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Theoretical study of the onset of magnetism in (Fe)„/(Ru)„superlattices

D. Knab and C. Koenig
Institut de Physique et Chimie des Materiaux de Strasbourg,

Universite Louis Pasteur, 4 rue Blaise Pascal, 67070 Strasbourg, France
(Received 11 June 1990)

The electronic and magnetic structure of (Fe) /(Ru) (x being the number of atomic planes in
each layer) hexagonal-close-packed superlattices has been investigated by self-consistent spin-
polarized linear-muffin-tin-orbital —atomic-sphere-approximation calculations for x ranging from 1

to 5. It is shown that for x= 1 no magnetic order exists due to the strong hybridization between the
Fe and Ru atoms. For larger thicknesses several magnetic phases appear, with a ferromagnetic, an-
tiferromagnetic, or ferrimagnetic ordering within each layer. The total energies of these phases are
very close to each other, and the ground state depends upon x. Comparison is made with the avail-
able experimental results on (Fe) /(Ru)~ samples grown by molecular-beam epitaxy.

I. INTRODUCTION

Recently artificial materials such as metallic multilay-
ers and superlattices have attracted considerable atten-
tion due to their particular magnetic properties. Samples
constituted by alternating layers with very well-defined
interfaces can now be synthetized by molecular-beam epi-
taxy (MBE) techniques. ' By these techniques a very
large variety of well-ordered periodic structures can be
obtained even from two components which do not form
spontaneously ordered compounds. This opens a very
wide field of research, especially in the domain of magne-
tism, due to the great sensitivity of the magnetic state of
atoms to their chemical environment.

Fe and Ru are miscible in a large interval of concentra-
tion, but only form disordered solid solutions. Maurer
et al. have recently obtained by MBE new well-ordered
(Fe) /(Ru) superlattices (x andy being, respectively, the
number of atomic planes in the alternating Fe and Ru
layers, ranging from 2 to 7 monolayers for x and 2 to
about 40 monolayers for y). The samples have a full hex-
agonal close packed (hcp) structure with nearly no
interdiff'usion and sharp interfaces. The lattice parame-
ters have been measured by x-ray techniques and show
that Fe is constrained in these materials to adopt an
artificially expanded structure which modifies strongly its
magnetic properties with respect to those of pure Fe.
Bulk magnetic measurements and Mossbauer spectrosco-
py have put in evidence the existence of a ferromagnetic
order in the Fe layers, with about two nonmagnetic atom-
ic planes at either side of each Fe layer. Beyond four Fe
atomic planes, the global moment of the Fe layers in-
creases by about 2p~ per supplementary Fe plane.

As the 'crystal parameters are well defined, a theoreti-
cal study of the onset of magnetism in these rnultilayers is
possible. This is the aim of this paper, and in order to
focus attention on the role played by the thickness of the
layers, the series (Fe)„/(Ru)„(x = 1 to 5) has been
chosen: the relative concentration of the two constitu-
ents is maintained constant, so that to a good approxima-
tion the dilatation of the lattice for x = 1 to 5 can be sup-
posed neghgible.

We have performed self-consistent band-structure cal-
culations by the "linear muon-tin orbitals" method
(LMTO), in order to obtain all the possible stable mag-
netic configurations of the atomic planes within each Fe
layer. All the Fe layers are supposed to be equivalent,
i.e., we do not consider in this first step the possibility of
an antiferromagnetic coupling between the Fe layers.

Numerical aspects of the calculations are presented in
the second paragraph. In order to distinguish, in the
magnetic properties of Fe atoms in superlattices, the role
of the Fe volume expansion from the one played by the
presence of nonmagnetic Ru neighbors, we have first car-
ried out the electronic structure of a hypothetical pure Fe
in the (Fe)„/(Ru)~ lattice at different volumes (Sec. III).
The results obtained for the (Fe) /(Ru), series are given
in Sec. IV for x varying from 1 to 5. They are compared
in Sec. V to other theoretical as well as experimental
studies of magnetic metallic multilayers.

