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Interlayer exchange coupling in Fe/Cr multilayers
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We investigate the origin of the long-period oscillation of the interlayer exchange coupling in Fe/Cr trilayer
systems. Within the stationary phase approximation the periods of the oscillations are associated with extremal
vectors of the Fermi sphere of Cr. Using a realistic tight-binding model with spin-orbit interaction we calculate
the coupling strength for each extremal vector based on the spin asymmetry of the reflection amplitude for a
propagating state impinging from the Cr to Fe layer. We find that fof@68) and(110) growth directions the
biggest coupling strength comes from the extremal vector centered at the ellppsdithe Fermi surface of
Cr. [S0163-182®07)10517-3

[. INTRODUCTION rience at the spacer/magnetic layer interfaces bear an analogy
to Fabry-Perot-like interferometry. Our own method belongs
The magnetic properties of multilayer systems have beeto this class. All the model calculations have certain approxi-
a subject of intensive study, particularly for the last decademations built in, and hence, one has to be aware that in some
The initial observation that two ferromagnetic layers can becases the accuracy of the results is limited. Nevertheless, the
coupled antiferromagnetically, when separated by certaipotential for numerical errors involved in these calculations
type of magnetic or nonmagnetic spa¢&runberget all), is significantly smaller than in the total-energy calculations,
and the following discovery that this coupling possesses @articularly for large spacer thickness, and the computational
damping oscillatory behaviotParkin et al?) stimulated a effort is much less as well.
great deal of interestMoreover, because of the phenom- It is now widely accepted that the periods of the oscilla-
enon of giant magnetoresistan@@MR),*® these structures tions of IEC are given by the extremal vectors of the Fermi
have become very promising candidates for applications isurface of the spacer material. In this paper we are going to
the magnetic recording industry. study the IEC of Fe/Cr/Fe, so the spacer is Cr. Chromium
The construction of ultrathin structures poses great chalhas a complicated Fermi surface with a rich variety of span-
lenges from the experimental point of view. The initial ning features. Therefore one would expect, in principle, a
samples grown with sputtering displayed the characteristienultiperiodic oscillation of IEC with respect to the Cr layer
oscillatory behavior, however, soon after the first measurethickness. However, only two periods have been observed in
ments, the demand for strict control over stoichiometry andhe experiments so far. The short period is roughly equal to
disorder made the growth of excellent epitaxial sandwicheswo monolayerdML) of chromium and it is believed to be
or superlattices necessary. In the case of a sandwich, it isdue to the nesting vector that gives rise to antiferromag-
common practice now that one uses a wedge geometry faretism in Cr. The origin of the long peridgneasured to be
the spacer layetIn this way one can study the spacer thick- somewhere between 15 and 18 Kas been proven a more
ness dependence of the interlayer exchange couglie@)  difficult problem.
using only one sample. We use an empirical TB method in order to calculate the
From the theoretical perspective, the calculation of IECcoupling strengths associated with different periods. By us-
has also attracted a lot of attention. Several different aping the “force theorem,’ one can find the change in the
proaches to the problem have been suggested and used @ensity of states for the trilayer system with respect to the
tensively. One can divide all these approaches into two mabulk case. Electrons with different spin see different effec-
jor classes. One class consists of total-energy calculations, iive potentials at the Fe/Cr interface, and consequently, the
which one calculates the difference in the total energy of thenultiple reflections are sensitive to the magnetizations of the
sample for the two important magnetization configurationsFe layers being parallel or antiparallel. The base of the ana-
(the magnetization of the ferromagnetic layers being parallelytical work was developed in a series of papers by Brtfho.
in one case, antiparallel in the othetocal-spin-density ap- Stiles® and Slonczewsk? also showed how one can calcu-
proximation(LSDA) (see for example Refs. 3,8nd semi- late IEC based on the spin asymmetry of the reflection am-
empirical tight-binding(TB) method$® have been used for plitudes. In more recent papers the method was applied with
this purpose. The second class consists of various model catncouraging results in real systefiaVe have used the same
culations. In this we include the calculations based on thenethod as Lee and Chang used for Co/Cu/Co sysféimst
perturbative treatment of the Ruderman-Kittel-Kasuya-with some modifications, in order to take care of the much
Yosida interactiort!*2 an adapted Andersofr sd-mixing)  more complicated Fermi surface of Cr. The main conclusion
model®®**and perhaps most importantly, we include all the of our work is that the long-period oscillation originates from
various calculations of IEC that exploit the idea of quantumthe extremal vector at the ellipsoid centered at pbirmtf the
interference and quantum confinement in the space€r Fermi surface. This is true for bott001) and (110
material*>'®The multiple reflections that the electrons expe-growth directions. The result agrees with that obtained with
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LDA calculations by Stile$? We will also discuss its valid-

