — — —+ =
Hoo(F)== 5~ V2+U,(2), (7) 0 . | 2

with a steplike effective electron potential

Ulo” 0SZ$d1’
U, (2)=1 Uos=Uo=0, d;<z=d;+dy, (8)

. Anti llel fi i
UZ(r! d1+do<Z$L, E 4 ntiparallel configuration (AP)

whereU,,, andU,, are constants, which depend on the elec- L
tron spin, andJ, ,,U,,=U, for simplicity. Infinite potential F
walls are assumed at the outer surfaces, i.e.,zfo® and

z>L. The effective electron potential for both magnetization
orientations and for both spin directions is shown schemati-
cally in Fig. 1. According to our notation, the electron spin
projection onto the global quantization axis is denoted as Uy
o=1 for s,=1/2 ando=] for s,=—1/2. The spin projection

on the local quantization axiglirection opposite to the local Ugs -
magnetizatioh is denoted ast for the spin-majority elec- 0 L
trons and- for the spin-minority electrons. In E¢6), V(1) oz
is a scattering potential due to impurities and interface 0 dq ditdg  dytdytdy=L !

roughness. Assuming the contact form of the impurity poten-
tial, we write V(1) as
FIG. 1. Potential profiles for bothr=1 ando=] spin directions

V.. ( F)= E vagé(F— Fm)_ E fﬁ( ﬁ)vzf(fr&[z_z%(ﬁ)]’ in the parallel(P) and antiparalle[AP) configurations.
i B

(9)  with the corresponding eigenvalues,

with v, denoting the spin-dependent scattering potential of

an impurity located inside thexth layer («=0,1,2 and . f2g?
z%(R) being the location center of the interface scattering €uol(A) =€t om
potential,zg(R) =25+ (1/2)f 4(R). For eacha the indexi in

the first term on the right-hand side runs over all impuritiesThe indexu distinguishes here different electron minibands,
Voo IS independent of the electron spin, =uvq. The effec-  jevels arising from the quantization of perpendicular motion,
tive interface scattering potentialy, in Eq. (9) consists of - ang y, () are the corresponding normalized wave func-

ff_ : : : ‘ . ) i
two termsVz,=V 5,4V, , whereV ,, describes effectively {ions. Equations fow,,(2) ande,, are given in Appendix A.
thoses-d scattering processes which are induced by the in-

terface roughness andg, is the potential step at thgth
interface, V,=U g, —Uq. If Vg,=0, then onlys-s-type IIl. CONDUCTIVITY
scattering processes induced by the interface roughness are
taken into account. The interference effects due to electroati
scattering by those two different terms \ngfj, will be ne-
glected.

11

The electronic spectrum of the structure under consider-
on consists of a set of two-dimensional minibafmissub-

bands$. The scattering processes due to impurities and inter-
I . . face roughness lead to intra- as well as interminiband
The HamiltonianH,,, describes electrons in a quantum transitions, which gives rise to the electrical resistance. To

well with perfect interfaces and surfaces and with the elecﬁnd the resistance we extend the method developed by
tron potential shown schematically in Fig. 1. For a givenCaleCkizs

configuration the eigenstatesi o) of Ho, are of the form Consider a particular magnetization configuration. The

1 i stationary nonequilibrium distribution functiorf§“,((i) for
FluGo)=— ¢, (2)el9R, 100  electrons with spirr and in the state] of the uth miniband
(Fludo) NS Vuo(2) (19 obey the following set of coupled Boltzmann equatiéhs:
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To solve Eq.(12) one writes the distribution function

