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We have performed realistic tight-binding band calculations for a series of (X);/(Cr),, /(X);
sandwiches with bcc [001] interfaces, for X=Fe, Co, and Ni and m=3, 4, and 5. The moment dis-
tributions on the X and Cr layers have been determined self-consistently. In all the cases investigat-
ed, we have obtained locally stable, multiple solutions in which the ferromagnetic and antiferromag-
netic couplings are realized between magnetic moments on successive X layers across intervening Cr
layers. The similarities and differences in the magnetic properties among the three sandwiches are
discussed. We also discuss implications of the results of our calculations on the magnetoresistance
data recently obtained for Fe/Cr and Co/Cr multilayers.

I. INTRODUCTION

Magnetic multilayers consisting of transition metals
and/or rare-earth metals have attracted continuous
scientific interest in the last few years. One of the current
topics in this field is the occurrence of a giant magne-
toresistance effect. Baibich et al.! found that the reistivi-
ty of Fe/Cr multilayers is reduced by 46% when an
external field of 20 kOe is applied. Various experiments,
such as light scattering,”? spin-polarized low-energy
diffraction (SPLEED),* neutron diffraction,> and magne-
tization measurement,>®’ show that the total magnetic
moments on successive Fe layers couple antiferromagnet-
ically across intervening Cr layers when the Cr-layer
thickness is less than about 20 A.%7 Recently Parkin
et al.® reported oscillations in Fe-Fe couplings with a
period of 18-20 A out to a Cr- layer thickness of 50 A.
This antiferromagnetic coupling between Fe layers is ex-
pected to play an essential role in the large magnetoresis-
tance observed.’ !! When an external field is absent or
small, the coupling between successive Fe layers is anti-
ferromagnetic and the spin-dependent scattering at inter-
faces leads to large resistivity. Under a strong applied
field, on the other hand, Fe moments order ferromagneti-
cally and the resistivity is reduced because of a decrease
in spin-dependent scattering. This antiferromagnetic Fe-
Fe coupling cannot, however, be understood within the
localized (Heisenberg or Ising) model. If the localized
model is applied to the Fe/Cr multilayer, the coupling
between the Fe layers is ferromagnetic (FM) or antiferro-
magnetic (AFM), depending on whether the number of
Cr layers is odd or even.!? This is in contradiction with
experimental results showing AFM Fe-Fe couplmg

Quite recently, Levy et al. 10 and Hasegawa per-
formed band calculations for Fe/Cr multilayers. It was
pointed out that the antiferromagnetic coupling is con-
ceivable even when the number of Cr layer, m, is odd. In
this case, the energy cost due to the unfavorable moment
distributions in Cr layers is compensated by a change in
the magnitude of the Cr moments;'®!3 the itinerant-
electron system has an extra degree of freedom varying
the magnitude of the magnetic moments whereas it is
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fixed in the localized model. Hasegawa!® calculated also
the interlayer exchange interaction, J, between Fe layers,
which is positive for the nearest-neighbor layers as ex-
pected, but negative for 1<m =6. This result is con-
sis6terglt with the observed Cr-thickness dependence of
J.°”

Since discovery of magnetoresistance in Fe/Cr multi-
layers, similar phenomena have been found in many
transition-metal multilayers, such as Co/Cr,? Co/Ru,?
Co/Au,'* and Co/Cu/Ni-Fe/Cu.!'> Among them, we
pay special attention to the Co/Cr multilayer, which is
isomorphic with the Fe/Cr multilayer already discussed.
It was reported that an applied field reduces the resistivi-
ty of Co/Cr multilayers by about 2.5%,% which is much
smaller than the 46% reported for Fe/Cr multilayers.'
Now several questions arise. Why is the magnetoresis-
tance in Fe/Cr multilayers much more significant than
that in Co/Cr multilayers? Is the magnetoresistance in
Co/Cr multilayers expected to arise from the AFM cou-
pling between Co moments as is the case in Fe/Cr multi-
layers, although no experimental evidence has yet been
reported? It is therefore interesting to make a theoretical
study on the similarities and differences between Fe/Cr
and Co/Cr multilayers, which is the purpose of the
present paper. We will report calculations of the elec-
tronic and magnetic structures in a series of
(X);/(Cr),, /(X); sandwiches, with X=Fe, Co, and Ni
and m=3,4, and 5.