ity in view of the outcome of recent photoemission

experimentg3

Il. THEORETICAL MODEL

The Interlayer exchange coupling is defined as

Q= Qpr
~ s @

whereQ and() ¢ are the grand canonical potentials for the

ferromagnetidF) and antiferromagneti¢AF) configurations

andS is the area of the sample. In our case we consider a
trilayer with semi-infinite Fe layers. The electrons are par-
tially reflected at the interfaces of the Fe/Cr/Fe sandwich,
and the change in the grand canonical potential is given by

the force theorenfor the frozen potential approximatipas

1 e
QV=;Im2 def(e)Trin(1—GT- G TRY),
K Joe
()

wherev labels the two configuration$ and AP, G, is the
bulk Green’s function of the spacer materiéljs the T ma-
trix, f is the Fermi-Dirac distribution, and andR stand for

FIG. 1. (100 cross section of Cr Fermi surface.

the left and right interface, respectively. Tr denotes the tracdhe product
over thez component of the wave vector and the spin index.

The asymptotic form of IEGfor large thicknes® of the Cr

layen is given in first order by the simple analytical result

(see Ref. 21 for details

I=im2, E A AR R (D), (3
where
ARG{:Z’ (rg?j FrEjIUF_rg?i FrE'”UAF), (4)
FoD T 2mkgTD/fiU] :
ij( 1= sink(Zﬂ-kBTD/huicjg)v 5
and
1 1 1 ©
u®  u®  u®

1]
In Eq. (3), gij=k{"—k{" is an extremal vector of the Fermi
surface of Cr parallel to the growth directiéwhich is taken
to be thez direction. The superscriptr labels different
ki, that is the in-plane component of the wave vectdr.
andk{" are thez components of the wave vector of the inci-
dent(reflected and reflectedinciden electron for the right
(left) interface, andu;* is the group velocity at a point
(ki k") of the Fermi sphere. The indexlabels the two spin
mixed states that are degenerate at eaqh K") (Kramers
degeneracy The reflection amplitude from a state(, o) to

a state k{*,0") is denoted byﬂ” ¥ (wherel =L, R labels
the interfaces K is related to the curvature radii at the two
endpoints ofgjj,

a a a \2[171
a_ \/ 9°qij 9°qj] B 5] @
“i K2 K2\ akyak,
(23 h (23 a
Gij:ﬁuinij (8)

is called the geometrical weight of the extremal vedgfr.
D is the thickness of the Cr laye#;; is a constraint function,
which is 1 for extremal vectors and 0 otherwise. The phase
factor ¢ﬁ=0, /2, and 7 for maximum, saddle, and mini-
mum extremal points, respectively. We perform the calcula-
tion at zero temperature, $g;(D,T)= 1. For finite tempera-
turesF{}(D,T) is less than 1, if the spacer is metafifc.

The reflect|on amplitude factoAR{j depends explicitly
on the reflection amplitudes, which, as we mentioned above,
are calculated from an empirical TB model wishp?, and
d® orbitals. Because of the sandwich geometry one needs to
include, not only the propagating Bloch solutions, but also
the evanescent states, i.e., the states with complex wave vec-
tors. The reflection amplitudes are calculated for a hetero-
structure geometry, with semi-infinite slabs of Fe and Cr on
the right and left side of the their interface. The TB param-
eters at the interface are calculated as an average of the Fe
and Cr parameters, an approximation which is reliable when,
as in this case, the two interface materials have similar TB
overlap integrals. The details of the method can be found in
Ref. 24. For Cr, the spin-orbit coupling is significant only for
the so-called lens area and at the point acrosdtHeline
where the electron surface almost touches the hole surface
(see Fig. L For all other vectors the spin-orbit interaction
does not play an important role, the spin is approximately a
good quantum number, and one finds that

(rle rRI])(rL]I rﬁjT)' (9)

where the superscripﬁL (=) denotes majority(minority)
spin electron.
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TABLE |. Results for(001) orientation.

