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It is shown, within the quantum-well theory of the exchange couplingJ in magnetic multilayers, that the
temperature dependence ofJ is 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 dependence ofJ are identified.
Finally, it is demonstrated, using fully realistic tight-binding bands, that the confinement mechanism dominates
J(T) in Co/Cu/Co~001!. @S0163-1829~96!02516-6#

It is generally believed that the temperature dependence
of the exchange couplingJ(T) between two magnetic layers
separated by a nonmagnetic spacer layer is determined en-
tirely by the properties of the bulk spacer layer Fermi surface
~FS!. The ferromagnetic layers are assumed to play no role
as long as the temperature is low compared with the Curie
temperature, which is usually the case under experimental
conditions. This belief is based on the results of the quantum
well theory with complete confinement in an infinitely deep
potential well1 and Ruderman-Kittel-Kasuya-Yosida
~RKKY ! theory2 of the oscillatory exchange coupling. Both
of these theories predict thatJ(T) is determined solely by the
velocity of magnetic carriers at the extremal points of the
bulk spacer FS. However, the observed temperature depen-
dence of the exchange coupling in Cu-based trilayers3,4 is
much stronger than predicted by the conventional FS mecha-
nism for Cu.2

We show that the existing theories fail to explain the ob-
servedJ(T) because there is an additional mechanism of the
temperature dependence of the interlayer exchange coupling
which has not been considered in any of the previous theo-
retical treatments. This new mechanism ofJ(T), implicit in
the quantum well theory, depends not only on the spacer FS
but also on the degree of confinement of magnetic carriers in
the spacer quantum well. We shall refer to it as the confine-
ment mechanism ofJ(T). We will show that the confine-
ment mechanism is particularly important in Cu-based mul-
tilayers.

The physical origin of the confinement mechanism of
J(T) can be easily understood. The coupling strength in the
quantum well theory depends on the magnetic contrast, i.e.,
the difference between the degrees of confinement of the
majority- and minority-spin carriers in the spacer quantum
well. That in turn depends on the position of the Fermi level
EF in the well. If the magnetic contrast varies rapidly with
EF , then a small temperature-induced shift of the chemical
potentialm must necessarily lead to a strong dependence of
J on T. However, it is far from obvious that a very strong
dependence of the magnetic contrast onEF occurs in real
systems. In fact, the magnetic contrast for confinement in an
infinitely deep quantum well1 and also in the opposite limit
of an infinitely weak confinement~RKKY ! is strictly inde-
pendent ofEF , and this is the reason why the confinement
mechanism is ineffective in these two most commonly used
theoretical models.

The purpose of this contribution is to show that there are
magnetic multilayers, including the highly relevant class of
Cu-based systems, in which the confinement mechanism is
so important that it dominates the total temperature depen-
dence of the coupling. We shall first clarify the origin of the
confinement mechanism for a parabolic-band model since it
is exactly solvable. A much more interesting case occurs
when complete confinement is due to hybridization. This is
precisely what happens in Cu-based systems5 and we will
show both analytically and numerically, using fully realistic
tight-binding bands, that the confinement mechanism domi-
natesJ(T) in the archetypal Co/Cu~001! system.

Assuming the force theorem, we define~see, e.g. Ref. 5!
the exchange coupling between two semi-infinite ferro-
magnets separated by a nonmagnetic spacer of thicknessL
by J(L)5$@V↑(L)1V↓(L)#FM2@V↑(L)1V↓(L)#AF%/A.
Here,A is the surface area andVFM(AF)

s is the thermody-
namic potential of carriers of spins in the ferromagnetic
~antiferromagnetic! configuration of the magnetic layers.

Consider a parabolic-band model with complete confine-
ment of minority-spin electrons in a spacer quantum well of
depthV and widthL, and with a perfect match between the
ferromagnet and spacer bands in the majority-spin channel.
The exchange coupling in such a model is given by6

J(L)5@V↓(L)2V↓(`)#FM /A, where V↓(L) is measured
relative to a reference state with constant electron densities
appropriate to the bulk ferromagnet and bulk spacer.6 We
showed in Ref. 6 that the coupling for a parabolic-band
model can be obtained from the derivative of the thermody-
namic potential with respect to the spacer thickness. The
derivativedV↓(L)/dL is, in turn, expressed in terms of the
one-electron Green’s function at the edge of the well
G(L,L,E,kW i):

dV↓~L !

dL
5~V/p!(

kW i

E
2`

1`

ImG~L,L,E,kW i! f ~E!dE, ~1!

wherekW i is the wave vector parallel to the layers andf (E) is
the Fermi function. For electrons confined in a finite well,
the spectral density2(1/p)ImG(L,L,E,kW i) is a sequence of
d functions,6
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2~1/p!ImG~L,L,E,kW i!5~k' /V!(
n

d~k'L1c2np!, ~2!

where k'5@2m(E2Ei)/\
2#1/2 is the perpendicular wave

vector in the spacer, the energy is measured from the bottom
of the well, and the phasec is given by6

tan~c!52@E'~V2E'!#1/2/~V22E'!. ~3!