e - ~ o 57~ 57 >, P . . . . .
% E-Vaf (=2 2 2 (W7 (G",0)f 00 (d") f40(d) as a sum of the equilibrium Fermi-Dirac distribution
L f°[€,(d)] and the deviation from the equilibriund , (),
— 1) — MI‘TI U 1 > > >
X[1=f,a() =W~ (4,9)f.0(d) (@) =0 [ €,0(@)]+D,,(d). (16)
X[1=f,,(q)]} (120 Inageneral case, the functiofis,,(G) can be written in the
whereE is the driving electric field applied in the film plane, form
—e is the electron charge, anﬂﬁ;"'(ﬁ,d’) is the probabil- ) efi _ - 9f%e€,,(q)] )
ity per unit time for an electron to pass from the staigo) Puo(@)==—-0a e @] Ouol €uc(@)]. (17)
to the statéu’q’ o). In the following we will consider only o N _
spin-conserving scattering processes, i.e., On substituting16) and(17) into Eq.(12), one obtains a set
of equations for the functiong,,,[€,,(q)]. For a particular
WEL7(G,G") =W 7 (4,") 8o =W, ,,(6,G") 50 - energye, one can write the solution of this set of equations in

(13)  the matrix form as

This approximation is reasonable for low temperatures. g(,(e)Z—C;l(e)F(,(e), (18
Moreover, we restrict considerations to the elastic scattering

processes only. With this assumption one may writewhere g,(e) is a column matrix with the matrix elements
W (d,d7) as [9,(6)],=9,,(€) andF(e) is also a column matrix with the
MM’ ’

pth element defined as
W, (@,.9")=P,,.(0,0") 0l €,5(q) — €,5(q")], (14 L I 9
where, in the Born approximatio®; ,(6,qG') is given by o\ =32 Ruol €L €™ €po)-

o HereN ,,(e) is the density of electron states for spirin the
P7,(6.6)=P, (1G-d')= 5 KudolV,|u'd o). subbanda,
(15
It has been assumed above that the electron scattering pro-
cesses are isotropic in the film plane; i.E.:#,((i,ﬁ’) de-  with O(x)=1 for x=0 and ®(x)=0 for x<0. Finally, the
pends only ong—q’|. components of the matri€ (e) in Eq. (18) are of the form

Sm
Nua(f)zm(e_ey,o)! (20)

[Col@)lppr=08u > 2 2 2P (|d—0') e €,n(@) ]l e~ €,,(G")]

v oq q
=2 2 (4GP (|d=d') Sl e~ €,0(A)] Sl e €, 0(G")]. (21)
qg q

The order of the matrice§,(¢), g,(¢), andF(¢) is determined by the number of discrete levels véth<e.
The averaged current density for spiris given by the formula

. efi q .
=g 2 2y Pl D). (22

Taking into account17) and calculating the appropriate matrix elements for the transition probabilities, one arrives at the
following formula for the zero-temperature global in-plane conductigjty

eZSrnZ N N,
9=5 5] 2 le El (Er— €u0) (Er— €, 0)[Co (ER) e » (23
o = M/:

whereEg is the Fermi energy ani is the number of occupied minibands for spin

The impurity contribution to the matri€ (Eg), averaged over the impurity distribution, can be calculated rather easily.
Some problems arise when considering the contribution due to scattering by the rough interfaces. When calculating transition
probabilities between different states, one has to evaluate the average

M;’;(d,ﬁ')=f dfef AR’ @8R (£ L(R)F (R R h,[ 2= 25(R) 11,0l 2= 25(R) 1l 2= Z5(R+R')]

X ,,[2=25(R+R")]). (24)
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To find M g “(9,q") we expand the wave functions in a power serlesﬁlQR) as

Vol 2= Z5(R)I~ ,0(25) + 3T RV Y o (25) + -+ (25

wherelp'w(zﬁ) is the first derivative off,,(z,). In the following we will take into account only the first two terms. To find the
average in Eq(24), we will make use of the approximations

(F3Rf4(R+R )= 73(f (R f R+ R')) (26)
and
(FB(RITER+R))~ 7. 27

Taking into account the above approximations, one finds the matrix elef@(&)],, in the form

sn?
[Co(BR)un =7 275 %u; Qig(zwngﬂpvigK s+ 2mng g Kb+ 2y Pus KLY

27 ~ 27
(V14r+vl(r)(771§l)2|-10' 0 de F(ng,uV(r)—'_(V%(r—’_V%(r)(77252)2Ll2L(:') 0 de F(§2Q,uv(r))

