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Confinement mechanism for strong temperature dependence of the interlayer exchange
coupling in Co/Cu(001)
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It is shown, within the quantum-well theory of the exchange coupliig magnetic multilayers, that the
temperature dependence &fis governed not only by the spacer Fermi surface but also by the confining
strength of the ferromagnetic layers. The confinement mechanism is first explored for an exactly solvable
parabolic-band model and cases in which it leads to a very strong temperature dependeace identified.
Finally, it is demonstrated, using fully realistic tight-binding bands, that the confinement mechanism dominates
J(T) in Co/Cu/Cq001). [S0163-18206)02516-6

It is generally believed that the temperature dependence The purpose of this contribution is to show that there are
of the exchange coupling(T) between two magnetic layers magnetic multilayers, including the highly relevant class of
separated by a nonmagnetic spacer layer is determined eQu-based systems, in which the confinement mechanism is
tirely by the properties of the bulk spacer layer Fermi surfaceso important that it dominates the total temperature depen-
(FS. The ferromagnetic layers are assumed to play no rolgience of the coupling. We shall first clarify the origin of the
as long as the temperature is low compared with the Curigonfinement mechanism for a parabolic-band model since it
temperature, which is usually the case under experimentad exactly solvable. A much more interesting case occurs
conditions. This belief is based on the results of the quantunynen complete confinement is due to hybridization. This is
well theory with complete confinement in an infinitely deep precisely what happens in Cu-based sysfearsd we will

potential welt and Ruderman-Kittel-Kasuya-Yosida show both analvti ; : -~
. ; ytically and numerically, using fully realistic
(RKKY) theory’ of the oscillatory exchange coupling. Both tight-binding bands, that the confinement mechanism domi-

of these theories predict tha{T) is determined solely by the natesJ(T) in the archetypal Co/G001) system
velocity of magnetic carriers at the extremal points of the Assuming the force t>;1pe0rem we def?lfﬁee 'e 9. Ref.)5
bulk spacer FS. However, the observed temperature depeﬂj-e exchange coupling betwéen o sem,i-ir.1fi.nite .ferro-

dence of the exchange coupling in Cu-based triabfers dnagnets separated by a nonmagnetic spacer of thickness

much stron%er than predicted by the conventional FS mech 7 | ; )
nism for Cu by J(L)={[Q'(L)+Q* (L) ]em—[Q' (L) +Q (L) ]ar}/A.

We show that the existing theories fail to explain the ob-Here, A is the surface area andfy g is the thermody-
served](T) because there is an additional mechanism of thénamic potential of carriers of spinr in the ferromagnetic
temperature dependence of the interlayer exchange couplingntiferromagneticconfiguration of the magnetic layers.
which has not been considered in any of the previous theo- Consider a parabolic-band model with complete confine-
retical treatments. This new mechanismJ¢T), implicit in ment of minority-spin electrons in a spacer quantum well of
the quantum well theory, depends not only on the spacer F8epthV and widthL, and with a perfect match between the
but also on the degree of confinement of magnetic carriers iferromagnet and spacer bands in the majority-spin channel.
the spacer quantum well. We shall refer to it as the confineThe exchange coupling in such a model is giver® by
ment mechanism of(T). We will show that the confine- j(L)=[Q}(L)—Q!(*)]eu/A, where Q'(L) is measured
ment mechanism is particularly important in Cu-based mulyelative to a reference state with constant electron densities
tilayers. appropriate to the bulk ferromagnet and bulk sp&cere

The physical origin of the confinement mechanism ofshowed in Ref. 6 that the coupling for a parabolic-band
J(T) can be easily understood. The coupling strength in thenodel can be obtained from the derivative of the thermody-
quantum well theory depends on the magnetic contrast, i.enamic potential with respect to the spacer thickness. The
the difference between the degrees of confinement of thgerivativedQ!(L)/dL is, in turn, expressed in terms of the

majority- and minority-spin carriers in the spacer quantumpne-electron Green’s function at the edge of the well
well. That in turn depends on the position of the Fermi IeveIG(L LE IZ”)'