II. METHOD

The experimental studies of (Fe), /(Ru) superlattices
performed by Maurer et al. have shown that these com-
pounds have a hcp structure with a and c parameters de-
pending only upon the Fe and Ru concentrations. Their
values follow a "Vegard law" to a very good approxima-
tion:

c (x,p ) = (xcFe +pc R„)/(x +Jp )

a (x,y) = (xa„,+yaR„)/(x +y),
with cR„=4.28 A, cF, =4. 15 A, aR„=2.71 A, and

aF, =2.63 A.
This has been deduced from crystallographic studies of

samples with layer thicknesses ranging, respectively,
from 4 to 12 A for Fe and from 4 to 52 A for Ru. In this
paper we restrict ourselves to materials with thin alter-
nate layers of the same thicknesses (x =y) in order to
study the onset of magnetism independently of the effect
of parameters variations: we assume that for these super-
lattices the Vegard law is stiH valid, though the layers are
thinner than the experimental ones, and that the inter-
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plane distance is the same in the Fe and Ru layers. Then
the values of the parameters of the hexagonal cell in
(Fe)„/(Ru)„are a =2.67 A and c =4.21 A.

In all calculations the crystal is assumed to be perfect.
This neglects the possible displacements and local rear-
rangements of the atoms, with respect to the ideal hcp
positions, which certainly exist in the samples because of
the very large interatomic distances imposed to Fe by Ru.

We use the self-consistent LMTO method in the
frozen-core approximation: the core charge density of
each atom is obtained from self-consistent relativistic
atomic calculations and is kept unchanged during the
iterative scalar relativistic calculation of the band struc-
ture (s, p, and d orbitals). The atomic radii (S) for each
component of the compounds are chosen to be equal, in
the atomic-sphere-approximation (ASA); the departure
from neutrality in each Wigner-Seitz sphere gives an esti-
mate of the electronic redistribution in the compound.

The Brillouin zone (BZ) integrations for the densities of
states are performed on a grid of 196 k points in the irre-
ducible zone. The c lattice parameter of the unit cell in
(Fe)z/(Ru)z, (Fe)~/(Ru)~, (Fe)~/(Ru)~, and (Fe)5/(Ru)5 be-
ing, respectively, 2, 3, 4, and 5 times larger than the one
in (Fe),/(Ru)„ their Brillouin zones are reduced by the
same factor along the k, axis in the reciprocal space with
respect to that of (Fe),/(Ru), . Since the number of k
points is the same in the five compounds, the density of k
points, and therefore the fineness of the mesh, increases
with the number x of monolayers. This is necessary in
order to maintain good accuracy in the density-of-states
calculations for an increasing number of bands in the
same energy interval, resulting from the increase of the
number of atoms per unit cell. The reliability of the nu-
merical results has been tested by considering a pure hcp
Fe sample as a layered compound (Fe)„/(Ru) with in-
creasing values of x, and has been controlled by a band-
structure calculation of (Fe)~/(Ru)~ with a mesh of 936 k
points. Herman et al. have studied the convergence of
spin distribution in Co/Cr bcc superlattices as a function
of the number of mesh points in the reduced zone, within
the LMTO method. According to their results, it seems
again that a grid of about 200 points is a good comprorn-
ise between accuracy and computing time.

The relative stability of the different phases in each su-

perlattice is obtained by comparison of the total energies
of the electronic distributions. In the frozen-core approx-
imation the intrasite core contribution E, to the total en-

ergy can be separated from all the other terms. F., stays
unchanged during the iterative process and is indepen-
dent of the nuclear positions. It can be omitted as long as
absolute values of the energies are not required.

III. PURE EXPANDED hcp Fe

Under normal conditions of temperature and pressure
pure iron is stable in the bcc phase (a =2.866 A). This
phase is ferromagnetic with a moment of 2.2 pz per
atom. At pressures in excess of =130 kbar one obtains
the hcp e phase (a =2.46 A, c =3.94 A at 145 kbar)
which is paramagnetic. These two phases correspond to

structures which are more compact than that of rutheni-
um (a =2.706 A, c =4.281 A).

In Fe/Ru superlattices Ru imposes its expanded hcp
structure on Fe. The only inAuence of Fe is a slight con-
traction of the lattice when its concentration increases.
For equal concentrations of the two components Fe un-
dergoes a volume expansion of 10.4 jo with respect to the
e phase and 22.0%%uo with respect to the e phase. The
magnetic properties of a compound depending strongly
upon the structure and the interatomic distances, one can
expect important modifications of Fe properties in
(Fe)„/(Ru)„as compared to those in regular a and e
phases. For this reason it is interesting to study theoreti-
cally in a first step a hypothetical pure expanded hcp
iron.