2w
_Q,U.(J'Q,u’u' o de Coy[(vl(r %U)(ﬂlgl)zl-l(r F(ng,u,u, (r)

+(V +V20’)(7]2§2)2L F(§2QM/.L o’)] (28)
|
whereQ,,,,+, is defined as It is convenient to rewrite the expression for the conduc-
tivity in the form
Q;L/.L’U:(Qio-_l_Qi’o—_ZQMUQ#’Ucosg)llza (29) 2 3 N, N,
f
with Q ., being the in-plane Fermi wave vector in the corre- 9= 521 < > 2 E Q. 0 Ko (=1
spondinguth miniband for spine. The first three terms in - (34)
Eqg. (28) originate from scattering on impurities with the ~
scattering potentialv,, and concentrationn™ (for ~ WhereC, is related to the matriC, by the equation
a=0,1,2. We assumed here a uniform distribution of the 4255
impurities inside each sublayer. The factérs,. are defined é”:W C,. (35)
as

Equations(28), (34), and (35) are our final results for the
v_ 2 2 electrical conductivity.
Kzo_ f(da)dz wuo(z) lﬂvo’(z)! (30) Y

. . . . IV. NUMERICAL RESULTS
where the integration is over ranging theath sublayer.

Explicit forms of K47 are given in Appendix B. The other

terms in Eq.(28) result from the scattering on both interfaces In the preceding section we derived the general formulas

for the electrical conductivity of a magnetic sandwich struc-

with L7 andL57 defined as ture with both interface and bulk scattering included. To find
the ratioAp/pp, One has to calculate first the resistivity for
[apw(d Vb Sd)+ 3 ﬂllﬂw(dl)lﬂ;rg(dl)]z both parallel and antiparallel configurations. When consider-

(31 ing the problem numerically, one has to take into account the
variation of the Fermi level with the sublayer thicknesses and

and also a change of the level as the film magnetizations rotate
, from antiparallel to parallel alignment. In each case the
L5y =[¢uo(di+do) ¢, 4(d1+do) Fermi level will be adjusted to keep the areal electron den-
, , sity N according to the formula
+ 3 050,,(di+do) ¢, (di+do) ]2 (32)
Finally, F(£Q) in Eq. (28) is the Fourier transform of the Ne'= > n,d,= > (Ngi+n,)d,, (36

o
autocorrelation functiors), @=0.12 @=0.1.2

wheren,,, is the bulk electron concentration for spirin the
F(éq)=2m(1+ &2g?) %2, (33)  ath material. The electron density in the spacer material is
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independent of the spin orientationg. =ny/2. The bulk

electron concentrations are determined py.=u—U .., 4.0 @
where u is the common chemical potential. Pap
Consider now some numerical results, and let us start with 3.5
the simplest case, when the electron potential is uniform T
across the structure. é-:’L 3.0
) W
A. Constant electron potential 25 7
We consider here the situation whe. =U,=U,.=0. 20 l ‘ . :
In that case the interface roughness can influence the resis- 15
tance and also the magnetoresistance only in the case of non- '
vanishing potential®/;.. andV,... Suppose first that the in- ®)
terfaces are perfectly flat, i.e.;=7,=0. The only 10
contribution to the resistance comes then from the electron g
scattering on impurities distributed inside the films. If the <°§1
scattering potential of the impurities in the magnetic films is g 05
spin dependent, then there is also a nonvanishing resistance :
change due to the magnetization rotation. As basic param-
eters describing the bulk scattering, we will use in the fol-
lowing the electron mean free paths, which are determined 0.0 ! ' ' ‘
by the impurity potentials and impurity concentrations. 06
In Fig. 2 we show the resistivity in the parallgd,) and 05 - ©
antiparallel (p5p) configurations(a), the resistivity change '
Ap=ppp—pp (b), and the relative resistivity changkp/pp 04
(c). Both pp and pap show well-defined oscillations with in- g
creasing spacer thicknedg, which originate from quantum < 534
size effects due to external boundaries. The pefoaf the
saw-shaped oscillations is determined by the Fermi wave- 0.2
lengthhg asA=\g/2. The oscillations ipp andp,p result in
a similar fine structure in the dependence of the resistivity 0.1 r | | l