Er in the well. If the magnetic contrast varies rapidly with

Er, then a small temperature-induced shift of the chemical

potentialx must necessarily lead to a strong dependence of do(L) . )
J on T. However, it is far from obvious that a very strong a0 =(V/7T)Z ImG(L,L,E,kpf(E)dE, (1)
dependence of the magnetic contrast En occurs in real K 7%

systems. In fact, the magnetic contrast for confinement in an

infinitely deep quantum wélland also in the opposite limit . )

of an infinitely weak confinemenfRKKY) is strictly inde- ~ Wherek; is the wave vector parallel to the layers dr{&) is
pendent ofEg, and this is the reason why the confinementthe Fermi function. For electrons conjlned in a finite well,
mechanism is ineffective in these two most commonly usedhe spectral density- (1/7)ImG(L,L,E k|) is a sequence of
theoretical models. 6 functions®
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~(WmIMG(LLEK)=(¢ M akL+g—nm), @ yL)= LiReS, | [ awa,
n p=1

where k, =[2m(E—E|)/#2]*? is the perpendicular wave 2Pk (kju )L+ 9k 0)]

tor in th , th i d from the bott X— = = ,
e e o o a4 10T 7 01 iz Tk, (8, + 790K 11171
5)

where we have replaced the sum oﬁprby an integral that
_ o2 can be evaluated using the stationary phase approxinmation.
Here,E, =E—E andEj=%"kj/2m. For large spacer thickness, the only nonvanishing contribu-

In the context of the temperature dependence of the coy. . >0

. . i ; .. tions come from the neighborhood okj=0 where

pling, the most important feature of confinement in a finite ) i )
well is a strong energy dependence of the phasef the  Ki(Kj.u) is stationary. As usudithe perpendicular wave
spectral density. This occurs near the bottom and top of thgectork, (k;,u) is expanded abouqﬁ’zo up to second order
spacer quantum well where the derivativg¢/JE tends to in k, andk, and the phase is approximated by its value at
infinity. One can prove analytically that qualitatively the the stationary point. The resulting integrals are Gaussian and
same behavior of the phase is obtained also in a singlesan be evaluated analytically. Higher-order corrections in

orbital tight-binding modef.We will show that a rapid varia- -k have no effect on the temperature dependence of the cou-
tion of the phase of the spectral density with energy providegjing and can be neglected. The basic stationary phase ap-
a new mechanism for a strong temperature dependence of tigoximation then yields
coupling.

Since InG is clearly a periodic function of with a pe- kekgT j@2iplk L+ ]

riod r/k, , we can Fourier analyze it ih and then perform J=— Re>, 2o T .
the trivial integral with respect ta, which yields Arl g1 prsinf2mpke T(L ok, JGE+ 0yl IE)]

(6)
1 o o The perpendicular wave vectér , the phasey, and their
J(L)= ERGE > i(p~Hf(E) derivatives are evaluated =0 andE=pu~E.
Pl iy I It is clear from Eq.{(6) that the temperature dependence of
the exchange coupling is controlled by two factors in the
argument of the hyperbolic sine in E(). The first factor
(0k, /9E) depends only on the spacer FS and gives rise to
the usual FS mechanism af(T) but the second factor
(9wl JE) is entirely new. It can be seen from E@) that the
new termdiy/ JE depends on the degree of confinement of
ﬁagnetic carriers in the spacer quantum Wedisition of the
Fermi level in the well. Since the degree of confinement is
determined by a mismatch between the spacer and ferromag-
et bands, it follows that the confinement mechanism of the
emperature dependencKT) is a joint property of the
spacer and ferromagnet. Moreover, the slopesdfecomes

tan(y)=2[E, (V-E;)]"¥(V-2E,). )

XeZiP[kL('zH«E)'-J”/’“ZH'E)]dE. (4)

As discussed in Ref. 6 we include in E@,) only the oscil-
latory componentp=1,2, ... sincep=0 corresponds to
the constant reference terfi' ().

The temperature dependence of the coupling arises from
cutoff of the energy integral &~ w«, which is controlled by
the Fermi function in Eq(4). For large spacer thicknesses,
all the oscillatory contributions to the energy integral in Eq.
(4) cancel except for those coming from the neighborhood o
the cutoff atu. Both in the quantum well theory with infi-

nitely strong confinemehend in the opposite limit of a very infinite at the top of the well and, therefore, a very strong

Wg;";ﬁ;”{:g;”ﬁﬂﬁé@g% Olgi ﬁ;ilg?eZ;hZn%?ﬁrg%eth'r_temperature dependendé€T) is expected in the case when
9 y y piexp Yy exp 9 Pehe Fermi level lies very close to the top of the confining

