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In order to gain a microscopic understanding of ferromagnetic-antiferromagnetic (F-AF) inter-
faces, we have calculated the finite-temperature properties of Co/Cr superlattices using a tight-
binding band-structure model and the single-site spin-fluctuation theory proposed independently by
Hubbard and Hasegawa. The distribution of local magnetic moments on Co and Cr layers was

determined as a function of the temperature in an eight-layer (3 Co + 5 Cr) bcc superlattice with

[001] interfaces. Using these results, we performed a calculation of the temperature dependence of
the exchange anisotropy constant, 2, and the e8'ective exchange field, H,„,associated with F-AF in-

terfaces. The peculiar temperature dependence of 2 and H,„arises from the nearest-neighbor inter-
layer exchange interaction across the F-AF interface. This interfacial exchange interaction is much
smaller than the corresponding interactions in the F and AF regions. Our results account quite well

for the general magnetic behavior observed in many F-AF interface systems.

I. INTRODUCTION

Since the discovery of exchange anisotropy by Meik-
lejohn and Bean in Co-CoO alloys, ' ferromagnetic-
antiferromagnetic (F-AF) interface systems have attract-
ed both scientific and technological interest. Many ex-
perimental studies have already been carried out for vari-
ous types of F-AF systems including F-AF alloy bilayers.
Early references may be found in the review article by
Yelon. More recent developments are discussed in the
article by Herman and Lambin. During the past few
years, F-AF systems such as FeNi/FeMn bilayers and
Co/Cr multilayers have been extensively investigated
experimentally as well as theoretically. The quality of ex-
perimental samples has greatly improved recently thanks
to technical advances in the growth and characterization
of magnetic thin films.

On the theoretical side, the magnetic properties of F-
AF systems have been studied in terms of the localized-
spin and the itinerant-electron models. According to the
localized-spin approach, a F-AF bilayer is represented by
a Heisenberg or Ising model, and each F (AF) layer
is assigned a magnetic moment MI (M, ). Let us denote
the thickness of the F (AF) region by NI (N, ). One now
introduces the unidirectional exchange anisotropy

H„d =J cos8,

where J is the exchange anisotropy constant and 8
denotes the angle between the magnetic moments at the
F-AF interface. Note that this expression is quite
different from the uniaxial crystalline anisotropy

H„, =E cos28',

where K is the crystalline anisotropy constant and 8' is
the angle between magnetization and the z axis. The
source of the exchange anisotropy is the uncompensated
antiferromagnetic moments near the F-AF interfaces,
while that of the crystalline anisotropy is the spin-orbit
interaction. ' One of the manifestations of the effective
anisotropy is a shift of the 8-H curve, conventionally re-
ferred to as the effective exchange field, H,„. This shift is
given by'

with

cx Mf f
(1.3)

2=JMIM, , (1.4)

where J is the nearest-neighbor exchange interaction
across the F-AF interface. If we evaluate H,„ from Eqs.
(1.3) and (1.4), assuming J to be the same as that in a F
layer, the calculated H,„ is larger by orders of magnitude
than the observed value. The origin of this discrepancy
has been attributed to various physical factors, including
the presence of atomic roughness ' and domain walls at
the interface. It is well known that both 2 and H,„have
a characteristic temperature dependence, namely, an al-
most linear decrease up to the critical temperature.
Tsang et al. tried to explain this behavior by employing
a model which assumes that the interface can be charac-
terized by an ensemble of ordering temperatures having a
Gaussian distribution.

Since most F-AF interfaces are composed of transition
metals, it is more natural to study their magnetic proper-
ties in terms of the itinerant rather than the localized-
spin model. Furthermore, because the physical origin of
exchange anisotropy, whatever this might be in particular
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systems, is undoubtedly localized near the interfaces, it is
important to take into account modifications in electronic
and magnetic properties near the interface to ensure a
proper description of the exchange anisotropy. Such in-
terfacial magnetic problems have already been investigat-
ed within the framework of first-principles band calcula-
tions based on the local-spin-density-functional (LSDF)
method for various multilayer systesm. For example,
Lambin and Herman and Herman et al. ' carried out
detailed calculations for FeMn/FeNi and Co/Cr multi-
layers. They succeeded in obtaining the spatial distribu-
tion of the local magnetic moments in these multilayers,
but they neglected crystalline anisotropy and confined
their studies to ground-state (zero-temperature) proper-
ties.