changeAp on the spacer thicknesly, as is clearly evident in
part(b). However, the oscillations in the resistivipg and in
the resistivity changép cancel each other, and so there is no
fine structure in the factoAp/pp. This factor decreases ex-
ponentiallylike with increasing spacer thickné3# similar

10 15 20 25 30
dolAl

FIG. 2. (a) Electrical resistivitiegpp and pap, (b) the resistance
changeAp, and (c) the GMR effect as a function of the spacer

behavior can also be observed in the dependence of the rgricknessd, calculated ford;=d,=20 A, U;.=U,.=Uy=0,
sistivity, resistivity change, and GMR on the thickness of oneu=4 eV, A;_=X,_=200 A, A;,=\,,=800 A, \;=400 A, and

of the magnetic films, say, od,, as shown in Fig. 3 for
constant; andd,. The resistivitiepp andp,p as well as the
resistivity change\p oscillate with increasingl,. However,
the oscillations disappear in the factdpp. Contrary to the

m=n=0.

B. Spin-independent quantum well in the spacer

Assume now that the electron potential in the magnetic

do dependencgFig. 2c)], Aplpp increases now smoothly fims is independent of the electron spin ddgl.,U,. >U,

with increasingd, and then, after reaching a maximum at (y =0). This corresponds to a situation when there is a
some value ofd,, decreases with a further increase of thequantum well in the spacer, which is the same for both elec-
thickness of the magnetic filA?:'8 tron spin orientations.

Consider now the role of interface roughness. Since the Consider first the case of no interface roughness. The only
electron potential is uniform across the structure, the rougheontribution to the GMR effect is then due to the spin-
ness can play a significant role_only for_nonvanishing scatdependent bulk electron scattering. The dependence of the
tering potentials/,.. andV,.. If V.. andV,. are spin de- resistivitiespp andp,p 0N the spacer thicknesk, and on the
pendent, then they also contribute to the magnetoresistanciickness of the ferromagnetic films is similar to that in the
Figure 4 shows the dependenceigiip, on the spacer thick- case of no quantum well in the spacer, i.e., similar to the
nessd, in the case when the magnetoresistance is generategriations shown, respectively, in Figsaand 3a). Also,
entirely by the spin-dependent scattering potentigls and  the magnetoresistance behaves in a similar way: i.e., it de-
V,., i.e., when there is no spin asymmetry in the bulk scatcreases smoothly with increasing spacer thicknégsas
tering processes. The fine oscillations Ap/p, are due to  shown in Fig. 5. Thus the existence of a quantum well does
guantum size effects and are quite significant, contrary to theot lead to new features in the dependence of the magnetore-
case when the magnetoresistance is generated only by tilséstance on the thickness of magnetic and/or nonmagnetic
bulk spin-dependent scatterifigee Fig. 2c)]. films.
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FIG. 3. (a) Electrical resistivitiespp and ppp, (b) the resistance
change, andc) the GMR effect as a function of the thicknegsof
the ferromagnetic film, calculated fod,;=20 A, dy=10 A,
Uj+=Up:=Ug=0, u=5eV,\;_=\,_=200 A A, =\,, =50 A,
=100 A, andz,=7,=0.
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FIG. 5. GMR effect as a function of the spacer thickndgs
calculated ford;=d,=20 A, U;.=U,. =1 eV,Uy=0, u=4 eV,
)\l_=)\2_=200 A, )\1+:)\2+:800 A, }\0:400 A, andm: 7]2:O

