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Exponential behavior of the interlayer exchange coupling
across nonmagnetic metallic superlattices
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It is shown that the coupling between magnetic layers separated by nonmagnetic metallic superlattices can
decay exponentially as a function of the spacer thickiesas opposed to the ususl 2 decay. This effect is
due to the lack of constructive contributions to the coupling from extended states across the spacer. The
exponential behavior is obtained by properly choosing the distinct metals and the superlattice unit cell com-
position.[S0163-18208)01337-X

The alignment of the magnetizations of metallic layersregular intervals of the supercell sizBld=N,+ Ng atomic
separated by nonmagnetic metallic spacers oscillates bglanes that the coupling reflects the structure of the spacer
tween parallel and antiparallel as the distaNchetween the ~ Superlattice F$! Therefore, to highlight the oscillation peri-
magnetic layers is varied. This oscillatory interlayer ex-0ds which are associated with the superlattice FS, when we
change coupling(N) has been intensively investigated both show our calculated results fd{N) we indicate one subset

experimentally and theoretically’ At zero temperature and of ﬁ;\iiilr?eisntngrgiringlgnngggg %;P;:%ﬁrccﬂl(ﬁ%ﬁost
for sufficiently thick metallic spacers, the amplitude df 9 P :

? X o ) purposes can be regarded as one-band materials, we consider
decays usually as W, and its oscillation perlogidepend ON that the multilayer electronic structure is described by the
the geometry of the spacer Fermi surfages).” " Such a gjngle-band tight-binding model on a simple cubic lattice

behavior has been regarded as characteristic of crystallingith nearest-neighbor hoppings only. We assume that the
metallic spacers. In fact, simple theoretical arguments showgoppingt is the same throughout the multilayer system, and
that the coupling across insulating materials decays exponeghoose the unit of energy so theat 1/2. We consider the
tially with N,*'°the reason being the absence of extendeditomic planes oriented in the (001) direction, and set the
electronic states within the insulating spacer with energyn-site energies in the magnetic layers equa&,@g(r —0.15
equal to the chemical potential. andel,=0.15, for and | spin electrons, respectively. Our
There are general rules which provide a systematic wayalculations of the interlayer exchange couplihglefined as
for determining the oscillation periods df across metallic the difference in total energy per surface atom between the
spacerd™® In their simplest form they correspond to the antiferromagnetic and ferromagnetic configurations of the
RKKY criterion, which states that the periods are given bysystem, have been performed at zero temperature, and are
critical spanning wave vectors along the growth directionbased on the formalism developed in Refs. 7 and 12.
linking two points of the bulk spacer FS with antiparallel ~We first look at one spacer superlattice case where the
velocities? Recently, it has been suggested that the periodssual 1N? behavior ofJ(N) occurs. We consideN,=Ng
of J across nonmagnetic metallic superlattices can be altered 1, and take the on-site energies of metalsandB to be
in a controllable way by changing the superlattice composi€,=—0.4 andeg=0.2, respectively. The calculated results
tion, and, hence, its FS.In this paper we show that it is for J(N) are presented in Fig(d). The open circles indicate
possible to find an exponentially decayid@N) across non- one of the subsets of points corresponding to valuesl of
magnetic metallic superlattices. Such a behavior can be olseparated byN;=2. We can see that they oscillate with a
tained by properly choosing the superlattice constituent masingle period(depicted by the dashed linef ~6N, atomic
terials and unit cell composition in such a way that theplanes. The other subset of points has the same oscillation
superlattice FS shows no critical wave vectors in the direcperiod, except for a phase shift. The short-period oscillation
tion perpendicular to the layers. In this case, despite the méellowed by the solid line does not reflect any fundamental
tallic character of the spacer, the contributions to the couperiod related to the spacer FS. This line simply connects
pling coming from extended states interfere destructively. results for spacer thicknesses differing by one atomic plane,
The systems we examine are composed of two semioining points of different subsets which have a common
infinite ferromagnetic metals separated by a nonmagnetioscillation period but distinct phases. It is clear from Fig.
metallic superlattice. The superlattice unit cell consists ofi(b), whereJx N2 is plotted agains, that the amplitude of
two layers, made of metals andB, containingN, andNg  J decays as N2. The period followed by the open circles in
atomic planes, respectively. We have calculatexs a func-  Fig. 1(a) agrees perfectly with what we obtain from the criti-
tion of the number of atomic planes in the spacer. Howevergal wave vectors of the superlattice FS displayed in Fig), 1
as far as the periods are concerned, it is only when probed ak expected.
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FIG. 1. (a) Calculated coupling as a function of spacer thick- (¢)
nessN. Solid and open circles mark the superlattice atomic planes FIG. 2. (a) Calculated coupling as a function of spacer thick-
and unit cells, respectivelyb) N2J as a function olN. (c) Super-  nessN. Solid and open circles mark the superlattice atomic planes
lattice FS. The rectangle is(200) cross section of the superlattice and unit cells, respectivelyb) |J| as a function ofN; only the open
first Brillouin zone. Solid lines represent the real FS and dashed lineircles are showr(c) Superlattice FS. The rectangle i$180) cross
the CFS. All results are foN,=Ng=1, 52: —0.4, andegzo.z. section of the superlattice first Brillouin zone. Solid lines represent