In the last decade, there have been significant develop-
ments in the theory of finite-temperature band magne-
tism. " As a result, we are now able to discuss the mag-
netic properties of transition metals at finite temperatures
within the itinerant model. Hubbard' and Hasegawa'
independently proposed the single-site spin-fluctuation
theory, according to which the efFect of spin fluctuations
is taken into account by means of the functional integral
method within the static approximation. The system un-
der consideration is regarded as a collection of local mag-
netic moments, and this is treated as a multicomponent
alloy by employing the alloy-analogy approximation' in
conjunction with the coherent potential approximation
(CPA). One of the advantages of the single-site spin-
fluctuation theory' ' is that one can interpolate between
the weak- and strong-interaction limits. In the weak-
coupling limit, the theory is equivalent to the Hartree-
Fock or Stoner theory; in the opposite strong-coupling
limit, the theory reduces to the molecular-field Heisen-
berg model. The finite-temperature band theory' ' has
proved particularly useful in understanding various
finite-temperature properties of bulk, ' ' surface, ' and
thin-film' transition-metal systems.

In a previous paper' (referred to as I hereafter), we
considered the Co/Cr superlattice as a prototype F-AF
interface system. In I we treat the simplest, computa-
tionally tractable ultrathin four-layer (1 Co+ 3 Cr) su-
perlattice using a suitably parametrized tight-binding
band-structure model. The finite-temperature properties
of this hypothetical Co/Cr bilayer were studied by using
the spin-fluctuation theory. ' ' Although we expect this
ultrathin film to exhibit the essential features of more
general Co/Cr superlattices, we felt it was important to
verify this point by treating more realistic, thicker multi-
layer systems, this being one of the principal purposes of
the present paper. Accordingly, we will now investigate
in some detail a larger eight-layer (3 Co + 5 Cr) superlat-
tice, again studying its finite-temperature magnetic prop-
erties by employing the single-site spin-fluctuation theory
of Hubbard' and Hasegawa. ' We will also carry out re-
lated calculations for Co/Cr superlattices having a wide
range of Co and Cr thicknesses so as to provide further
evidence for the generality of our results.

The second purpose of this paper is to calculate other
important magnetic properties within the framework of
itinerant-electron theory. In particular, we will examine

the temperature dependence of the exchange anisotropy
constant, J, the effective exchange field, H,„, and the
nearest-neighbor exchange interactions in the Co/Cr su-

perlattice. To the best of our knowledge, this is the first
microscopic calculation of 2 and H,„ for a F-AF interfa-
cial system. These extended results help us understand
the peculiar temperature dependence of the interfacial Cr
magnetic moments and of the exchange anisotropy con-
stants.

The paper is organized as follows: In Sec. II we de-
scribe the model and the essential features of calculation-
al method. %e also briefly review the single-site spin-
fluctuation theory. In Sec. III we discuss the calculated
magnetic moments and electronic densities of states. In
Sec. IV we discuss the temperature dependence of the ex-
change anisotropy constant and of the effective exchange
field. In Sec. V we discuss our approximations further,
and in Sec. VI we summarize our conclusions.