The situation changes when the interfaces are not flat and
contribute to the electrical resistance. Consider the limit of
vanishing potentiald/,. and V,.. The magnetoresistance
originates then from the spin-dependent bulk scattering.
However, the presence of interface roughness leads to addi-
tional oscillations in the resistivities and, consequently, to
oscillations in the dependence of the magnetoresistance on
the spacer thickness, as shown in Fig. 6 for two different
values of the quantum well depth. The amplitude of the os-
cillations as well as the oscillation period is related to the
depth of the quantum well in the spacer.
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FIG. 6. GMR as a function of the spacer thickndgsalculated

FIG. 4. Dependence of the GMR effect generated by the interfor d;=d,=20 A, A\;_=\,_=200 A, \;,=)\,,=800 A, \y=400
facial scattering potential on the spacer thicknessiferd,= 20 A,
Upe=Uys=Uy=0, V. =V,,=0,V;_ =V, =2 eV, u=4 eV,
)\1i=)\2i=)\0=400 A, 771:772:2 A, and §1=§2=2 A

A m=n=2A §=6=2 A, u=4eV,Us=0, andV;.=V,.=0.
The other parameters alty . =U,.=1 eV (a) andU,;. =U,. =2
eV (b).
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FIG. 8. GMR effect as a function of the spacer thickness, cal-
culated for d;=d,=20 A, A\ =N\.=Ag=400 A, u=4 eV,
) U1+:U2+:U0:0,U1_:U2_:O.5 e\/, and7]1:7]2:0.
oscillations inpp and pap, Which gives rise to the peculiar

027 shape of the oscillations iap [Fig. 7(b)]. This phase shift is
also responsible for the oscillations &p/ps shown in Fig.
0.35 7(c). Oscillations similar to those shown in Fig. 7 also occur
in the dependence of the resistivity, resistivity change, and

C . . .

0.30 © GMR effect on the thickness of the magnetic films.
0 In Fig. 7 the magnetoresistance was due to the spin de-
.25 :

pendence of the bulk electron mean free paths in the mag-
0.20 netic films. It is interesting to note that the magnetoresis-

tance, although small, still exists if there is no spin
0.15 1 asymmetry in the electron mean free paths. Moreover, the
0.10 magnetoresistance oscillates with the spacer thickness and

the oscillations are associated with a change of the sign of

Ap/pp

0.05 l I l l I the factorAp/pp, as shown in Fig. 8.
0 5 10 15 20 25 30 The interface roughness leads to effects which are similar
dglAl to those discussed in Sec. IV B, i.e., to additional oscillations

in resistivity and GMR.

FIG. 7. (a) Electrical resistivitiespp and ppp, (b) the resistance

change, andc) the GMR effect as a function of the spacer thickness D. Influence of the interface roughness

do, calculated ford;=d,=20 A, \;_=\,_=200 A, N\, =\, ) _

=800 A, A\g=400 A, 7=m=0, u=5 eV, Uy, =U,,=U, The interface roughness contributes to the GMR effect
=0, andU; =U, =05 eV, when the corresponding scattering potential depends on the