Here,E'5E2Ei andEi5\2ki
2/2m.

In the context of the temperature dependence of the cou-
pling, the most important feature of confinement in a finite
well is a strong energy dependence of the phasec of the
spectral density. This occurs near the bottom and top of the
spacer quantum well where the derivative]c/]E tends to
infinity. One can prove analytically that qualitatively the
same behavior of the phase is obtained also in a single-
orbital tight-binding model.7 We will show that a rapid varia-
tion of the phase of the spectral density with energy provides
a new mechanism for a strong temperature dependence of the
coupling.

Since ImG is clearly a periodic function ofL with a pe-
riod p/k' , we can Fourier analyze it inL and then perform
the trivial integral with respect toL, which yields

J~L !5
1

Ap
Re(

p51

`

(
kW i

E
2`

1`

i ~p21! f ~E!

3e2ip@k'~kW i ,E!L1c~kW i ,E!#dE. ~4!

As discussed in Ref. 6 we include in Eq.~4! only the oscil-
latory componentsp51,2, . . . sincep50 corresponds to
the constant reference termV↓(`).

The temperature dependence of the coupling arises from a
cutoff of the energy integral atE'm, 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 of
the cutoff atm. Both in the quantum well theory with infi-
nitely strong confinement1 and in the opposite limit of a very
weak confinement~RKKY !, one evaluates the energy inte-
gral analytically in the complex plane by expanding the per-
pendicular wave vectork'(kW i ,E) to the first order in energy
about E5m.1,2 This approximation leads to the usual FS
mechanism ofJ(T) and is asymptotically exact in both these
extreme limits since the phasec is independent of the energy
~see Refs. 1 and 6!.

The crucial point that has previously been overlooked is
that one cannot use the same expansion in the intermediate
case of complete but relatively weak confinement. In that
case, the phasec varies rapidly with the energy when the
Fermi level lies close to the top of the confining well and the
phase can no longer be approximated by its value atE5m
~the case withEF at the bottom of the well is of no practical
interest!. In fact, it has to be treated on the same footing as
k'(kW i ,E), i.e., the whole argumentk'(kW i ,E)L1c(kW i ,E) of
the imaginary exponential in Eq.~4! has to be expanded
about the energy cutoff atE5m. The expansion is straight-
forward and leads to the following result:

J~L !5
kBT

4p2Re(
p51

` E E dkxdky

3
e2ip@k'~kW i,m!L1c~kW i,m!#

psinh$2ppkBT@L]k'~kW i,m!/]E1]c~kW i,m!/]E#%
,

~5!

where we have replaced the sum overkW i by an integral that
can be evaluated using the stationary phase approximation.1

For large spacer thickness, the only nonvanishing contribu-
tions come from the neighborhood ofkW i

050 where

k'(kW i ,m) is stationary. As usual,1 the perpendicular wave
vectork'(kW i ,m) is expanded aboutkW i

050 up to second order
in kx andky and the phasec is approximated by its value at
the stationary point. The resulting integrals are Gaussian and
can be evaluated analytically. Higher-order corrections in
kW i have no effect on the temperature dependence of the cou-
pling and can be neglected. The basic stationary phase ap-
proximation then yields

J52
kFkBT

4pL
Re(

p51

`
ie2ip@k'L1c#

p2sinh@2ppkBT~L]k' /]E1]c/]E!#
.

~6!

The perpendicular wave vectork' , the phasec, and their
derivatives are evaluated atkW i50 andE5m'EF .

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 Eq.~6!. The first factor
(]k' /]E) depends only on the spacer FS and gives rise to
the usual FS mechanism ofJ(T) but the second factor
(]c/]E) is entirely new. It can be seen from Eq.~3! that the
new term]c/]E depends on the degree of confinement of
magnetic carriers in the spacer quantum well~position of the
Fermi level in the well!. Since the degree of confinement is
determined by a mismatch between the spacer and ferromag-
net bands, it follows that the confinement mechanism of the
temperature dependenceJ(T) is a joint property of the
spacer and ferromagnet. Moreover, the slope ofc becomes
infinite at the top of the well and, therefore, a very strong
temperature dependenceJ(T) is expected in the case when
the Fermi level lies very close to the top of the confining
well.