&=&o+&r (2. 1)

where Ho and Hr denote the one-electron and interaction
terms, respectively. The one-electron term is expressed
by the tight-binding d-band Hamiltonian as

I

0=XXX Jojm~o/m~+XX X JJ ogm~ojm~ ~

a j j'm, m'o g m

(2.2)

where a (aj ) is a creation (annihilation) operator of
a o-spin electron of the orbital m on the lattice site j.
The core potential, E, is assumed to be common for all
orbitals and the two-center transfer integrals, t.', are
given by the canonical relation20

(ddo ) —6

(ddt) = 4 x(8', /2. 5)(S/R)~,
(dd5) —1

(2.3a)

(2.3b)

(2.3c)

where R is the interatomic distance, S=(3/16m. )' a is
the Wigner-Seitz radius, a is the bcc lattice constant, and
8'd is the bandwidth parameter. For 8'd we use the
values of 5.44 and 8.00 eV for Co and Cr, respectively, as
given by canonical band theory. As for the transfer in-
tegrals between Co/Cr pairs, we assume the geometrical
average of the values of Co-Co and Cr-Cr pairs.

The interaction term in Eq. (2.1) is given by

HI ——( —,')g(U N, —J M, ),
J

(2.4)

II. THEORETICAL MODEL
AND METHOD OF CALCULATION

We adopt an eight-layer (3 Co+ 5 Cr) Co/Cr superlat-
tice, in which both Co and Cr atoms are assumed to lie
on a common bcc lattice with [001] interface. All atoms
in a given layer are assumed to have the same magnetic
moment. The layers parallel to the interface are denoted
by the index n, which runs from 1 to 8. We neglect the
small mismatch (about 2%) of the lattice constants as
well as the crystalline anisotropy in order to simplify our
calculations (see also Sec. V). For this magnetic superlat-
tice, we employ the model Hamiltonian given by
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where N (M ) denotes the total charge (magnetic-
moment) operator at the site j, and U and J are
Coulomb and exchange interactions, respectively. '

For a study of the finite-temperature magnetism of
Co/Cr superlattices, we adopt the single-site spin-
fluctuation theory proposed by Hubbard' and
Hasegawa. ' When we apply the functional-integral
method to the model Hamiltonian given by Eqs. (2.1),
(2.2), and (2.4), the partition function, Z, is given within
the static approximation by' '

Z- f Pd Jgd(Jexp[ P(y,—+y, )], (2.5)
J 1

with

where Ho denotes the hopping term in Eq. (2.2). Equa-
tions (2.5)—(2.8) show that the partition function of the
interacting system given by Eqs. (2.1)—(2.4) can be evalu-
ated by calculating the partition function of the effective
one-electron system given by H,z, including the random
charge (v ) and exchange (g ) fields. The former field is
included by the saddle-point approximation, and the
latter is taken into account by the alloy-analogy approxi-
mation' together with the coherent potential approxima-
tion. The self-consistent equations for the average of the
exchange field, & g & „, its amplitude, & g & „,and the num-

ber of electrons on layer n, & n &„, are given by

(2.9)

$0
——( —,

'
)g( UJ v)~ +JJg)~ ),

J

exp( PP~ ) =—Tr exp( PH, &)—,

(2.6)

(2.7}
and

&n &„=fds f(e)( —1/m )Im+F„(e) .

(2.10)

(2.11)

and

H, s g[(E ——,'iU v )—N—,'J .g M—]—+Ho, (2.8)

In Eqs. (2.9) and (2.10), C„(g~ ) denotes the distribution of
the potential of cr(J„/2)g at the site j on the layer n and
it is given by

C„(g~ ) = [exp[ Pg„(gj )]—] / f d g/exp[ Pg ((J )]

with

g„(g )=(J„/4g' —(U„ /4) &n(g )&„+fde f(e)(1/n)glmln[1 —V„(e)F„(e)],

(2.12)

(2.13)

&n(g, ) &„=f de f(e)( —1/m)glmtF„(e)/[I —V„(e)F„(e)]], (2.14)

V„(e)=E„+(U„/2)& n (g~ ) &„—cr(J„/2)(J —X„(e),
X„(c)—=X„(s) E„—(U„/2)—&n &„= c(r„J—2/) g&„&+[(J„ /4) g&&„—X„(e)]F„(e).