pendicular wave vectdg(l?u ,E) to the first order in energy \yell.
about E=4.? This approximation leads to the usual FS  \ye have thus demonstrated that, for a parabolic-band
mechanism of(T) and is asymptotically exact in both these model, a very strong temperature dependence of the coupling
extreme limits since the phages independent of the energy arises when the magnetic carriers in the spacer quantum well
(see Refs. 1 and)6 _ _are on the brink of changing from full to partial confinement.
The crucial point that has previously been overlooked igt might seem that this situation is rather artificial and it is,
that one cannot use the same expansion in the intermediaggerefore, legitimate to ask whether the confinement mecha-
case of complete but relatively weak confinement. In thahism can be important in real systems. Rather surprisingly,
case, the phas¢ varies rapidly with the energy when the the answer is yes and we shall now show that it dominates
Fermi level lies close to the top of the confining well and thEJ(T) in the archetypal Co/G001) system.
phase can no longer be approximated by its valugafu The method we have used for calculating the coupling
(the case withEr at the bottom of the well is of no practical from the derivative of the thermodynamic potential with re-
interes}. In fact, it has to be treated on the same footing asspect to spacer thickness is not easily generalizable to a dis-
k, (k| ,E), i.e., the whole argument (k| ,E)L+i(k|,E) of  crete lattice and a fully realistic multiorbital tight-binding
the imaginary exponential in Eq4) has to be expanded band structure. We shall, therefore, calculate the temperature
about the energy cutoff &= . The expansion is straight- dependence of the exchange coupling in C@00d) using a
forward and leads to the following result: generalizatiof of the spin current methddo a multiorbital
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band structure. The exchange coupling between two semi-

infinite Co layers separated Ky atomic planes of Cu is 0.10
expressed? in terms of the surface matrix elements of the

one-electron Green’s functio®;(j) of an overlayer ofj

atomic planes of Cu on the left Co slab and the Green’s 0.05

function GZ(N—j) of an overlayer oN—j atomic planes of '§
Cu on the right Co slab, %‘ 0.00
+o0 R [
=2 | HEF(K ENE, ) >
P -0.05
F(kj,E.N)=—ImTr —In{1+STG.(j)~Gi(i)] 0.10
XSHGLN=j)—GKr(N—})]}. 5 10 13 20 25
4t t1- - t - :
Here, S'=t"[1-G[tGLt"] ", S'=t[1-Gxt'G}t] ™", tis FIG. 1. Dependence of the exchange coupling in C&GC1) on

the tight-binding hopping matrix in the spacer, and the tracqne number of Cu atomic planes determined numerically from Eq.
is over all atomic orbitals. A cleavage plane which separategy) at T=81 K (squares and T=652 K (circles. The continuous

the trilayer into isolated left and right overlayers is passecturves represent the coupling obtained from the stationary phase
between any two neighboring atomic plarjesj+1 in the  formula(8).

spacer. The overlayer Green'’s functions in Ef).are deter-

mined by the method of adlayéPaising a tight-binding pa- . .
rametrization withs,p,d bands and hopping to second near—‘](T) in Co/CU00Y is much stronger than that expected

est neighbors of the first-principle band structures of bulk CJrom the conventional FS mechan|§nﬁlt shoulq' be noted :
and ferromagnetic fcc CH. The input in the calculation of that our calculated results include both the bilinear and in-

the overlayer Green's function§?(j),GS(N—j) are the trinsic biquadratic contributions to the coupling but the in-

surface Green'’s functions of the right and left semi—infinitetrInSIC biquadratic term is negligible.

Co slabs, which are generated by the decimation method ofl. In the Iseporlwld ?pproach, we r_lave r:econs_tructed tL]e cou-
Ref. 12 pling analytically from Eq.(7) using the stationary phase

We used two methods to calculate from E@). the tem- approximation. The results for the coupling in Co(QQd) at

P " ,T=T,y/4 and T=2T,, presented in Fig. 1(continuous
perature dependence of the coupling: a "brute force curves are in excellent agreement with those of the brute

method in which theq sum is determined numerically and o ce method. The analytic approach allows us to determine
the energy integral is evaluated in the complex plane byhe reason why the FS mechanism fails to explain the strong
summing over Matsubara frequencies; and an analytic St@jependence ol onT. As in the parabolic-band model, the
tionary phase method.The first approach yields the ex- IPcaI Green’s function&?(j),G%N—|) and, hence the in-

a

change coupling at any finite temperature but the numeric dF (K E.N iodic f i f Cu thick
effort becomes prohibitive at temperatures much lower thaf€9randF(kj,E,N), are periodic functions of Cu thickness

the room temperaturg,,,. The dependence of the coupling N. We can, therefore, exparkt(k),E,N) in a Fourier series

on Cu thickness obtained by this method is shown in Fig. in N and evaluate th& sum and the energy integral in Eq.
for two temperaturesT=T,,/4 (squares and T=2T,, (7) by the same method we had applied to the parabolic-band
(circles. Comparing the computed values of the coupling,model. This leads to the following formula for the coupling,
we find that the temperature dependence of the couplingvhich is asymptotically exact for large Cu thickness:

|
- i Co KT m* g2 (PNK d+ up)
J=-Re) > 5N |2p||<BT NddK, /9E + dgr [9E) ]
K P=1 pNdsini 27k T(pNdok, /IE+ dip,/IE)]

®

Here,|cp(|2ﬁ’,EF)| is the modulus and,pp(ﬁl(l’,EF) the phase belly extremum to the coupling is negligible for thick Co
of the Fourier coefficient, of F(IZH JE,N) at a stationary layers and it can be thus omitted from our further discussion.