electron spin orientation. This happens when either the elec-
tronic potential inside the magnetic films or the potential
Vg is spin dependent. Assume first the limit of vanishing
Consider now the situation when the effective electronV . for both interfaces. In Fig. 9 we show the GMR effect as
potential inside the ferromagnetic films depends on the elea function of the roughness amplitueg 7= n,= »,) for sev-
tron spin orientation, giving rise to spin-dependent electroreral values of the correlation lengéh(é=¢,=¢&,) and for no
confinement inside the spacer(or ferromagnetic spin asymmetry in the bulk mean free paths. The GMR effect
films).1>29-32Assume first the case of no interface roughnesstesults now from the spin dependence of the interfacial scat-
The dependence of the resistivity, resistivity change, and thtering and increases with increasing amplitude of the rough-
GMR effect on the spacer thickness is shown in Fig. 7. Foness. It is also evident that the roughness with small corre-
parallel alignment of the film magnetizations, there is alation length & is more effective in generating the GMR
phase shift between the oscillations in the contributions fromeffect than the roughness of the same amplitude but with a
the two spin channels, which results in a double-peak strudonger correlation length. A similar behavior of the magne-
ture in the dependence @ on d,. The phase shift is a toresistance is observed when it is generated by the spin-
consequence of the spin-dependent miniband structure fafependent potential¥;., and the electronic potentials in-
parallel configuration. For the antiparallel orientation theside the magnetic films are independent of the electron spin.
miniband structure is independent of the electron spin orien- In a general case, both bulk and interface spin-dependent
tation (the structure assumed is symmetricaind conse- scattering processes contribute to the GMR effect. Assume,
quently there is no phase shift between the contributionfor a while, perfect interfaces. The interface contribution to
from both spin channels. Another consequence of the spirthe resistivity and also to the GMR effect vanishes then ex-
dependent miniband structure is a phase shift between thactly, and so the GMR is of bulk origin only. Consider now

C. Spin-dependent quantum well in the spacer
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FIG. 9. GMR effect as a function of the roughness amplityde

FIG. 10. GMR effect as a function of the roughness amplityde
for d;=d,=20 A, dy=10 A. The other parameters assumed here
are d;=d,=20 A, dy=10 A, U;.=U,.=Uy=0, u=5 eV,

for three values of the correlation lengéh The other parameters
assumed here ard;=d,=20 A, dy=10 A, U;_=U,_=1 eV,

Ul+ U2+ UO 0 V1+—V2+—0 M= 5 eV and )\1+—)\2+
=\o=500 A.

A1+ =N+ =800 A, \;_=\,_=200 A, \,=100 A, and¢é=3 A. Dif-

ferent curves correspond to the following values\Wf. = V+ B

how a small interface roughness, with the corresponding1.2:

(1) V+ 0,V_=2¢eV,(2) V,=05¢eV,V_=15 eV, (3

scattering potential being spin dependent, can influence thé:=V-=1.0 eV; (4) V. =15 eV,V_=0.5 eV; (5) V,=2 eV,
GMR effect. What follows from numerical analysis is that a V-=0-

small roughness can either enhance or reduce the GMR ef-
fect generated by the bulk scattering. The enhancement takes
place when the spin asymmetry for the interface and for bulk
scattering is of the same kind: i.e., in both cases, the higher
scattering rate is for electrons of the same spin orientation. If
this is not the case, then the interface roughness reduces the
GMR effect. This behavior is shown in Fig. 10, whekg/pp

is plotted as a function of the roughness amplitude. To elimi-
nate the effects due to the spin-dependent electronic struc-
ture, a uniform electron potential across the structure was
assumed, and so the interfaces contribute to the magnetore-
sistance only by the spin-dependent scattering potentials
V. . For vanishing amplitude of the roughness, the effect is
generated entirely by the bulk spin-dependent scattering.
Different curves correspond to different spin asymmetries in
the interfacial scattering potential. The curves denoted as
and (2) correspond to the situation when the minority elec-
trons are scattered more effectively by the impurities as well
as by the interface roughness. Consequently, the interface
roughness enhances the GMR effect. Cui®jecorresponds

to the interfacial scattering being independent of the spin
orientation. The GMR effect decreases with increasing am-
plitude of the roughness because the relative role of the spin-
dependent scattering decreases with increasing roughness.
Curves(4) and(5), on the other hand, correspond to the case
when the impurities scatter more effectively the minority

Ap/pp

0.9

0.8

0.7

0.6

p=10

p=8/3

p=1

p=3/8
p=1/10

T
2

nlA]

w

electrons, whereas the interfaces scatter more strongly the F|G. 11. GMR effect as a function of the roughness amplityde
A U;_=U,_=1
therefore a part of the GMR effect created by the scattering), . =U,, =U,=0, V;.=V,.=0, u=5 eV, \,=100 A, and
on impurities and reduces the effect. The GMR effect reacheg., | +\;_)/2=(\,, +X,_)/2=550 A with p=\;,/A\;_=\,,/\,_ as
a minimum at a point where both contributions almost canceindicated.