(2.15)

(2.16)

The local Green function, F„(s},and the coherent po-
tential, X„(e),of an electron with spin c7 on the layer n

are calculated by solving the CPA equation given by Eq.
(2.16) using the generalized "transfer-matrix method. "'

The Fermi-distribution function, f(e), is included with
the use of the contour integral along the complex energy
axis. ' This makes it easier to solve the CPA equation
and to get F„(s)with a fairly small number of sampling
points (15) in the irreducible part of the [001]bcc surface
Brillouin zone. After the self-consistent equations given
by Eqs. (2.9)—(2.16) are solved by an iterative method, we
calculate the average magnetic moment on site n and its
root-mean-square (rms} value by

(2.17)

(2.18)

where the factor 5 denotes the orbital degeneracy of d
bands. The total magnetic moment per atom is defined

by

&M & =(—,')+&M &„. (2.19)

p„(e)=(—I m/ )ImF„(. e+i5)

with an imaginary part of 5=0.05 eV.

(2.20)

III. CALCULATED MAGNETIC PROPERTIES

A. Ground state

Let us first discuss the parameters E„, 8'd, U„, and J„
adopted in our calculation. In I, ' we determined these
parameters so that our ground-state calculation for a
four-layer (1 Co + 3 Cr) superlattice faithfully repro-
duced the corresponding result obtained by a detailed
band calculation using the LSDF method' (cf. I, Fig. 1).
In the present calculation, we employ the same parame-
ters as in I. These parameters are listed in Table I, where

The local density of states on the nth layer of cr electrons,
p„(s), which will be shown in Sec. III, is given by
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we assume U„=J„. The parameters shown in Table I
lead to the ferromagnetic ground state in bulk Co with
magnetic moment of 1.7p~ and the commensurate anti-
ferromagnetic state in bulk Cr with sublattice magnetic
moment of 0.6@~.' Our Co result is consistent with ex-
periment and with the LSDF band calculations for bcc
Co. ' Bearing in mind that our Cr result refers to a
commensurate antiferromagnetic phase, it compares
favorably with the observed maximum value of the spin-
density wave (SDW) of 0.59pz. Our Cr result is also
consistent with the results of some recent band calcula-
tions ' for commensurate antiferromagnetic Cr, al-

though smaller sublattice moments were reported in oth-
er band calculations.

The calculated moment distribution in the 3 Co + 5 Cr
superlattice is shown in Fig. 1, where for comparison we
also plot the corresponding quantities given by the de-
tailed band calculations of Herman et a/. ' Although the
results of these two calculations are somewhat different in
detail, the general trend of the first-principles results is
reasonably well reproduced by our simple tight-binding
model. We could have adjusted our parameters to obtain
closer agreement between the two sets of calculations, but
the possibility of comparing our results for different su-
perlattice geometries using the same parameters
outweighed the nominal advantages of carrying out such
an adjustment. In any event, the differences already men-
tioned are not unexpected, since self-consistent charge

1 2 3 4 5 6 7 8
n

FIG. 1. The distribution of local magnetic moments at T =0
K in 3 Co + 5 Cr superlattices as given by our calculation (solid
curves) and by Herman and Lambin (dashed curves, Ref. 10).

T =OK Co (1)

Co (2)

cr (3)

4)

Cr (5)

redistributions are taken into account in the first-
principles calculations but not in the tight-binding mod-
els.

Although relevant experimental data are not available
at the moment with which to test our theoretical results,
it is anticipated that such data will become available in
due course as molecular-beam-epitaxy (MBE) techniques
continue to improve. Two of our experimental col-
leagues, Dr. Robin Farrow and Dr. Stuart Parkin, are
currently attempting to grow ultrathin ferromagnetic-
antiferromagnetic interfaces by MBE.

In Fig. 1 we note that magnetic moments on Cr layers
alternate from layer to layer and Co moments couple fer-
romagnetically across the Co/Cr interfaces. We found an
alternative antiferromagnetic solution across the inter-
face, just as was found earlier in the detailed band calcu-
lation. ' However, this antiferromagnetic solution was
estimated to be unstable compared to the ferromagnetic
solution and, hence, was disregarded.