The outline of this paper is as follows. In Sec. II we
briefly describe the model and computational method
which are used in the present study and which have been
employed in our previous calculations.!>!®~!® The cal-
culated moment distributions are reported in Sec. IIIL
Section IV is devoted to supplementary discussions. Our
conclusions are summarized in Sec. V.

II. MODEL AND COMPUTATIONAL METHOD

We assumed a sandwich in which both X and Cr atoms
lie on a common bcc lattice with [001] interface. The
configuration of the multilayer under consideration is
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given by!’

(Cu),/(Cr), /(X);/(Cr),, /(X)3/(Cr),/(Cu), /Cu(001) ,

with the semi-infinite Cu(001) simulating the nonmagnet-
ic substrate employed in the experiments. The layer
parallel to the (001) interface is assigned by the index n,
which is assigned the value 1 for the top layer. Crystal-
line anisotropy was neglected for computational simplici-
ty. For a given multilayer, we employed the model Ham-
iltonian

H=H,+H, , (1)

where H, and H; denote the one-electron and interaction
terms. The one-electron part is expressed by the tight-
binding d-band Hamiltonian given by
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(2)
where a], imo (@jmo) is a creation (annihilation) operator of
a o-spin electron of the orbltal m on the lattice site j, E;
is the core potential, and tJ’J"'" stand for the two- center
transfer integrals which are given, after canonical band

theory, 20

(ddo) —6
(ddw) t= 4 {X(W,/2.5)(S/R)’ . 3)
(dds)| —1

Here R is the interatomic distance, S the Wigner-Seitz ra-
dius, and W, is the d-band-width parameter. Transfer in-
tegrals are included up to second-nearest-neighbor sites,
and those between different kinds of atoms are assumed
to be given by their geometrical averages.°

The interaction term in Eq. (1) is given by

H =13 (UN}—JM}), 4
J

where N; (M;) denotes the charge (magnetic-moment)
operator on site j, and U; and J; are Coulomb and ex-
change interactions, respectively. We assumed that
U;=J; so as to reduce the number of parameters and
treated them within the Hartree-Fock approximation.
The U values for Fe and Co were chosen such that we ob-
tain the ferromagnetic ground state with magnetic mo-
ments of 2.2up and 1.7up, respectively. We chose the U
value for Cr so as to obtain the commensurate antiferro-
magnetic states with the sublattice moment of 0.6u.
These are consistent with the local-spin-density-
functional calculations for bee Fe,?! Co,?? and Cr.2* The
U values for Ni and Cu were assumed to be the same as
those of Fe. The number of d electrons were taken as 5.0,
7.4, 8.4, 9.4, and 10.0 per atom for Cr, Fe, Co, Ni, and
Cu, respectively. The core potentials E ; were chosen to
preserve local charge neutrality, with neglect of slight de-
viations near the interfaces. The band parameters (W,,
U,, and E,) employed in our calculations are summa-
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TABLE 1. Parameters used in the calculations.

Atom E, (V) W, (V) U, (eV)
Cr 5.80 8.00 0.67
Fe 3.80 6.12 0.80
Co 2.78 5.44 0.80
Ni 1.70 4.76 0.80
Cu 0.00 4.08 0.80

rized in Table I.%*

We assumed that all atoms on the nth layer have the
same averages of local magnetic moments and number of
electrons, M, and N,, which were calculated self-
consistently by an iterative method.'>!®~!® The iteration
was continued until the initial and resultant M, and N,
agree within an assumed respective accuracy of
0.025up/atom and electrons/atom. By adopting a
variety of initial trial solutions, we repeated our calcula-
tions, looking for solutions which are locally stable in