Vector k [2m/a] x A) G® (meV) |AR] J% (mJ/m?P)
0,0 5.56 8.48 1.01 0.68

(0,0 9.20 160.12 9.810 ° 2.3x10°8
0,0 4.18 1.87 0.88 0.13

(0,0 33.65 3.40 6.%10* 3.8x10-3

Vi, (0,0.25 3.12 146.88 0.40 37.99
Ly (0,0.29 20.85 1.00 1.x10°3 5.3x10*
L, (0,0.29 17.77 1.39 0.41 0.18
X (0,0.42 11.21 36.99 0.24 281
N, (0.0,0.5 13.77 24.06 1.03 7.94
N, (0.5,0.5 10.38 10.40 0.63 1.03
0,10 3.42 6.33 0.65 0.33

Il. Fe/Cr/Fe SANDWICHES last column we give the coupling strength

As we pointed out in Sec. |, the Fe/Cr/Fe case has been a GEn|AR]
difficult one for the calculation of IEC, and this is mainly a0 171
because of the complicated Fermi surface of Cr. For our own ! 2D?
TB calculations we have used the parameters from Ref. 25. i ) ) ]
These parameters do not include any relativistic effects, an@ssociated with each vectayj. Gjj is the geometrical
particularly spin-orbit coupling. We have included spin-orbit Weight andn is the number of equivalent extremal vectors in
coupling with its characteristic parameter 2.84 mRy taken the first Brillouin zone. For the thickne&s we take a typical
from Ref. 26. This value agrees well also with the valuevalue of 10 A. One can see thEtR| and G{ vary signifi-
found in Ref. 17. Th€100) cross section of the Fermi sur- cantly for different extremal vectors, and therefore, the over-
face, that we obtained, is shown in Fig. 1. In this figure weall coupling strength is not negligible only for very few vec-
used a slightly larger parametér so that the effects of the tors. In the next two subsections we shall discuss the
spin-orbit interaction become easier to see. The Fermi su@nalyses fof001) and(110) orientations separately.
face we obtainedwith the correctt) agrees very well quali-
tatively, and in most cases quantitatively, with the ones ob- A. (001) orientation
tained from experiments and other more involved band-
structure calculations(see for example Ref. 27 The
inclusion of spin-orbit coupling affects significantly the area . )
around the lens vector, as we mentioned before. One needs rked some e_xtremal vectors, which, apcordlng to th_e
take this effect into consideration, because the period relate eory, are candidates for the observed penod; of the oscil-
to this vector is very close to the long period of the oscilla-1ations of IEC. Four vectors are of particular importance.
tions of IEC. One is the vectorN;) at the ellipsoid pocket aN. Two

Our results are summarized in Tables | and Il for the twoother special vectors are the one spanning the lenp énd
growth directions that we have studied. In the tablesthe one just outside the lenky). Finally, we have the nest-
c=a/2,a/2 is the distance between two Cr layers 601)  ing vector {,,), which connects two almost parallel lines,
and (110 orientation, respectivelya(= 2.88 A is the Cr one from the electron octahedron around pdintand the
lattice constant and\’s are the periods that we found. In the other from the hole octahedron around pdiht

(10

In Fig. 1, we give thg100) cross section of the Cr Fermi
sphere. The wave vectors are measured a2 We have

TABLE Il. Results for(110) orientation.