The ground-state local density of states on each layer is
shown in Fig. 2. The density of states on the central Co
layer [Co(l)] is almost the same as that of bcc Fe: Note
that the magnetic moment of the central Co of 2.6p~ is
comparable to 2.2pz in bcc Fe. Similarly, the densities
of states on the central Cr [Cr(5)] and subinterface Cr
[Cr(4)] layers are almost the same as that for pure Cr. In
contrast, the densities of states on interfacial Co [Co(2)]

Atom

Cr
Co

0.00
—1.40

8.00
5.44

TABLE I. Band structure parameters (in eV).

U„

0.67
0.80

-2.0 Q.O

E —EF (eV)

2.0

FIG. 2. The ground-state local densities of states, p„(c), the
solid (dashed) curves denoting the up-spin (down-spin) com-
ponent. Numbers in parentheses express layer indices, n. From
the symmetry, Cr(6), Cr(7), and Co(8) are equivalent to Cr(4),
Cr(3), and Co(2), respectively.



38 FINITE-TEMPERATURE BAND THEORY OF FERROMAGNETIC-. . . 4867

and Cr [Cr(3)] layers are different from those of bulk Co
and Cr layers. In particular, the density of states on the
interfacial Cr [Cr(3}] layer is modified appreciably be-
cause of the presence of the nearby strongly ferromagnet-
ic Co layer.