majority electrons. The interface roughness compensatgsy

d;=d,=20

dp=10 A,

ev,
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each other, and then the GMR increases again with a further U,, 0=<z=d,,
increase of the roughness amplitude. U(z)={ Uy=0, d,<z<d,+d Al
A similar behavior is shown in Fig. 11 in the limit of 2 UZ ;jl+ld0<z;L o (AD)

vanishingV .. , when the interfacial scattering is entirely due
to the spin-dependent potential stepg. . Different curves whereU, andU, are constants and,,U,=0.
correspond to different values of the ratiop, Applying the standard method, one finds the following
pP=M\1/\_=N,,/\,_, with the average value of the electron dispersion equation for the discrete energy levels:
mean free path being the same for both magnetic films, ,
N4 +N 2=\, N, )2, and also the same for all k§S1S0S2— Kok2S1C0C2— Kok1C1C0S2—K1K2€1S0C2=0,
curves. Fop=10 andp=8/3, the bulk and interface contri- (A2)
butions to the GMR effect enhance each other. In the case Qfnere k, (@=0,1,2 is defined ak,=[2m(U,,—E)/#2]*2
p=3/8 andp=1/10, the increasing roughness leads to a defoy E<U, and k,=[2m(E—U,)/%2]Y2 if E>U,. The
crease of the GMR effect. The minimum seen for3/8 IS ther parameters in EGA2) are defined as follows:
of the same origin as the minima in Fig. 10.

s,=sinh(k,d,), (A3a)

V. SUMMARY if E<U,, and

We analyzed the role of quantum size effects and interface s,=sin(k,d,), (A3b)
roughness in the GMR effect in ultrathin magnetic sandwichWhenE>U Similar]
structures. Within the one-band model with a parabolic elec- ar Y.
tron band(which is additionally spin split in the ferromag- c,=coshk,d,) (Ada)
netic filmsg, we showed that quantum size effects lead to “ e
oscillations in the dependence of the resistivity and GMRIf E<U,,, and
effect on the spacer thickness and also on the thickness of the
magnetic films. The oscillation period is determined by the

Fermi wavelength. If there is a quantum well in the spacerfor E>U .

then there is also an additional oscillation period which is Equat|on(A2) is fulfilled for some discrete values of the
related to the depth of the quantum well. _energyE, E=¢,, which are indexed in the following witf,
The interfacial roughness can generate the GMR effect in,=1 2 3,... . The indexx will be also added to the corre-

two different cases: (l) when the electronic potential in the sponding parametetsx, Sy» andca as well as to the appro-
magnetic films is spin dependent, which leads to spinpriate wave functions.

dependent potential steps at the interfaces, @ndwhen The wave functionj,(z) corresponding to thath level is
there are additional spin-dependentl scattering processes of the following form:
at the interfaces. If, however, there is also a contribution due (i) For 0<z=<d,,
to spin-dependent scattering on bulk defects, then the inter-
face roughness can enhance or reduce the effect. The en- ,(2)=Ay,sinh(ky,2), (A5a)
hancement occurs when the spin asymmetry for the bulk
scattering processes is of the same kind as that for the intef!
face scattering. Long-range in-plane structural correlations in _ ;
the interfacial roughness diminish its role in the GMR effect. Yu(2)=Aqysinks,2), (ASD)

if €,>U;.