the real FS and dashed line the CFS. All results are3er0.4 and

We now show that a completely different behavior of e3=—0.9.
J(N) can be obtained, by simply replacing meRlin the
superlattice by another metal. It is well known that differentof N. For metallic spacer superlattices, however, this is not
choices of spacer materials can lead to different oscillatiogenerally true, and we will prove that an exponentially de-
periods, amplitudes, and phases of the oscillatory interlayegayingJ(N) can be found in some cases. We consider, as an
coupling, but provided the metallic character of the spacer i#xample, the same superlattice unit cell composition as be-
preserved, the coupling amplitude is expected to decay afore, i.e., Na=Ng=1, but replace metaB by another in
ways according to a power law for sufficiently large valueswhich e3=—0.9. The calculated results aN) for this case
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FIG. 3. (a) Calculated coupling as a function of spacer thick-
nessN. Solid and open circles mark the superlattice atomic planes FIG. 4. (a) Calculated bilinear coupling as a function of spacer
and unit cells, respectivelyb) N2J as a function oN. (c) Super-  thicknessN. Solid and open circles mark the superlattice atomic
lattice FS. The rectangle is(400) cross section of the superlattice planes and unit cells, respectivels) |J| as a function olN; only
first Brillouin zone. Solid lines represent the real FS and dashed linghe open circles are showft) Superlattice FS. The rectangle is a
the CFS. All results are foN,=2,Ng=1, 52:—0.4, and Eg (100 cross section of the superlattice first Brillouin zone. Solid
=0.2. lines represent the real FS and dashed line the CFS. All results are

for Na4=2,Ng=1, €3=0.2, ande3=—0.4.

are presented in Fig.(@. As before, open circles indicate
one subset of equally spaced valuesNbfliffering by Ns. same exponential rate of decay. Such an exponential behav-
These points clearly show a much faster decreasing couplinigr can be understood by analyzing the corresponding spacer
as a function of the spacer thickness. In fact, their plot insuperlattice FS, which is represented by the solid line in Fig.
logarithmic scale, as in Fig.(B), makes it evident thaf 2(c). First we notice that, in contrast with the previous case,
decays exponentially in this case. The other subset of pointghis superlattice FS shows no critical spanning vectors satis-
corresponding to odd numbers of atomic planes, exhibits th&ing the criteria for obtaining an oscillatory coupling.
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Therefore, the extended states of the spacer superlattice ahichN,=1 andNg=2 (ABBtype of cel). The calculated
not interfere constructively giving no sizeable contributionsresults ofJ(N) for the first case are presented in Figa)3

to the coupling asymptotically. It is worth mentioning that where we have singled out one subsetNofalues differing
both the chosen metafsandB, separately, have bulk Fermi by integer multiples oNs=3. It is evident that in this case
surfaces which satisfy those criteria. Hence, across either éhe coupling exhibits the usual behavior, with the amplitude
these pure metals, the coupling would be oscillatory and it§lecaying asymptotically asN7, as confirmed by Fig. (8).
amplitude would follow the usual W2 asymptotic behavior. The corresponding superlattice FS, shown in Figc),3
However, our particular choice has produced a superlatticél€arly has a critical wave vector which regulates the
FS which shows no critical wave vectors, thereby leading tg2Symptotic oscillatory behavior of the coupling. However,