P Co —(P+2) Cr

B. Finite temperatures Co —5 Cr

3.0

2.0

Co (1)
~~~~

Co (2)

p—

The temperature dependence of the average magnetic
moment on each layer in the 3 Co+ 5 Cr superlattice is
shown in Fig. 3. The (M)„curve of the central Co
[Co(l)] approximately follows the Brillouin function for
S=—,'. On the other hand, the (M )„curves for the Cr
layers show a very peculiar temperature dependence.
This can be understood as due to a fairly weak magnetic
coupling across the interfacial Co/Cr layers, as we will
discuss in more detail later. The (M )„curve of the in-

terface Co [Co(2}] deviates slightly downwards from the
Brillouin function, being influenced by Cr layers. The
calculated Curie temperature of 3 Co + 5 Cr superlattice
is 3000 K while that of 1 Co+ 3 Cr is 1600 K. ' We plot
in Fig. 4 the Curie temperature of p Co-(p+2) Cr super-
lattices as a function p; the 1 Co+ 3 Cr and 3 Co + 5 Cr
superlattices correspond to p =1 and 3, respectively. We
also include the results for pure Cr as a special case of
p =0. Judging from the fact that the observed Curie
temperature of pure fcc Co is 1400 K, the calculated Cu-
rie temperatures are expected to be overestimated. This
is due to the neglect of the magnetic short-range order
and the dynamical e8'ect of spin fluctuations in our spin-
fluctuation theory. ' ' Nevertheless, the calculated trend
showing higher Tc for larger p is reasonable because the
strong magnetic interactions of Co atoms are expected to
work to elevate the Curie temperature.

In Fig. 5 we display the temperature dependence of the
total magnetic moment, which also shows a deviation
from the Brillouin function.

CO

2

0—

I Pure Cr

FIG. 4. The Curie temperature, Tc, of the p Co + (p +2) Cr
superlattice as a function of p. Calculated () and observed (~)

results for pure Cr are shown by p =0.

The temperature dependence of the rms value of local
moments is plotted in Fig. 6. We note that the ampli-
tudes of local moments is almost temperature indepen-
dent and persists above the Curie temperature, Tc.

The temperature dependence of the local densities of
states on Co and Cr layers is shown in Figs. 7 and 8, re-
spectively. When the temperature is raised, the shape of
the densities of states becomes obscure because of the
random local moments. The temperature dependence of
local densities of states on the central Co [cf. Fig. 7(a)]
and Cr [cf. Fig. 8(a)] are nearly the same as those of bulk
Fe and Cr, respectively. '
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0.0

Cr (5)X& P pWp
I I

+ &~~—A ~~
I I pl p 0~i

Cr (4) p~

m Q.8

0.6—

Q4

p
-1 0 0.2

0.0
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0.0
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0.2
I

Q.4 0.6 0.8 1.0
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FIG. 3. The temperature dependence of the average magnet-
ic moment on the nth layer, (M }„.

T/TC
FIG. 5. The temperature dependence of the total magnetic

moment per atom, (M ).
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FIG. 6. The temperature dependence of the rms value of
magnetic moments on the nth layer, (M') „'~'.

Interface TlTC
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IV. EXCHANGE ANISOTROPY CONSTANT
AND EFFECTIVE EXCHANGE FIELD

We will calculate the temperature dependence of the
exchange anisotropy constant, 2, and of the effective ex-
change field, H,„,by considering a shift in the B-H curve
[cf. Fig. 9(a)]. In order to simplify our calculation, we

adopt the following approximations.
(1) We neglect the crystalline anisotropy in the F lay-

ers.
(2) The crystalline anisotropy in the AF layers, which

is indispensable for a calculation of 2 and H,„,is implicit

ly taken into account by assuming fixed AF magnetic mo-
ments.

(3) H,„and (J„/2)(M ) „are assumed to be small com-
pared to the characteristic band energy.

The first approximation leads to a B-H curve with van-

ishing coercivity, H„because its main origin is known to
be the crystalline anisotropy in the F layers. Thus, the
transition in our superlattice is assumed to occur at H,„
from the point X to the point I' in Fig. 9(b). The second
approximaton assumes that only the direction of magnet-
ic moments in F layers is reversed at the transition from
points X to Y, while magnetic moments in AF layers
remain unchanged [cf. Figs. 9(c) and (d)]. The effective
exchange field, H,„,is determined by the condition

b
C

1.01

-6.0 -4 0 -2.0 0.0 2.0 40
E —EF (eV)

FIG. 7. The temperature dependence of Co densities of states
on (a) central [Co(l)] and (b) interface [Co(2)] layers, the solid

(dashed) curves denoting the up-spin (down-spin) component.

temperature T. By using assumption (3), we expand the
free energy in terms of H,„and (M )„ to get

(4.2)
nEF n F Fn'E- AF

where 8„„stands for the interlayer exchange interaction
between the magnetic moments on n and n' layers given
by