We have calculated the band structure of hcp Fe in its
paramagnetic (PM), ferromagnetic (FM), and antiferro-
magnetic (AF) phases with lattice parameters corre-
sponding to the experimental values of a and c for super-
lattices with Fe concentration equal to 100% (S =2.716
a.u. , c/a =1.578), 75% (S =2.733 a.u. ), 50% (S =2.756
a.u. , c/a = 1.580), 25% (S =2.778 a.u. ), and 0%
(S =2.796 a.u. , c/a =1.582). The comparison of the to-
tal energies of these three phases shows that the ground
state is AF up to S=2.78 a.u. and FM beyond [Fig. 1(a)].
The evolution of the FM and AF moments versus S are
given in Fig. 1(b). These calculations have been per-
formed with a fine grid of 936 k points in the irreducible
BZ.

Figures 2(a) and 2(b) compare the densities of states of
expanded hcp Fe (S =2.756 a.u. ) in FM state with those
of hcp Co in its regular structure. These curves present
similar shapes which are typical of a hcp lattice and con-
sist mainly in two peaks 2 and B separated by a large
zone of weak density. In this phase the majority and
minority conduction bands are simply shifted one with
respect to the other with nearly no deformation. As the
majority d band is almost filled, the electronic properties
are controlled by the filling of the minority d band. This
places the Fermi level in the weak density zone in Co
[Fig. 2(b)] with a resulting moment of 1.58 pz, and in
peak A in Fe [Fig. 2(a)].

Figures 3(a) and 3(b) show the densities of states of Fe
and Co, respectively, in the AF phase. This phase is
metastable for Co (@=0.76@~). Contrary to the FM
case, there is almost no shift between the majority and
minority conduction bands, but an important deforma-
tion of the first one compared to the second one. The
characteristic peaks A and B of the hcp structure exist in
the two spin directions, but they are strongly reduced in
the majority band, especially in Fe where the moment is
greater than in Co. The situation is reversed here com-
pared to Fig. 2: in the AF phase the Fermi level is in
peak B for Co whereas it lies in a weak density zone for
Fe.

Pure hcp Co is of course FM and the AF phase is
about 25 mRy higher in energy. At first sight one could
try to justify this result by an argument similar to the one
giving the Stoner criterion for the instability of PM
phases: a Fermi level in a low and rather Oat density re-
gion might be more energetically favorable and more
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stable with respect to small shifts of the up and down
densities than when it lies in a peak, as it is the case for
AF Co. However, this argument is not valid for hcp Fe.
For S =2.756 a.u. the FM phase presents a peak at the
Fermi level and is indeed 5 mRy above the AF phase.
But for S =2.796 a.u. the FM phase is 1.3 mRy below
the AF phase though the densities of states in the two
phases and the position of EF are nearly the same as in
Figs. 2(a) and 3(a). This shows that for these artificial
structures presenting several magnetic phases with very
close total energies, a complete total-energy calculation is
necessary to find the ground state, since it results from
very small rearrangements of the occupied states in each
of the possible configurations. Theoretically a great deal
of study has been devoted to the problem of relative sta-
bilities of bcc and fcc iron in magnetic and nonmagnetic
phases, but in the case of hcp Fe there are few results.
Recently, Kubler has calculated the total energy of pure
hcp Fe as a function of S in PM, FM, and AF phases by
the ASW method: for small atomic volumes the ground
state is nonmagnetic and becomes AF at S =2.625 a.u.
At S=2.63 a.u. a metastable high spin FM phase ap-
pears which becomes the stablest one for large values of
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S. This general behavior, together with the value of the
moments in these two magnetic states are in good agree-
ment with our results though the two calculations were
not performed with the same values of the parameters:
c/a = l.633 a.u. in Ref. 9, which is the standard value for
close packed structures, whereas in Fig. 1(a) c/a varies
slightly from 1.578 for S =2.716 a.u. to 1.582 for
S =2.796 a.u.