Vector kj [2m/a] x A G* (meV) |AR| J% (mJIm?)
(0,0 5.86 18.78 0.58 0.86

L (0,0.29 21.26 1.37 0.97 0.21
L} (0,0.29 17.87 1.57 1.11 0.28
Ly (0.23,0 29.68 3.86 6.6010°° 3.6x10°°
X/ (0,0.44 9.42 6.01 0.93 0.89
N} (0.71,0 16.46 38.45 1.51 4.65
N} (0.35,0.50 12.12 15.41 0.24 1.17
N (0.71,1.0 10.04 7.67 0.25 0.15
(0.3,0.0 9.73 12.93 0.07 0.30

s (0,12.0 4.70 43.31 0.59 2.02
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FIG. 3. Band structure along lin¢N [k =(0,0.5)2=/a] for (a)
Cr, (b) majority Fe, andc) minority Fe.

hand, the variation dff | and|r ~| around the Fermi level is
smooth. The majority electrons of the ellipsoid are reflected
strongly at the interface, because they have to transmit from
a Crsp band to an Fal band(see Fig. 3. The minority
electrons have smaller reflection amplitUdeé| because the
related Fe band at the Fermi level is of the same character as
the Cr band. As soon as the energy is raiseds/01 Ry,

minoriy spn the Fermi level minority band of Fe changes symmetry, and
/ the minority electrons become completely confined at the Cr

majority spin

Irl

layer.

Our calculations give a period of 13.77 A fof,. This
period is slightly smaller than the experimental value for the
long-period oscillation, which is somewhere between 14 and
18 A (see for example Refs. 2,6 2&or this same vector,

FIG. 2. Moduli of the reflection amplitudes vs energy {601 the de Haas—van Alphen experiméﬁtgive a period of
orientation.(a) kj=(0,0.5)2n/a, (b) k|=(0,0.42)2r/a (Fermien- 1597 A, which is within the experimental uncertainty. The
ergy is aligned to be zeyo fact that our calculated period is smaller than the experimen-

o tal one is not really a crucial mistake for the calculation of

For the extremal vectoN,, both G and |AR| are big, the coupling strength, which is the main focus of our work.
and hence, the coupling strength is laf@e&4 mJ/nf). The  One can actually easily tune the tight-binding parameters so
next closest amplitude is 2.80 mJnfor the extremal vector that one gets an ellipsoid period closer to the de Haas—van
X that spans the electron ball at point X Alphen experiments. However this tu_ning of the parameters
[kj=(0,0.42)2r/a]. This is still 2.83 times smaller than the Would not affect essentially the coupling strength, which de-
ellipsoid contribution. All the other amplitudes, with the ex- Pends on the symmetry of the states that are involved in the
ception of the nesting vector, are, approximately, at least onéeflection and transmission of the electrons, and not on the
order of magnitude smaller. In Figs(a2 and ab), we accurate size of some parts of the Fermi sphere. With a sat-
present the behavior of the modulus of the reflection ampliiSfactory period and coupling strengtas we will argue in
tude [r*| (|r~]) of the majority(minority) spin electron as the Sec. 1V, the vectomN, is the best candidate for the origin
a function of the energy fork;=(0,0.5)2r/a and of the_ Iong—period osciIIatiqns pf IEC, at least within the
kj=(0,0.42)2r/a. For thesek|'s, the spin-orbit coupling is reflection ampllyude approximation. _ _ _
not very important an{AR| is given explicitly by the square ~ The very existence of the lens is due to the spin-orbit
of the difference of ™ andr ~. These two Comp|ex numbers coupling that we have included for Cr. In the case of vanish-
mirror the match or the mismatch of the bands of Cr and Féng spin-orbit paramete the lens touches the outside sur-
at the Fermi level and at this particuley. The band struc- face and there is no extremal vector at this point. With
ture alongk, at kj=(0,0.5)27/a for Cr and Fe is given in §{=2.84 mRy we obtained two extremal vectarsandL , at
Fig. 3. For both Fe and Cr the Fermi level is aligned to be ak;=(0,0.29)27/a, which have periods 20.85 and 17.77 A,
Zero energy. respectively. For both vectors, the fact&rR| is not small,

One can see from Fig.(B) [k;=(0,0.42)27/a] that butin contrast to the nesting vector case, the curvature radius
[r*| changes very rapidly around the Fermi energy. Thisfactor «jj is very small. Thus the overall contribution to the
means that the stationary phase approximation is not vergoupling is almost negligible. This is a somehow unwelcome
well satisfied for_thisk,. Therefore, the result for the cou- result because the periodslof andL, are very close to the
pling strength forX is not very reliable. FON; on the other experimental one. However, it is a result that one would

0.05
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majority spin

of |[r*| and|r 7| around the Fermi level is slow enough that
the stationary phase approximation is reliable.