cP„„=J„J„Jde f(E)g(1/n )Im(q„g„TrG„„G„„),
Fx(H T)=Fr(H T)

where

(4.1a)

g„= I 1+[X„+0(J„/2)(M )„]F„j
(4.3)

(4.4)

Fx(H, T)= P'lnZ~(H, T)— (4.1b)

denotes the free energy of the system with the spin
configuration X under the applied magnetic field H at

» Eqs. (4.3) and (4.4), Tr stands for the trace over the or-
bitals, G„„ is the Green-function matrix, and 2„
denotes the coherent potential for electrons on the layer n
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FIG. 9. Schematic figures of the B-H curves shifted by H,„
(a) with and (b) without the coercivity, H, . Assumed distribu-
tions of magnetic moments on Co layers (bold lines) and Cr lay-
ers (thin lines) at the (c) X and (d) Y points are described (see
text).

0.85 should be noted that when magnitudes of moments are
uniform (i.e., (M )„=M&),Eq. (4.5) reduces to

b
C

2
ex f f

(4.7)

1.01

-6.0 -40 -2.0 0.0
E —EF (eV)

2.0 4.0

(b)
FIG. 8. The temperature dependence of Cr densities of states

on (a) central [Cr(5)] and (b) interface [Cr(3)] layers, the solid
(dashed) curves denoting the up-spin (down-spin) component.

which is nothing but the result obtained using the local-
ized model [cf. Eq. (1.3)].

In order to obtain 2 and H,„ from Eqs. (4.5) and (4.6),
we calculated the nearest-neighbor interlayer interaction,
8„„., in the 3 Co + 5 Cr superlattice; the ground-state re-
sults are plotted in Fig. 10. For comparison, the results
for pure (bulk) Co and Cr are shown by the arrows along
the left abscissa. The calculated value of 0.018 eV for
bulk (bcc) Co is similar to 0.026 eV for bcc Fe obtained

(4.5)

with

nEF

(4.6)

with spin rr given by Eq. (2.16). The left-hand side of Eq.
(4.2) expresses the Zeeman-energy gain in the F layers un-
der the applied magnetic field, H,„, whereas the right-
hand side denotes the energy gain in the F layers due to
the exchange field arising from the AF layers through the
interaction, d"„„. When the nearest-neighbor interactions
are predotninant, Eq. (4.2) leads to

0.06

0.04—

e
0.0

C
C

-0.02

-0.04

Cr (bulk)

-0.06

Co (bulk)
0.02

Co Co Cr Cr
I I I I

I I I

1 2

Cr Cr
I I

I

5

Cr Co
I I

I

8

where Pc & c„ is the interlayer exchange interaction
across the Co/Cr interfaces and (M )c„((M)c„t) is the
magnetic moment on the interface Co (Cr} layer. It

FIG. 10. The nearest-neighbor interlayer exchange interac-
tion, cP„„,at T=O K in 3 Co+ 5 Cr superlattices, the arrows
denoting the results for bulk Co and Cr.
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by Hubbard. ' The sign of 8„„.for a Co-Co pair is posi-
tive while that for a Cr-Cr pair is negative, as we might
expect. We note that, although 8„„ for the interfacial
Co/Cr pair is positive, its magnitude is much smaller
than that of Co-Co pairs. This is realized also at finite
temperatures, as shown in Fig. 11, where the d"„„are
plotted as a function of the temperature.

This small interfacial interaction is the origin of the
peculiar temperature dependence of the Cr moments (cf.
Fig. 3). We should note that if the interfacial interaction
is vanishing (8„„=0),Co and Cr layers have two distinct
transition temperatures of Tc(Co}and T~(Cr}, the former
being expected to be larger than the latter. When a small
interaction is introduced into the Co/Cr interface, the Cr
layers near the Co/Cr interface can be polarized even at
Trv(Cr) & T & Tc(Co) because of the exchange field arising
from Co layers through the weak 8„„.. This yields pecu-
liarly temperature-dependent Cr moments, as was shown
in Fig. 3.

Figure 12 shows the temperature dependence of 2 and

H,„which are calculated by using Eqs. (4.5) and (4.6).
We note an unusual temperature dependence of 2 and

H,„,both deviating significantly from the Brillouin func-
tion and showing an almost linear temperature depen-
dence at T /Tc 0.5. This is mainly due to the peculiar
temperature dependence of Cr moments near the Co/Cr
interfaces, and this feature is widely observed in many F-
AF interface systems. Our calculation shows a peak in
2 (and H,„) at T/Tc-0. 3, which arises from the com-
bined effects of an increase in d"c„c„(cf.Fig. 11) and a
decrease in Cr moments (cf. Fig. 3) when the temperature
is raised. The presence of such peaks was reported in
some F-AF systems, for example, Nio 8~Feo»/Mn, ' but
not in others such as MnFe/NiFe. The absence of the
peaks would be realized if both the interlayer exchange
interaction and the interfacial moment decrease mono-
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FIG. 12. The temperature dependence of the exchange an-
isotropy constant, J (solid curve), and the effective exchange
field, H,„(dashed curve).

V. DISCUSSION

tonically when the temperature is raised.
The calculated anisotropy constant at T=0 K, J(0),

is 0.033 eV =5.3 X 10 ' ergs, which is given by
4cor, err=0 011 eV=1.7X10 ' ergs, (M }c,r ——2.2pri,
and (M )c„r——1.4rLrrr in Eq. (4.6). Unfortunately, relevant