The efFect of a small variation of c/a is visualized in
Kubler's paper for the FM phase. In the present calcula-
tion, the crosses in Fig. 1(a) for S =2.756 a.u. represent
the total energies for the three phases for c/a =1.633.
The tendency in both results is the same: a smaller value
of c/a shifts the occurrence of the transitions to higher S
values. This could partly explain the di6'erences in the
values of S for the onset of the FM phase, though for
5 =2.756 a.u. and c/a =1.633 it is still not the stablest
one in our calculation. Other sources of discrepancies,
which concern very small energy di6'erences, may be
found in the details of the two numerical methods.

The conclusion of this calculation is that in the major
part of the parameter interval of the Fe/Ru superlattices,
the tendency of iron is to adopt an AF configuration be-
tween consecutive planes of the hcp structure. The FM
phase becomes more stable only for the largest values of
S.

IV. (Fe) /(Ru) SUPERLATTICES

We present in this section the results of the calculation
of the band structure of (Fe)„/(Ru) superlattices, x rang-
ing from 1 to 5. As Fe and Ru concentrations are identi-
cal in the five cases, S is supposed to be always equal to
2.756 a.u. The c/a ratio of the unit cell is proportional
to x: it is equal to 1.580 in (Fe),/(Ru) „3.160 in
(Fe)z/(Ru)2, 4.740 in (Fe)3/(Ru)3, 6.320 in (Fe)4/(Ru)~, and
7.900 in (Fe)5/(Ru)~. For parameters corresponding to
those of (Fe), /(Ru) superlattices, pure iron is AF with a
moment of 1.97 pz and has a moment of 2.60 pz in the
metastable FM phase. Ruthenium is paramagnetic. Its
density of states also presents the characteristics of the
hcp structure: two peaks 3 and B separated by a large
zone of weak density (Fig. 4), but the bandwidth is much
larger than for iron.

A. (Fe),/(Ru),

We found no stable magnetic state in (Fe)&/(Ru) &. Fig-
ure 5 shows the partial densities of states for the two
components of the compound in the paramagnetic phase.
The characteristic peaks of the hcp structure are con-
served on each atom, but because of the strong hybridiza-
tion between Fe and Ru the peaks A and B of Fe are at
the same energies than those of Ru, which induces an ex-
pansion of about 30%%uo of the conduction bandwidth of Fe
in (Fe),/(Ru), with respect to that of the hypothetical
pure Fe.

The departure from neutrality in the Wigner-Seitz
sphere of each components is weak ( =0.2 electron), but
contrary to the general tendency in metallic ordered com-
pounds, this slight electron displacement goes from the
heaviest atom (Ru) toward the lightest atom (Fe).

B. (Fe)2/(Ru)2

In this compound the Fe planes are no more
sandwiched on the two sides by the Ru layers, therefore
the hybridization between Fe and nonmagnetic Ru is
weaker than in (Fe),/(Ru), . This explains the existence,
in addition to the paramagnetic state, of two stable mag-
netic phases: a ferromagnetic one and an antiferromag-
netic one. In these two phases, a weak moment appears
by hybridization on the Ru atoms, which at the interfaces
is aligned antiparallel to that of the Fe nearest neighbors
(Fig. 6). The ground state is AF (Table I), and in this
phase the total moment for the Fe layer is zero.

Figures 7(a) and 7(b) show the densities of states of Fe
in the FM and AF states. The characteristic peaks A
and B of the hcp structure are strongly deformed because
of the hybridization between the two chemical species,
but the bandwidth of Fe for each spin direction is now
comparable to that of pure Fe in the same lattice. The
departure from neutrality in the Fe and Ru spheres is
weaker in (Fe)2/(Ru)2 than in (Fe),/(Ru), and is almost
the same in the two magnetic phases (Table I). The
decomposition of the Fe moment in s, p, and d sym-
metries shows that the d contribution is the dominant
term. The calculation on a grid of 936 k points leads to
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variations of the order of 0.01 electron for the partial
numbers of electrons, of 0.01 pz for the Fe moments, and
of 0.001 pz for the Ru moments. The weak di6'erences
between the results obtained with this mesh and those ob-
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stability of the results.
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C. (Fe)3/(Ru),