(i) Ford;<z=d,;+d,,

z2)=A,SinNkqy,(z—d;)]+Bgy,codky,(z—d;)].
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whene,<U,, and

c,=cogk,d,), (A4b)

hene,<U,, and
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APPENDIX A ¥,(2)=Ay,siM Ky, (z—L)], (A7b)
In this appendix we give the general formulas for thefor €,>U,.
discrete energy levels,, and wave functions,,(z) intro- The constants\;,, Ay, Bo,. andA,, can be determined

duced in Eqs(10) and(11). In the following the spin index from the following set of equations:
will be suppressed. For a given configuration of the sublayer

magnetizations and for a given spin orientation, the problem A1,51,=Bou» (A8a)
reduces to solution of the Sclitinger equation for a spinless
particle in a one-dimensional quantum well with infinite po- AouSout BouCou=—A2,S2u s (A8b)

tential walls atz=0 andz=L, and with the steplike poten-
tial, Alp,kl/,l,cl/.l,:AOMkO,u, y (ASC)
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AO/.LkO,uCO/.L_ BO,U,kO,u,SOp,:AZ/.LKZ,u,CZ;L f (A8d)

f1, AL+, A5, + fO#ASMvL féMBSMJr 214,A0,Bo,=1.
(A8e)

The following definitions have been introduced here:

f1M=i<%dl—%msmclM), (A9a)
f2M=i<%d2—%2#szﬂczu), (A9b)
fou (%do 2k1 SO#COM>, (A9c)
fou (%dﬁ%soﬂcm‘), (A9d)

0= (A9e)

0u™ 2Ky, oM

where the upper and lower signs in E49a) [and Eq.(9b)]
correspond, respectively, ,>U, ande,<U, [¢,>U, and
€M<U 2].
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dix). Taking into account the explicit forms of the states
,(2) (Appendix A), one finds

KVIU’ZE 5A2 A2 kl,u,Clvslp,_(SleSlvcly,_ h_&
! 8 1 u (kllu,)z_a(klv)z kl,u klv
+2d1}, (Bla
for v#u, and
1 SlVClV Slv
K””=—A4( -2—"43d,], Bib
L8 2ky,  Tky, T (B1)

if v=u. Here 6=—1 if only one of the levels, and e, is
lower thanU, and 5=1 otherwise, whereasS,,, andC,, are
defined as follows:

Sy, =sinh(2k,,d;), (B2a)
C,,=cosh2ky,d;), (B2b)

whene,<U,, and
S, =sin(2ky,dy), (B20)
Cy,=cog2k,,dy), (B2d)

whene,>U;. The amplitude®\;, andA,, are given by the
solutions of Eqs(A8a)—(A8e).

Similar formulas hold also foK 5#. They can be obtained
Here we present the explicit expressions Kdf;; defined  from the above formulagB1a—(B2d) by replacing every-
by Eq.(26) (the spin index is suppressed also in this appenwhere the index 1 by the index 2. Finalkg” is given by

sin 2(Ko, Ko, )do]
ko, + koﬂ

1
K§"=71g [(A},—B3,) (A3, —B3,) —4A0,B0,A0,Bo,] +[(A5,— B3, (A5, B3,

sin2(ko,—Kop,)do] Sin(ZkOVdO)_

+4A9,B0,A0,Bo,] — —2(A5,— B3, (A3, +B5,) 2(A5,+B3,)(AS,
koy kO,u kOV
sin(2Ko,,do) Sin?[ (Ko, +Ko,)do]  sirP[ (Ko, —ko,)do]

2 M v Iz v I3

—Bg,) T+4(AOVBO[L+ Bo,A0u) (BouBou—AoAou) Kov Kop + Kov— Koy
sir?(Kg,do) sir?(Kg,,do)
+8A9,Bo,(A5,+B3,) B +8(A3,+B3,)A0,Bo, B E— +4dy(Aj,+B35,)(A5,+B3,) |, (B3a
v 12
for v#u, and
1 sin(4k,d sin(2ko,d 1 ,
5= (A B, 0A% 88 50 g~ ) ST oA+ B2+ (o (Ao, itk
Ov Ov 0}%

+Ag,B3,[1—cog(Kg,do) 11, (B3h)

for v=p.
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