We have thus demonstrated that, for a parabolic-band
model, a very strong temperature dependence of the coupling
arises when the magnetic carriers in the spacer quantum well
are on the brink of changing from full to partial confinement.
It might seem that this situation is rather artificial and it is,
therefore, legitimate to ask whether the confinement mecha-
nism can be important in real systems. Rather surprisingly,
the answer is yes and we shall now show that it dominates
J(T) in the archetypal Co/Cu~001! system.

The method we have used for calculating the coupling
from the derivative of the thermodynamic potential with re-
spect to spacer thickness is not easily generalizable to a dis-
crete lattice and a fully realistic multiorbital tight-binding
band structure. We shall, therefore, calculate the temperature
dependence of the exchange coupling in Co/Cu~001! using a
generalization8 of the spin current method9 to a multiorbital
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band structure. The exchange coupling between two semi-
infinite Co layers separated byN atomic planes of Cu is
expressed,8,9 in terms of the surface matrix elements of the
one-electron Green’s functionGL

s( j ) of an overlayer ofj
atomic planes of Cu on the left Co slab and the Green’s
functionGR

s(N2 j ) of an overlayer ofN2 j atomic planes of
Cu on the right Co slab,

J5(
kW i

E
2`

1`

f ~E!F~kW i ,E,N!dE, ~7!

F~kW i ,E,N!52ImTr
1

p
ln$11S↑@GL

↑~ j !2GL
↓~ j !#

3S↓@GR
↑ ~N2 j !2GR

↓ ~N2 j !#%.

Here,S↑5t†@12GL
↑ tGR

↑ t†#21, S↓5t@12GR
↓ t†GL

↓ t#21, t is
the tight-binding hopping matrix in the spacer, and the trace
is over all atomic orbitals. A cleavage plane which separates
the trilayer into isolated left and right overlayers is passed
between any two neighboring atomic planesj , j11 in the
spacer. The overlayer Green’s functions in Eq.~7! are deter-
mined by the method of adlayers10 using a tight-binding pa-
rametrization withs,p,d bands and hopping to second near-
est neighbors of the first-principle band structures of bulk Cu
and ferromagnetic fcc Co.11 The input in the calculation of
the overlayer Green’s functionsGL

s( j ),GR
s(N2 j ) are the

surface Green’s functions of the right and left semi-infinite
Co slabs, which are generated by the decimation method of
Ref. 12

We used two methods to calculate from Eq.~7! the tem-
perature dependence of the coupling: a ‘‘brute force’’
method in which thekW i sum is determined numerically and
the energy integral is evaluated in the complex plane by
summing over Matsubara frequencies; and an analytic sta-
tionary phase method.1 The first approach yields the ex-
change coupling at any finite temperature but the numerical
effort becomes prohibitive at temperatures much lower than
the room temperatureTrm . The dependence of the coupling
on Cu thickness obtained by this method is shown in Fig. 1
for two temperaturesT5Trm/4 ~squares! and T52Trm
~circles!. Comparing the computed values of the coupling,
we find that the temperature dependence of the coupling

J(T) in Co/Cu~001! is much stronger than that expected
from the conventional FS mechanism.2 ~It should be noted
that our calculated results include both the bilinear and in-
trinsic biquadratic contributions to the coupling but the in-
trinsic biquadratic term is negligible.!

In the second approach, we have reconstructed the cou-
pling analytically from Eq.~7! using the stationary phase
approximation. The results for the coupling in Co/Cu~001! at
T5Trm/4 and T52Trm presented in Fig. 1~continuous
curves! are in excellent agreement with those of the brute
force method. The analytic approach allows us to determine
the reason why the FS mechanism fails to explain the strong
dependence ofJ on T. As in the parabolic-band model, the
local Green’s functionsGL

s( j ),GR
s(N2 j ) and, hence the in-

tegrandF(kW i ,E,N), are periodic functions of Cu thickness
N. We can, therefore, expandF(kW i ,E,N) in a Fourier series
in N and evaluate thekW i sum and the energy integral in Eq.
~7! by the same method we had applied to the parabolic-band
model. This leads to the following formula for the coupling,
which is asymptotically exact for large Cu thickness:

J52Re(
kW i
0

(
p51

`
i ucpukBTtm* e2i ~pNk'd1cp!

2pNdsinh@2pkBT~pNd]k' /]E1]cp /]E!#
. ~8!