an exponentially decreasing coupling. This results from th&Vhen IWe. Iookhip hFir?' @hgt the coupfling across the sz(.:er
fact that the interlayer exchange coupling is basically reguSuPeriattice which has theBB type of structure, we imedi-
tely notice that it decreases much faster than in the previous

lated by a few critical wave vectors of the spacer FS and i&

sensitive to variations of the spacer FS around these state F?asti.hgrgﬁdoﬁr?rlg]rr:l?itglj% é)éi;egt:)? Ionntle:rllgtqig)lﬁcionnmgiase
The exponential rate of decay of the coupling can be ob- piing amp Y P y '

tained from the so-called complex Fermi surfa@Fs® Such exponential behavior agrees with the fact that the cor-

which is associated with evanescent states in the spacer har\?_spondmg superlattl_ce FS, shown in Figc)has no criti
ing complex wave vectors. The CFS's are shown by thecal wave vectors but in the CFS sheet, and the extremum that

dashed lines in Figs.(&) and Zc). In order to preserve con- regulgtes Fhe_ coupling rate of decay Is also indicated by ar-
tinuity between the real and complex FS sheets, we hav&®Ws In this f_|gure. . .
added the real part of the wave veckgrto the complex part . In conclusmq, we have ShOV.V” that exponenhally decaying
of the FS when drawing the lattét A simple extension of interlayer couplings as a function of the spacer thickness can
g ' b obtained across metallic superlattices. They result from

the stationary phase method states that when the real the absence of real critical wave vectors associated with the
shows no critical wave vectors, the dominant contributions to

the coupling come from the critical points of the complex Sgr?:rréag::;rgcsﬁvg t?g dﬁiisne ttf;]ee i)gjt'ﬂg ef;e%?e(;:ttzteezdil-
FS. In this case, all contributions from the real part of the FS[ y 9 piing rapidly

interfere destructively in the asymptotic region. Thus, we ard erlattice thickness increases. The effe.ct IS due to quantum
left with only the exponentially decaying contributions com- interferences generated by the superlattice interfaces, and can

ing from the complex part of the FS, the most important\t;glvzkga(')nreg e':;.eursgz a tﬁ?gir :ﬁ;ﬁggncg:nthgsi?oegalﬁ_rg
being the stationary one with the smallest rate of decay y ad 9 P P :

which is indicated by arrows in Fig.(@. One can easily States which effectively contribute to the coupling in this
verify that the magnitude of the imaginary part of the critical case are evanescent and are selected from crltlcal'wave vec-
wave vectors corresponds to the slope of the line in Fig. 2 tors of the complex part of the FS. Spacer superlattices r_nade
In other words, rather than determining the periodsuwithOf monovalent metals, whose Fermi surfaces are relatively
which the coupling oscillates, critical wave vectors of theS'mple’ are good candidates for presenting such a b_ehawor.
complex part of the FS indicate how fast the exponentiaITh'S. _remarkable qhange of response to the superlgtuce com-
decay is position is a special feature of the interlayer coupling which

Having shown that it is possible to find an exponentiallyIS a quantity that depends basmally on just a few critical
decaying coupling by properly choosing the metals of which"ave vectors. Ot_her properties, su_ch as the strength of the
ant magnetoresistence effect, for instance, are not expected

the spacer superlattices are made, we now show that ¢ I be so sensitive to local changes of the spacer FS because
same effect can be obtained by fixing a pair of metals an . ges ¢ pacer )
hey depend on it as a whole, not just on specific portions

varying the superlattice unit cell composition. To iIIustrateIik the interlaver lin
this, we take the same metals as in the first case, i.e., thosg® M€ INteriayer coupling.
corresponding t&,= —0.4 andeg= 0.2, but consider larger This work was financially supported by CNPq and FINEP
supercells. First we look at a superlattice with=2 and  of Brazil. We thank M. A. Villeret for a critical reading of
Ng=1 (AABtype of cel), and later we consider another in this manuscript.
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