The lens vectord |, L, andL; have again smalk{j,
and small overall coupling strengths. A significant contribu-
tion is made from the vectoX” atk =(0,0.44)27/a. Note
that we have used new’,y’,z’ axes so thatz’ is the

Irl

"; growth  direction.  Another ellipsoid vector at
oer \ kj=(0.35,0.50)2r/a has also largd;j . Anyway, these two
A minorty spin J3's (0.89 mJ/nt and 1.17 mJ/m) are five and four times

smaller than that ofN;. Therefore, the origin of the
long-period oscillations is attributed again to an ellipsoid
spanning vector. There is also a non-negligible strength
associated with short-period oscillations. This is for
0l L i kj=(0.0,1.0)27/a, with a period of 4.70 A and a strength
E(Ry) of 2.02 mJ/nt. To the best of our knowledge, no short pe-
riod has been reported so far for ttELO) orientation.

FIG. 4. Moduli of the reflection amplitudes vs energy {@d.0)
orientation andk=(0.71,0)2r/a (Fermi energy is aligned to be
zero. IV. DISCUSSION OF RESULTS

anticipate from qualitative reasoning alone, since the phas As we stressed in the previous sections, the two most
P q 9 ’ Phask hortant issues that one has to address for IEC are the pe-

space associated with the lens is small, as has been SressRSy of the oscillation and its magnitude. For the three cases

by other aut_hors pre\n_ousfi/. . of (001), (110), and(211) orientation, the experimental data
The nesting vectol, corresponds to a period of about e 5 similar period. The common period is in favor of the

3.12 A. This is about 2.17 ML of Cr and agrees very well argument that the large-wavelength oscillations are origi-
with previous results. For this vector, the geometrical weight, 5teq from a relatively isotropic part of the Cr Fermi surface.
is very big (approximately at least an order of magnitude g \ve saw above, our calculations agree with that, since the

_l|3_|hgge'r than mostt gf thel.toi.h(ﬁlii Sb present(tar:j n T?ble}.l ¢ two vectorsN; andN; are extremal vectors of the ellipsoid
IS IS as expected gualitatively, because the ngs Ing Tealltntered aN, which is fairly isotropic. The size of the ellip-
(nearly parallel linesleads to very large value forjj . Since

X ) soid, as we calculated it in tH&10) case(period 16.46 A or
the reflection factofAR| is not very small, the overall cou- as it can be calculated from de Haas—van Alphen experi-

pling strength associated witlf, is large (37.99 mJ/mf).  ments for the(001) case(period 15.97 A, is in good agree-
Although this number is too big compared to experimentalnent with the observed period.

strengths, the result agrees with the experiment qualitatively, The measured coupling strengths for tB81) orientation
since it renders/,, the best candidate for the short-period vary from 0.6 mJ/n to 1.6 mJ/nt for thicknesses between 4
oscillations[for which the period is measured to be 2.1 ML and 8 ML2%3%320ur own result is 7.94 mJ/ffor D=10 A,
(Refs. 6 and 28. Nevertheless, one has to acknowledge thaif we use Eq(10), whereas if we use E@3), we find that the
the nesting feature requires a treatment that goes beyond tiest antiferromagnetic peak strength is 14.45 ma/for
stationary phase approximation used in our calculationsp=6.7 A. These numbers are about ten times the experi-
Specifically the replacement of the Fermi-surface sheets byhental ones. Previous total-energy calculatisee Sec. 2.2
parabolas is questionable for this case, and one should pefr Ref. 3 predicted larger amplitudesp to 100 bigger than
form an explicit numerical integration ovés for this par-  the experiment so our result is an improvement. In a most
ticular area of the Fermi sphere. Moreover, the couplingecent first-principles calculation, Stifésalso attributed the
strength of the short-period oscillations is very sensitive Worigin of the long-period oscillations td; andN; . His cal-