configuration space.
III. CALCULATED RESULTS

A. Fe/Cr/Fe sandwiches

First we discuss results for Fe/Cr/Fe sandwiches. We
obtained the FM and AFM solutions, both of which are
numerically stable. Figures 1(a) and 1(b) show, respec-
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FIG. 1. Local moments in the AFM (solid curve) and FM
(dashed curve) solutions in (Fe);/(Cr),,/(Fe); sandwiches with
(a) m=4 and (b) m=5.
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tively, the calculated moment distributions in
(Fe);/(Cr),,/(Fe); sandwiches with m=4 and 5. The mo-
ment distributions are almost symmetric or antisym-
metric with respect to the center of the sandwiches. The
substrate Cu layers have no local moments while interfa-
cial Cu layers are slightly spin polarized because of the
molecular field arising from adjacent Fe layers. The cal-
culated moment distributions on Fe and Cr layers have
the following features. !

(i) In both AFM and FM solutions, the Fe regions are
ferromagnetic while the Cr regions are antiferromagnetic.

(ii) Magnetic moments on the central and interfacial Fe
layers are 2.5up and 1.5up respectively, both in the FM
and AFM solutions.

(iii) Magnitudes of Cr moments in the FM solutions for
m=3 and 5 and in the AFM solutions for m =4 are about
1.0up. In these cases, the spin-density wave (SDW) on Cr
layers is compatible with the moment distribution on Fe
layers. In the other cases where the Cr SDW is incompa-
tible with Fe moments, the Cr moments become very
small.

(iv) The moment distribution of the AFM solution for
odd m (=3 and 5) has a node at the central Cr layer.

(v) The coupling between interfacial Fe and Cr mo-
ments is antiparallel both in the AFM and FM solutions.

These features in the present calculation are the same
as those obtained in a previous study for Fe/Cr/Fe
sandwiches, !> for which we adopted the configurations
given by

(Cu);/(Fe);/(Cr),, /(Fe);/(Cu);/Cu(001) ,

slightly different from those used in the present study. Cr
layers have been subsequently added outside Fe/Cr/Fe
sandwiches as buffers, by which Fe moments on the out-
side interfaces (at n=5 and n =m -+ 10) in the new calcu-
lation is reduced (2.0up) compared with that (2.5uz) in
the previous one.!> Our results based on the tight-
binding model are similar to those obtained with first-
principles calculations for a (Fe);/(Cr)s superlattice. '
The enhanced moments on Fe and Cr layers are attribut-
ed to the two-dimensional character of the sandwiches. 2

B. Co/Cr/Co sandwiches

Next we discuss the calculated result of Co/Cr/Co
sandwiches, for which we again obtained locally stable
AFM and FM solutions. The calculated moment distri-
butions in (Co);/(Cr),, /(Co); sandwiches with m=4 and
5 are shown in Figs. 2(a) and 2(b), respectively. We note
the following features.

(i) Magnitudes of Co moments are (1.0-1.5)up, which
is reduced relative to the bulk value of 1.7up.

(ii) When the Cr SDW is compatible with Co moments
in the FM solutions for m=3 and 5 and in the AFM
solutions for m=4, the magnitude of Cr moments is
(0.2-0.5)up.

(iii) The moment distribution of the AFM solutions for
odd m (=3 and 5) has a node at the central Cr layer.

(iv) The coupling between the interfacial Co and Cr
moments is rather complicated. The coupling is parallel
in the AFM solutions for m=3 and 5 while it is antipar-
allel in the FM solution for m=4. In the AFM solution
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FIG. 2. Local moments in the AFM (solid and chain curves)
and FM (dotted and dashed curves) solutions in
(Co)3/(Cr),,/(Co); sandwiches with (a) m=4 and (b) m=5.
Note that the scale of magnetic moments in the inner
Co/Cr/Co layers has been multiplied by a factor 2.

for m=4 and in the FM solution for m=35, we obtained
not only parallel but also antiparallel alignments in inter-
facial Co and Cr moments.

Thus, we obtained much more stable solutions in
Co/Cr/Co sandwiches than in Fe/Cr/Fe sandwiches.
First-principles calculations for a (Co);/(Cr)s superlat-
tice® yield the FM solution similar to ours for the corre-
sponding sandwich.