experimental data for Co/Cr bilayers have not been re-
ported yet. It was shown that in FeMn/FeNi bilayers,
the interface interaction, cP„„., deduced from the observed
H,„ is of order 10 ' ergs. This quantitative difference
might be due to atomic-scale roughness near the inter-
faces ' and/or domain walls, which might exist in real
systems but are not included in this calculation.
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FIG. 11. The temperature dependence of the nearest-

neighbor interlayer exchange interaction, 8„„.

In judging the significance of our results, it is necessary
to examine the approximations which have been intro-
duced in our calculation. The static approximation for
the functional-integral method neglects the effect of
dynamical spin Auctuations such as spin waves. This is
one of the reasons that this approach overestimates Curie
temperatures. It also leads to the absence of the —-power
law in the temperature dependence of (M )„at low tem-

peratures. Several authors investigated spin waves in
F-AF superlattices, and demonstrated that these have
properties distinctly different from those in bulk systems.
These studies are, however, based on the localized mod-
el and no calculations have been reported so far using
the itinerant model.

A more serious approximation is the neglect of the
crystalline anisotropy. Calculations using the localized
model have shown that the effect of crystalline anisotropy
plays an important role in determining the low-
temperature magnetic properties of surface-related sys-
tems and also the 8-H curve of the F-AF interfaces.
Quite recently, the ground-state anisotropy constants of
unsupported transition-metal thin films were calculated
by a first-principles method by incorporating the spin-
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orbit interaction. It was shown that the crystalline an-

isotropy constant of a Fe monolayer is about 100 times
larger than that of bulk Fe. ' This is a consequence of
the reduced symmetry of isolated monolayers, which in-
troduces anisotropy in second rather than fourth order
(for cubic crystals).

These remarks suggest that the anisotropy in multilay-
ers should be much smaller than that of unsupported thin
films because the atoms in the former have neighboring
atoms in three dimensions rather than in only two dimen-
sions. To some extent, these symmetry and dimensional
arguments justify our neglect of crystalline anisotropy.
We can include the effect of crystallirie anisotropy phe-
nomenologically in a variety of ways, for example, by in-

troducing an anisotropy field in the Hubbard Hamiltoni-
an. However, it is very difficult to treat the temperature
dependence of the anisotropy constants even in a phe-
nomenological way, because they are reported to show a
rather unusual temperature dependence. The micro-
scopic calculation of the temperature dependence of the
crystalline anisotropy constants remains a challenging
subject for future studies.

VI. CONCLUSIONS

plictly by direct calculation of the nearest-neighbor inter-
layer exchange interaction o)'„„(cf.Figs. 10 and 11). It is
possible that this small interlayer exchange interaction
across the F-AF interface is a common feature of F-AF
interface systems. In fact, we obtained the same results
in a preliminary calculation for FeMn)'FeNi bilayers.
The characteristic temperature dependence of S and H,„
observed in many F-AF interface systems is accounted
for quite nicely by our calculation without invoking any
artificial assumptions (cf. Fig. 12). It would be interesting
for experimentalists to prepare ultrathin Co/Cr superlaf, -
tices of the type treated here, and examine the predicted
tea1perature dependence of interfacial magnetic moments
and effective exchange fields, so as to check the adequacy
of the present theoretical treatment.

Since the exchange anisotropy has a local origin near
the F-AF interface, as already emphasized, we believe
that the principal conclusions obtained here for the 3
Co+ 5 Cr superlattice would remain valid even if the
number of Co and Cr layers is increased. More general-
ly, we would expect our simple calculations, the first mi-
croscopic calculations based on the itinerant model, to
account for the essential features observed in a wide
range of F-AF interface systems.

Using the Hubbard'd-Hasegawa theory, ' ' we examined
the finite-temperature magnetic properties of Co/Cr su-
perlattices. We also calculated the temperature depen-
dence of the exchange anisotropy constant, 2, and of the
effective exchange field, H,„. One of the important re-
sults obtained in our calculation is a fairly small inter-
layer exchange interaction across the Co/Cr interface.
This result can be inferred from the peculiar temperature
dependence of magnetic moments near the interfaces (cf.
Fig. 3; see also I, Fig. 2), and can be demonstrated ex-
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