As in (Fe)z/(Ru)z, we found in (Fe)3/(Ru)3 three phases.
The PM and FM states are also metastable. The negative
coupling between Fe planes within each layer, which cor-
responds to an AF phase in (Fe)z/(Ru)z, gives in
(Fe)3/(Ru) 3 a ferrimagnetic (FI) phase, which is the
ground state (Table II). The moments on each Fe and Ru
plane for the FM and FI phases are given in Fig. 8. In
(Fe)z/(Ru)3 the sites at the interface of a layer (type I: Fe
I and Ru I) and those in the central plane (type II: Fe II
and Ru II) are not equivalent. On Fe I atoms, in the two
phases, the moment is weaker than in pure expanded hcp
because of the hybridization with nonmagnetic Ru. For
Fe II atoms the hybridization with Ru is weak and the
moment (FM: 2.67 pzt, FI: 2.17 pz ) is reinforced by the
charge transfer (Fe II loses 0.05 electrons from its minori-
ty band) (Table II) and is therefore slightly greater than
in pure Fe. The number of Fe monolayers is odd and the
positive and negative Fe moments of the successive
monolayers do not cancel each other. The resulting total
moment for the Fe layer is —0.83 ps (the moment on the
central plane being supposed to be positive).

The densities of states in (Fe)3/(Ru)3 present the same
characteristics as those obtained for (Fe)z/(Ru)z, but due
to the larger thicknesses of the Fe and Ru layers peaks A

and B are less deformed, especially on sites of type II.
The departures from neutrality in each Wigner-Seitz
sphere in (Fe)3/(Ru)3 are of the same magnitude as those
in (Fe)z/(Ru)z (Table II).

0 f I I I I I—.70 —.60 —.50 —.40 —.30 —.20 —.10 .00 . 10 .20

Energy (Ry)

FIG. 7. Total densities of states of Fe in (Fe)&/(Ru)2 in (a) fer-
romagnetic state and in (b) antiferromagnetic state. ( )
minority spin electrons; ( ~ ), majority spin electrons.

D. (Fe)4/(Ru)4

In (Fe)~/(Ru)4 four stable phases exist. The PM and
FM [Fig. 9(a)] states are still metastable and there are in
addition two FI states. The erst one, with parallel mo-
ments on the two central planes of the Fe layer, is meta-
stable [Fig. 9(b)]. The second one, which is the ground
state (Table III), corresponds to an AF coupling with mo-
ments of opposite directions on the successive Fe planes
[Fig. 9(c)] (this state is therefore noted "AF"). In the
ground state the total moment of the Fe layer is equal to
zero. The charge transfers in each Wigner-Seitz sphere
are given in Table III: the Fe II spheres lose less elec-
trons in (Fe)~/(Ru)4 than in (Fe)3/(Ru)3 and their mo-
ments (FM: 2.62 p~; "AF": 2. 11 p~ ) are closer to those
in pure expanded hcp Fe. At the interface the Fe I mo-
ments in the FM and "AF" states, are slightly smaller
than in (Fe)3/(Ru)3 because of the larger thickness of the
Ru layer.

E. (Fe),/(Ru),

In (Fe)~/(Ru)5 we found no self-consistent solution with
antiparallel moments corresponding to an AF coupling

TABLE I. E —EpM. dift'erence between the total energy of the ferromagnetic (FM) or antiferrornag-
netic (AF) state and the paramagnetic one in (Fe)z/(Ru)z. AQ: excess number of electrons in each Fe
Wigner-Seitz sphere.

FM
AF

E —EpM
(mRy)

—3.09
—5.73

0.065
0.067

—0.007
+0.003

Partial Fe moment (p~)

—0.025
+0.005

+2.261
+ 1.737
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between Fe planes in the layers. The PM and FM [Fig.
10(a)] states are metastable and the ground state is the FI
phase [Fig. 10(b)] with parallel moments on the three cen-
tral planes of the Fe layer (Table IV). This gives a total
moment for the Fe layer of 4.4 pz. In the FM phase the
central atoms Fe III of the Fe layer have the same mo-
ment as those in pure HCP Fe (2.60 p~ ). On the second
planes, Fe II atoms have a moment slightly higher than
2.60 pii because of the charge transfer (Table IV).

In the FI phase the moment of the central atoms (Fe II
and Fe III) increase with respect to that of Fe II in
(Fe)3/(Ru)3. As in the FM phase, the magnitude of the
Fe moment at the interface decreases with increasing Ru
thickness.