C. Ni/Cr/Ni sandwiches

The calculated moment distributions in (Ni)y/
(Cr),,/(Ni); sandwiches with m=4 and 5 are plotted in
Figs. 3(a) and 3(b), respectively. They have the following
features.

(i) Although the Cr regions are antiferromagnetic, the
Ni regions are not ferromagnetic, having peculiar mo-
ment distributions.

(ii) Magnitudes of Ni moments are less than 0.3up,
which is smaller than the bulk value of 0.6u 5.

(iii) Magnetic moments on Cr layers in the AFM solu-
tions for m=3 and 5 and in the FM solution for m =4 are
(1.2-1.8)up, which are much enhanced compared with
the bulk value. In the other cases, the magnitudes of Cr
moments are less than 0.2u 5.

(iv) The coupling of the interfacial Ni and Cr moments
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FIG. 3. Local moments in the AFM (solid curve) and FM
(dashed curve) solutions in (Ni);/(Cr),,/(Ni); sandwiches with
(a) m=4 and (b) m=5.

is parallel in all the cases.?’

In Ni/Cr/Ni sandwiches Ni moments are nearly
quenched because of the influence of the Cr layers,
though Cr moments can be enhanced compared with its
bulk value, as noted in item (iii) above. Magnitudes of
magnetic moments on outer Cr layers sandwiched by Cu
and Ni, are (2.5-3.0up), which is more enhanced than
those on inner Cr layers.

IV. DISCUSSIONS

It is interesting to investigate the similarities and
differences in the magnetic properties among the X/Cr/X
sandwiches, with X=Fe, Co, and Ni. We plot, in Fig. 4,
the X dependence of magnetic moments at the central X
layer (My.), those at the interfacial X layer (M 4;), and
those at the interfacial Cr layer (M(,;). This shows the
trend in magnetic properties of X/Cr/X sandwiches with
changing X. Magnitudes of magnetic moments on the
central and interfacial X layers decrease as going from
X=Fe to X=Ni. We note that the interfacial Cr mo-
ments are antiparallel to My, for X=Fe while they are
parallel for X=Ni.?’ In the case of X=Co we obtained
two solutions corresponding to parallel and antiparallel
alignment of interfacial Co and Cr moments, as discussed
in Sec. III B. Figure 4 clearly shows that magnetic prop-
erties are rather sensitive to the choice of X atom in the
three sandwiches.
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FIG. 4. Magnetic moments on the central X layers (Mxc),
those on the interfacial X layers (M y,), and those on the interfa-
cial Cr layers (M¢,;), in (X);/(Cr)s/(X); sandwiches against X
(=Fe, Co, and Ni). The filled (open) marks denote the results of
the AFM (FM) solutions. The curves are only a guide for the
eye.

In order to establish which of the multiple solutions we
have obtained is most stable, it is necessary to make a
comparison of their ground-state energies. We have tried
it, but could not determine the most stable solutions be-
cause the energy difference is too small compared with
our computational accuracy. Note that the energy
difference is expected to be of the order of the saturation
field, H,, whose typical value is 10 kOe (~1073 eV),!
while the total d-band energy is of the order 10 eV. In
order to by-pass this difficulty, we calculated in Ref. 13,
the interlayer exchange interaction, J,,., between the nth
and n'’th layers in Fe/Cr superlattices as a function of m,
the number of intervening Cr layers. The exchange in-
teraction J,,. is positive for the nearest-neighbor pair
(m=0) as expected. It is nearly vanishing for m=1, and
becomes negative for 2 <m =<6, suggesting that the AFM
solutions become more stable than the FM solutions.
Thus the antiferromagnetic Fe-Fe coupling observed in
Fe/Cr/Fe multilayers with Cr thickness less than 20 A
(Refs. 6-8) can be understood in terms of the exchange
interactions between d electrons. In order to explain the
Ruderman-Kittel-Kasuya-Yosida (RKKY)-type long-
range oscillation in J observed in thicker Cr layers,? it
would be necessary to take into account s-electron and s-
d hybridization,?®?° which are neglected in our calcula-
tion of Ref. 13.