roughness, as will be discussed in Sec. IV. culated coupling strengths for these vectors are 5.7 mJ/m
and 3.2 mJ/m. Both numbers are in good agreement with
B. (110 orientation ours.
The discrepancy with the experiment can be remedied if
(110 orientation. Again, as in thé001) case, one can find, the interf_ace rqughness is taken into account. The coupling
— — strength in realistic samples decreases mostly because of the
among others, extremal vectors that span thg Idarj; Iz interface roughness. In the experiment, the Fe/Cr interfaces
andL) and vectorgfor exampleN;) at theN ellipsoid. As  gre not ideally flat, but they possess steps, that lead to a
we can see in this case, the most important contribution tgandom growth front of the Cr spacer. One can deduce from
the coupling is made byN;. Its period and strength are the experimental data that early results, obtained from rough
found to be 16.46 Althe experimental period iss 18 A samples grown with sputtering, gave smaller strengths com-
(Refs. 2 and 3f], and 4.65 mJ/rf, respectively. In Fig. 4, pared to more recent ones from smooth epitaxial films. Our
we give the moduli of the reflection amplitudés™| and  calculation can be modified in two ways in order to include
[r~| as a function of energy. The majority electrons arethe effects of interface roughness. First, we can average the
strongly confined in the spacer, whereas the minority elecamplitude of IEC over the variable thickness of the film. As
trons are only partially reflected at the interface. The changé shown in Refs. 12 and 13, this can be done by convoluting

In Table Il we give the results of the calculation for the
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50.0 fected as well. Finally, we must point out once more that our
| approximations do not hold for very thin multilayers, and
\ hence the initial phase is pretty arbitrary.
) Our results indicate that the nesting vector of the ellipsoid
is a favorite candidate for the long period oscillations. How-
ever, other candidates have been proposed in the literature as
well. Early on, it was realized that the nesting vector can be
responsible, not only for the small, but also for the large
wavelength oscillations. Because of the discreteness of the
thicknessD, a short period can give rise to an effective long
period as a higher harmonic. The phenomenon is called
, aliasing and one gets for the second harmonic a period
' N =N (N—2) ML. For A\=~2.2 ML the effective period is
K indeed large. However, careful measurements of the large
=50.0 T 1T T T T T T T T period by Pierceet al® gave an effective perioa’=20.05
0.4 0.9 5 1(}¢n) 1.9 2.4 ML, much bigger than the observed period which is between
10 and 12 ML. Moreover, the fact that the period seems to be
FIG. 5. Coupling strengthi® vs thicknessD, as calculated indepe_ndent of the orientation is not in_ favor pf the a_liasing
from (a) Eq. (3) (solid line), (b) Eq. (10) (dashed ling scenario. Of course from the theoretical point of view, a
conclusive analysis would be to calculate the coupling

the coupling strengtti(t) for a certain thicknes$ with a strength for the second harmonic and see if it is significant.

distribution (constant or Gaussiamvert fluctuations. Con- The nesting vector though is a difficult case, as we men-

sequently, the new coupling is tioned in Sec. Ill. If the coupling strength for the second
harmonic turns out to be comparable to the one of the vector

N4, then the superposition of the two oscillations will lead to
new features in the overall IEC, particularly it will raise its

_ _ period and also decrease its amplitude.

whereD is the average thickness. Second, because of the Ty other candidates for the long-period coupling are the
roughness, the in-plane component of the wave vector is Rns vectorsL; andL,. In a recent paper, Léet al?® have

longer a good quantum numper. A certaip state can be. studied the confinement of electrons in the spacer using
reflected to a range of othdq's states around it, and this o .
angle-resolved photoemission. They found substantial con-

leads to a decrease of the coupling, or even to complet

sweep of the oscillations, if the period is short. Therefore, ifﬁnement for states witk, in the vicinity of the lens. From