Here,ucp(kW i
0 ,EF)u is the modulus and 2cp(kW i

0 ,EF) the phase
of the Fourier coefficientcp of F(kW i ,E,N) at a stationary
point kW i

0 of the Cu FS,d is the interplanar distance, and
m*5u(]2k'/]kx

2)(]2k'/]ky
2)u21/2. The perpendicular wave

vectork' and its derivatives are also evaluated atkW i
0 . In the

relevant@001# direction, the Cu FS has a belly extremum
(t52 i ) at kW i

050 and four neck extrema (t51) at
kW i
0a5(62.53,62.53), wherea is the Cu lattice constant.
However, it was shown in Ref. 5 that the contribution of the

belly extremum to the coupling is negligible for thick Co
layers and it can be thus omitted from our further discussion.

The moduli ucp(kW i
0 ,EF)u and phases 2cp(kW i

0 ,EF) of the
first twenty Fourier coefficients were determined numerically
from the computed one-electron Green’s functions. As in the
parabolic-band model@by expanding the spectral density
@Eq. ~2!# in a Fourier series inL#, we find thatcp.pc,
wherec is universal. We believe this is due to total confine-
ment. The most striking result, reproduced in Fig. 2, is a very
strong energy dependence of the phasec at the neck extre-

FIG. 1. Dependence of the exchange coupling in Co/Cu~001! on
the number of Cu atomic planes determined numerically from Eq.
~7! at T581 K ~squares! andT5652 K ~circles!. The continuous
curves represent the coupling obtained from the stationary phase
formula ~8!.
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mum. This is reminiscent of the behavior of the phase in our
parabolic-band model withEF near the top of the confining
well. Since the value]c(kW i

0 ,EF)/]E5261.6 Ry21 at the
neck, deduced from the data shown in Fig. 2, is about a
hundred times larger than at the belly extremum, where the
confinement of carriers of either spin orientation is only par-
tial, we conclude that it is the confinement of minority elec-
trons in a hybridization gap5 that causes a strong energy
dependence of the phase.

The very large value of]c(kW i
0 ,EF)/]E is the reason why

the FS mechanism fails to explain the temperature depen-
dence of the exchange coupling in Co/Cu~001!. The coupling
evaluated from the stationary phase formula~8! in which the
term ]c(kW i

0 ,EF)/]E is included~continuous curves in Fig.
1! is in an excellent agreement with the computed results. On
the other hand, when the confinement mechanism is switched
off by setting]c(kW i

0 ,EF)/]E50, we find thatJ(T) is far too
weak. This is illustrated in Fig. 3 where the temperature de-
pendencesJ(T) calculated from Eq.~8! with ~curve 1! and
without the confinement mechanism~curve 2! are compared
for a trilayer with ten atomic planes of Cu. It is clear that the
confinement mechanism dominates the temperature depen-
denceJ(T) in Co/Cu~001!.

The only system for which published experimental results
on the temperature dependence of the coupling are available
is bcc Fe/Cu~001!.3 Although a comparison with our results
for Co/Cu can be merely indicative of the order of magnitude
of the effect, it is of interest since we expect the confinement
mechanism to be important in Fe/Cu. This is because the
minority carriers in bcc Fe/Cu~001! are again fully confined
due to hybridization.

Celinskiet al.3 measuredJ(T) for Fe/Cu with ten atomic
planes of Cu betweenT5100 K andT5300 K and found
J(100)/J(300).2. Because we assume that the magnetiza-
tion of the semi-infinite Co layers is independent ofT but
Celinski et al. estimate that the magnetization of their Fe
films is reduced at room temperature by about 15%, it is
necessary to scale down their observed factor 2 to
2(0.85)251.44. @This assumes~Ref. 5! that the exchange
energy is proportional to the square of the Fe film magneti-
zation.# The ratio we obtain from Fig. 3 for Co/Cu is
J(100)/J(300)51.43. Such a good agreement is, of course,
fortuitous and detailed calculations for bcc Fe/Cu as well as
measurements ofJ(T) on high-quality Co/Cu~001! samples
are required to test the theory quantitatively.
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FIG. 2. Energy dependence of the phase of the dominant con-
tribution to the exchange coupling in Co/Cu~001! coming from the
Cu Fermi surface necks. The squares are the calculated values and
the line is a linear fit through those points.

FIG. 3. Comparison of the full temperature dependence of the
exchange coupling in Co/Cu~001! calculated from Eq.~8! ~curve 1!
with the conventional RKKY temperature dependence~curve 2!.
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