It was reported that the magnetoresistance is large
(46% reduction) in Fe/Cr multilayers' while it is fairly
small (2.5% reduction) in Co/Cr multilayers.® Our cal-
culation might explain the difference in the magnetoresis-
tance between Fe/Cr and Co/Cr multilayers as follows.
According to existing theories,” " !! the magnetoresis-
tance arises from the spin-dependent scatterings at the in-
terfaces. The difference in the exchange potentials at the
interface between X and Cr layers, V, given by

V=3UxMy,—UcMc | =(U/2)8M , (5)

provides a measure of the spin-dependent interfacial
scattering  potential, where U=Uy=U. and
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OM =|My;—Mc,,|. Our calculation shows that in
Co/Cr/Co sandwiches, we get &M =(0.1-0.8)up be-
cause M,;=(0.5-0.6)up and M ;= —(0.2-0.5)up.
On the other hand, in Fe/Cr/Fe sandwiches,
Mg =(1.6-1.8)up and M ;=—(0.4-1.2)up lead to
8M =(2.0-2.8)up, which is much larger than that in
Co/Cr/Co sandwiches. Since the magnetoresistance is
more significant when V is larger,®!! it is probable that
the difference in 8M qualitatively explains the difference
in the observed magnetoresistance between Fe/Cr and
Co/Cr multilayers.

V. CONCLUSIONS

We have calculated the electronic and magnetic struc-
tures of (X);/(Cr),,/(X); sandwiches with X=Fe, Co,
and Ni and m=3, 4, and 5. In all the cases investigated
we have obtained the AFM and FM solutions, both of
which are locally stable in the configuration space. It has
been shown that the AFM solutions can be stable even
when the number of intervening Cr layers is odd within
the itinerant-electron model.!%!3 This is realized by the
characteristics of the itinerant-electron model with an ex-
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tra degree of freedom changing the magnitude of local
moments. Cr layers are expected to play important roles
for the sandwiches to have multiple solutions.>® On the
basis of our calculations, we have qualitatively discussed
the observed difference in magnetoresistance in Fe/Cr
and Co/Cr multilayers. Our calculations have shown
that an applied field to the multilayers with an odd num-
ber of Cr layers induces the SDW in the Cr layers. Ob-
servation of the field-induced SDW by experiments, such
as neutron diffraction, will be interesting. Further experi-
mental studies on magnetic properties and magnetoresis-
tance are required not only for Fe/Cr multilayers but also
for Co/Cr and Ni/Cr multilayers.

ACKNOWLEDGMENTS

Numerical calculations were performed by using a
FPX-500 computer and a Digital Equipment Corporation
VAX-8700 computer at the computer centers of Tohoku
Gakuin University. This work is partly supported by a
Grant-in-Aid for Scientific Research on Priority Areas
from the Japanese Ministry of Education, Science and
Culture.

*Present address: Department of Physics, Tokyo Gakugei Uni-
versity, Koganei, Tokyo 184, Japan.

IM. N. Baibich, J. M. Broto, A. Fert, F. Ngugem Van Dau, F.
Petroff, P. Eitenne, G. Creuzet, A. Friedrich, and J. Chazelas,
Phys. Rev. Lett. 61, 2472 (1988).

2P, Griinberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H.
Sower, Phys. Rev. Lett. 57, 2442 (1986).

3F. Saurenbach, U. Walz, L. Hinchey, P. Griinberg, and W.
Zinn, J. Appl. Phys. 63, 3437 (1988).

4C. Carbone and S. F. Alvarado, Phys. Rev. B 36, 2433 (1987).

5N. Hosoito, S. Araki, K. Maybe, and T. Shinjo, J. Phys. Soc.
Jpn. 59, 1925 (1990).

6F. Nguyen Van Dau, A. Fert, P. Eitenne, M. N. Baibich, J. M.
Broto, J. Chazelas, A. Friederich, S. Hadjoudj, H. Hurde-
quint, J. P. Radoules, and J. Massies, J. Phys. (Paris) Colloq.
49, C8-1633 (1988).