. : 0 0
point k? of the Cu FS,d is the interplanar distance, and _. The mOdUI'lcP(kll ,EF.)|.and phases @,(kj ,Eg) of the
LYY 2\ -2 2N1-1/2 : first twenty Fourier coefficients were determined numerically
m* =|(d°k, /dky) (9°k, 19kg)| ~ % The perpendicular wave , i :

, LY Z from the computed one-electron Green'’s functions. As in the
velctorkl ggf 'tj’, der!vat|Vﬁs ege ellzléohevalua;eﬁ(%n Inthe  harabolic-band modelby expanding the spectral density
re eva_nt[ ]»O irection, the Cu as a belly extremum [Eq. (2)]_in a Fourier series_ i ], we find thatz,//pzpz,//,_
(7=—1) at kj=0 and four neck extremar&1) at  wherey is universal. We believe this is due to total confine-
k|‘|)a=(i2.53,t 2.53), wherea is the Cu lattice constant. ment. The most striking result, reproduced in Fig. 2, is a very
However, it was shown in Ref. 5 that the contribution of thestrong energy dependence of the phésat the neck extre-
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FIG. 2. Energy dependence of the phase of the dominant con- . rm
tribution to the exchange coupling in Co/®01) coming from the FIG. 3. Com_parl_son of the full temperature dependence of the
Cu Fermi surface necks. The squares are the calculated values afgchange coupling in Co/@d0Y) calculated from Eq(8) (curve 3
the line is a linear fit through those points. with the conventional RKKY temperature dependefmave 2.

The only system for which published experimental results
mum. This is reminiscent of the behavior of the phase in ouPn the temperature dependence of the coupling are available
parabolic-band model witk near the top of the confining :cs b((::c/(F:e/C(DObl). A|th|0U_92|_a (ti_Omp?:hson ‘(’leth c;ur reSl_{[”Z

. 0 __ 1 or Co/Cu can be merely indicative of the order of magnitude
welli.( S(;nzle thg }/alu@tﬁ(k‘h,EtF)/iE 612 Ry2 _at tge ¢ of the effect, it is of interest since we expect the confinement
neck, deduced from the data shown in Fig. 2, 1S abou echanism to be important in Fe/Cu. This is because the

hundred times larger than at the belly extremum, where thg.in ity carriers in bec Fe/d001) are again fully confined
confinement of carriers of either spin orientation is only par-y,e to hybridization.

tial, we conclud(_e Fhat_ it is the confinement of minority elec-  cglinskiet al® measured(T) for Fe/Cu with ten atomic
trons in a hybridization gapthat causes a strong energy planes of Cu betweefi=100 K andT=300 K and found
dependence of the phase. J(100)/3(300)=2. Because we assume that the magnetiza-
The very large value aw(kh) ,Eg)/JE is the reason why tion of the semi-infinite Co layers is independentTofout
the FS mechanism fails to explain the temperature deperelinski et al. estimate that the magnetization of their Fe
dence of the exchange coupling in Co(Q@1). The coupling  films is reduced at room temperature by about 15%, it is
evaluated from the stationary phase form({@gain which the  necessary to scale down their observed factor 2 to
term ay(k{ ,E¢)/JE is included (continuous curves in Fig. 2(0.85f=1.44. [This assumegRef. 5 that the exchange
1) is in an excellent agreement with the computed results. ORNergy is proportional to the square of the Fe film magneti-
the other hand, when the confinement mechanism is switchegtion] The ratio we obtain from Fig. 3 for Co/Cu is

off by settingazp(IZﬁ [Ep)/9E=0, we find thatl(T) is far too J(100)/3(300)=1.43. Such a good agreement is, of course,

weak. This is illustrated in Fig. 3 where the temperature defortwtous and detailed calculations for bcc Fe/Cu as well as

pendenced(T) calculated from Eq(8) with (curve 1 and g]riar?aurjirrnezng togthzntr?(la%rr]_qujg:]){itgg\//glw 01) samples
without the confinement mechanisicurve 2 are compared q ya y-

for a trilayer with ten atomic planes of Cu. It is clear that the =~ We are grateful to the Engineering and Physical Sciences
confinement mechanism dominates the temperature depeResearch Council, the Royal Society, and CNPq of Brazil for

dencelJ(T) in Co/CU00Y). financial support.
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