V. DISCUSSION

The magnetic properties of iron are very sensitive to
the local environment of its atoms. hcp pure iron is only
obtained at high pressure and is thus nonmagnetic, due to
the compression of the lattice, as it is now well under-
stood from theoretical calculations (Refs. 9 and 10 and
this work). Pearson and Williams succeeded in elaborat-
ing hcp iron at normal pressure by alloying it with 30%
Ru. The lattice is then slightly expanded (=S%%uo) com-
pared to the a phase volume and the sample exhibits
weak antiferromagnetism (p„,=0.1@ii) at low tempera-
ture.

In the new magnetic (Fe) /(Ru)» multilayers synthe-
tized by Maurer et ai. , the iron layers are still in a more
expanded hcp structure. Then, in view of the theoretical
results for pure hcp iron versus volume expansion, one
would expect either an AF or, for the largest values of 5,

a FM phase, both with large values of the moments on
each Fe atom. This FM ordering is observed for thick
Ru layers and Fe layers thicker than 4 atomic planes, but
with nearly two dead magnetic planes on either side of
each Fe layer. The presence of these nonmagnetic iron
sites has been confirmed recently by Liu and Bader" for
thin films of Fe grown on (0001) Ru. Similar results have
been obtained previously for bcc Fe/V superlattices, ' but
the existence of dead layers is in this case controversial
and seems to depend upon the sharpness of the interfaces.

Comparative studies have been performed on other
similar multilayers obtained by MBE or sputtering tech-
niques, such as hcp Co/Ru and Co/Cr or bcc
Fe/Cr. ' ' ' For this last superlattice as well as for mag-
netic double layers' the magnetic moments of successive
Fe layers on either side of the Cr spacer layer are report-
ed to be aligned antiparallel.

Recent self-consistent calculations of the electronic
structure of (110) Fe/Cr superlattices have been per-
formed by Xu et al. ' by the LMTO method. In these
calculations, two Cr atoms in the same atomic layer are
supposed to be of different types, all the iron sites in one
plane being found to be equivalent except for Fe,/Cr, .
The moments on the Fe sites are not very different from
the bulk values, even for very thin layers. No dead layers
are obtained here, neither in the case of bcc Co/Cr stud-
ied by Herman et al. In hcp Fe/Ru, the in-plane struc-
ture is hexagonal. It seems than more reasonable than in
a cubic structure to assume that all the sites within one
plane of given chemical species are equivalent, in order to
avoid frustration. In our calculations we considered all
the possible magnetic configurations of the different
atomic planes, the successive Fe layers being supposed to
be identical.

Except for x =1, several magnetic phases have been
obtained in (Fe),/(Ru), with very close total energies.
Figure 11 shows the values of the total-energy differences
between these phases and the nonmagnetic one versus x
(these energies have been divided by x for comparison
and it has been verified that the uncertainty on the total-
energy values due to the choice of the number of k points
in the BZ does not exceed 0.5 mRy). The di6'erence be-
tween two magnetic phases is of the order of 2 mRy
(times x), which is smaller than in pure hcp iron and typi-
cally one order of magnitude smaller than in pure bcc
iron. Hence, these total-energy calculations give a good
indication on the different magnetic orders one can ex-
pect in these multilayers, but their relative stabilities may
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FIG. 9. Fe and Ru moments in (Fe)4/(Ru)4 in (a) ferromagnetic, (b) ferrimagnetic, and (c) "antiferromagnetic" phases.
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FIG. 10. Fe and Ru moments in (Fe)&/(Ru)5 in (a) ferromagnetic and (b) ferrimagnetic phases.

TABLE II. E EpM'. difference between the total energy of the ferromagnetic (FM) or ferrimagnet-
ic (FI) state and the paramagnetic one in Fe3/Ru3; hQ: excess number of electrons in each Wigner-
Seitz sphere (Fe I and Ru I: Fe and Ru at the interfaces; Fe II and Ru II: central Fe and Ru).