7J. J. Krebs, P. Lubitz, A. Chaiken, and G. A. Prinz, Phys. Rev.
Lett. 63, 1645 (1989).

8S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rev. Lett. 64,
2304 (1990).

9R. E. Camley and J. Barnas, Phys. Rev. Lett. 63, 664 (1989); J.
Barnas, A. Fuss, R. E. Camley, P. Griinberg, and W. Zinn,
Phys. Rev. B 42, 8110 (1990).

10p, M. Levy, K. Ounadjela, S. Zhang, Y. Wang, C. B. Som-
mers, and A. Fert, J. Appl. Phys. 67, 5914 (1990).

1P, M. Levy, S. Zhang, and A. Fert, Phys. Rev. Lett. 65, 1643
(1990); S. Zhang, P. M. Levy, and A. Fert (unpublished).

121, L. Hinchey and D. L. Mills, Phys. Rev. B 33, 3329 (1986).

13H. Hasegawa, Phys. Rev. B 42, 2368 (1990).

14E. Velu, C. Dupas, R. Renard, J. P. Renard, and J. Seiden,
Phys. Rev. B 37, 668 (1988).

15T, Shijo and H. Yamamoto, J. Phys. Soc. Jpn. 59, 3061 (1990).

16/, Hasegawa, J. Phys. F 16, 1555 (1986); Surf. Sci. 182, 591
(1987); in Magnetic Properties of Low Dimensional Systems 11,
edited by L. M. Falicov and J. L. Moran Lopez (Springer,
Berlin, 1990).

174, Hasegawa and F. Herman, J. Phys. (Paris) Collog. 49, C8-

1677 (1988).

184, Hasegawa and F. Herman, Physica B 149, 175 (1988);
Phys. Rev. B 38, 4863 (1988).

I9H. Hasegawa, in Ordering at Surfaces and Interfaces, edited by
A. Yoshimori and H. Watanabe (Springer, Berlin, 1991).

20D, G. Pettifor, J. Phys. F 7, 613 (1977).

21y, L. Moruzzi, J. F. Janak, and A. R. Williams, Calculated
Properties of Metals (Pergamon, New York, 1978).

22D, Bagayoko, A. Ziegler, and J. Callaway, Phys. Rev. B 27,
704 (1983); V. L. Moruzzi, P. M. Marcus, K. Schwarz, and P.
Mohn, ibid. 34, 1784 (1986).

23y, Kiibler, J. Magn. Magn. Mater. 20, 277 (1980); N. I. Kuli-
kov, M. Alouami, M. A. Khan, and M. V. Magentskaya,
Phys. Rev. B 36, 929 (1987); 34, 1784 (1986).

24The Co core potential, Ec,, in the present calculation was tak-
en to be lower than that in a previous study (Ref. 18). Co
(and Cr) moments in the present calculations become smaller
and are in a better agreement with first-principles band calcu-
lation for Co/Cr superlattices (Ref. 25) than the previous
study.

25F. Herman, P. Lambin, and O. Jepsen, Phys. Rev. B 31, 4394
(1985).

26C. L. Fu, A. J. Freeman, and T. Oguchi, Phys. Rev. Lett. 54,
2700 (1985).

271t has been confirmed that a solution for which interfacial Ni
and Cr moments are antiparallel is unstable in Ni/Cr/Ni
sandwiches. This situation is rather different from that in
random Ni-Cr alloys in which Ni and Cr moments are anti-
parallel [cf. H. Hasegawa, J. Phys. Soc. Jpn. 33, 1599 (1972)].

28Y. Wang, P. M. Levy, and J. L. Fry, Phys. Rev. Lett. 65, 2732
(1990).

29D. M. Edwards and J. Mathon (unpublished).

30In a Fe/Ni/Fe sandwich, which is made when Cr atoms in a
Fe/Cr/Fe sandwich are replaced by Ni, we obtained only the
FM solution, even when iterative calculations were started
with trial AFM solutions.