the sample is not prepared to be smooth, the 2.2-ML perio&"IS they concluQed.that the lens is tkespace ongin of the
associated with the nesting vector will not be observed. Thisong-period oscillations. From our calculations we have
has been verified experimentafi{l.Interface roughness may found that the confinement at the lens area is big enough that
also be responsible for the lack of the period of 4.70 A thane could detect quantum well states for thjsthe magni-
we found in the(110) case. Apart from roughness, other tude of bothr * andr ~ in the ferromagnetic configuration is
disorder effects, like misfit dislocations and strimlso can  ~0.5). However, the confinement is much stronger at the
affect IEC in the same way. These effects however do noellipsoid as one can see in Fig(a2 Hence it would be
play any significant role in Fe/Cr multilayers because of theuseful to get more data for this-space area. The confine-
excellent match of the lattice constarigs88 A for Cr, 2.87  ment is one important factor for IEC, but there are also other
A for Fe). factors that affect the amplitude of the oscillation. Most im-
The number that we give as the amplitude is really anportant one is the spin asymmetry of the reflection amplitude
upper bound of the actual value, since we are taking theas a difference of two complex numbgrand not individual
absolute value of the complex numble&rR|. This is demon-  magnitude by itself. The geometrical weight of the vector is
strated in Fig. 5, which showd; vs thicknessD as calcu- a crucial factor as well, at least within the stationary phase
lated from Eqgs(3) and(10) for the spanning vectd;. We  approximation. For the lens vectoiGjj’'s are very small.
use|AR| to estimate the strength of IEC, because there is a Although our result seems to be in fairly good agreement
certain phase arbitrariness in the calculation. The maimwith the experiment, one should stress the point that the re-
source for this is the finite thickness of the Fe layers, whicklection amplitude approximation is the first step towards the
is not taken into account in our calculation. It has been prefeliable determination of IEC. Total-energy methods can
dicted from theor}*® and verified experimental# that take on the predictions of this method and improve the cal-
IEC exhibits oscillations, not only as a function of Cr thick- culation. However, given the numerical problems that the
ness, but also as one varies the thickness of the Fe layem®tal-energy methods suffer, especially in the case of Cr-
This means of course that the antiferromagnetic peaks occlmased multilayer systems, this first step gives a very valu-
at differentD for different Fe widths, and so one needs toable, simplified and physically transparent approach to the
use the righD in each case. Moreover, for finite thickness, problem in hand, and a very useful checkpoint of the
guantum well states are expected to be formed also in thasymptotic behavior of IEC for future, more ambitious cal-
magnetic layers and hence the coupling strength will be afeulations.

25.0

0.0

J% (mJd/m?)

—25.0

T T T T N T Y T A T T T A T N B

Jmugr(m:Z P(D,0)J(1), (12)
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V. SUMMARY stantially. Although the attribution of the long-period cou-
. . . ling to the aliasing effect of the nesting vector faces several
By using an empirical TB methodncluding s, p3, and pling ¢ 9 9
5 . . . o ) opposing arguments, one should try to calculate more care-
d® orbitalg and including the spin-orbit interaction, we have . . .
if_ully the coupling strength of the second harmonic of this

calculated the reflection amplitudes and transmission coeffvector Within the apbroximations that we have used. all the
cients for an Fe/Cr/Fe sandwich structure. Based on the spin ) bp '

o : . ther candidates for the long perigdnd in particular the
asymmetry of these quantities and the geometrical weight 9 h b found to h I liaibl
the extremal vectors of the Cr Fermi surface, we have ob~. - yec'gor}; ave been found to have a small to negligible

) : . o contribution to the overall coupling.
tained the coupling strengths associated with each vector.
For both(001) and (110 growth direction, the origin of the
long-period oscillations of the exchange coupling is attrib-
uted to extremal vectors of the ellipsoid centered at point N.

The period agrees satisfactorily with the observed value. The This work was supported by the University of lllinois
coupling strength is roughly an order of magnitude biggemresearch board and the University of lllinois Materials Re-
than the experimental one, but the inclusion of interfacesearch Laboratory through Contract No. NSF/DMR-89-

roughness in the calculation can improve the agreement sul20538.
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