E —EpM
(mRy) Fe I Fe II

EQ (electron)
Ru I Ru II

FM
FI

—5.97
—13.84

+0.10 —0.05 —0.09 +0.03

TABLE III. E EpM .'difference between the total energy of the ferromagnetic (FM) or ferrimagnet-
ic (FI) or "antiferromagnetic" (AF) state and the paramagnetic one in (Fe)4/(Ru)4. b, Q: excess of elec-
trons in each VA'gner-Seitz (Fe I and Ru I: Fe and Ru at the interfaces; Fe IE and Ru IE: central Fe and
Ru).

E EpM
(mRy) Fe I Fe II

b, Q (electron)
Ru I Ru II

FM
FI
AF

—7.79
—15.61
—19.87

—0.02 +0.01

TABLE IV. E EpM .'difference between the total energy of the ferromagnetic (FM) or ferrimagnet-
ic (FI) state and the paramagnetic one in (Fe),/(Ru)5. AQ: excess number of electrons in each Wigner-
Seitz sphere (Fe I and Ru I: Fe and Ru at the interfaces; Fe II and Ru II: Fe and Ru second planes; Fe
III and Ru III: central Fe and Ru).

EPM
(mRV) Fe I Fe II

AQ (electron)
Fe III Ru I Ru II Ru III

RM
FI

+0.071
+0.056

—0.010
—0.006

~0
—0.001

—0.066
—0.052

+0.006
+0.001

—0.001
+0.002
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of course easily be reversed by very small perturbations,
so that the ground state of the real sample cannot be pre-
dicted without ambiguity.

The general tendency, when the thickness of the layers
is increased, is to stabilize the magnetic phases compared
to the nonmagnetic one. For x =5 no antiferromagnetic
order was obtained. The stable phase is the FI one, with
the three central Fe atoms aligned parallel and a large
global moment in the Fe layer. For x & 4 the theoretical
global moment remains negligible or small in the AF
ground state, depending upon the parity of x. This could
be consistent with the bulk magnetic measurements
showing ferromagnetic ordering for x & 4, except for the
fact that we did not obtain dead layers at the interfaces.
On the first Fe plane the moments are reduced compared
to their values in the center of the layer [or even killed for
(Fe)&/(Ru), ], due to hybridization with the atoms of the
spacer layer, as it was also found in Fe/Cr. '6 For the
same reason the Ru atoms are slightly polarized, the mo-
ments at the interfaces on Fe and Ru neighbors being al-
ways antiparallel.

The reasons why we did not obtain nonmagnetic iron
sites can be manyfold. The magnetic measurements

FIG. 11. Differences between the total energies of
{Fe)„/(Ru) superlattices in magnetic states and nonmagnetic
state vs the number x of atomic planes in each layer (FM: fer-
romagnetic; FI: ferrimagnetic; AF: "antiferromagnetic".
(These energies have been divided by x.)

have been performed on samples with large nonmagnetic
spacer layers: (Fe)„/(Ru), 3. This spacing could be large
enough to considerably reduce the magnetic coupling be-
tween the Fe layers. These samples are therefore not
directly comparable to the (Fe)„/(Ru) series, besides the
fact that their lattice is more expanded. This could ex-
plain why on the contrary dead layers were obtained by
Selme and Pecheur' for large slabs within the tight-
binding approximation. But the most probable reason is
that we considered here ideal crystals with perfect inter-
faces, equidistant atomic planes, and atoms at the exact
hcp standard positions. In the experimental samples the
interfaces are defined within 1 A; this does not rule out
imperfections such as steps or antistructure defects,
which could reduce considerably the atomic moments on
the first Fe plane. Moreover, the large lattice mismatch
between Fe and Ru has to be compensated by stacking
faults or relaxations. de Andres et al. ' have shown from
measurements of the intensities of the diff'raction satel-
lites that the distance between two Fe planes is approxi-
mately 0.5% shorter than between two Ru planes; this
could be taken into account in the calculation. The value
of the moments at the interfaces should also be very sen-
sitive to the distance Fe-Ru which has not been measured
precisely up to now.

In summary, we have shown in this work that for the
series (Fe)„/(Ru), several different magnetic orders are
possible within each Fe layer, with very close total ener-
gies. The next step will be to study the eAect of the dila-
tation of the lattice with increasing width of the Ru lay-
ers for a given Fe width, ' which should stabilize a fer-
romagnetic order, and to examine the possibility of an
AF interlayer coupling between the Fe layers, such as the
one reported for Co/Ru or Fe/Cr. '
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