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Two-monolayer oscillations in the antiferromagnetic exchange coupling
through Mn in Fe/Mn/Fe sandwich structures
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Oscillations with a period corresponding to two Mn monolayers {ML's) were measured in the antifer-

romagnetic exchange coupling between ultrathin Fe layers and bulk Fe single-crystal whiskers separated

by epitaxial Mn layers. The films were deposited by molecular-beam epitaxy. Electron diffraction
0

showed that the Mn grew monolayer by monolayer in a body-centered-tetragonal structure {a=2.87 A,
c =3.27 A) up to 15—25 ML's. The coupling was determined using the magneto-optic Kerr effect. It
was antiferromagnetic for all thicknesses above 4—7 ML's Mn, with five strong peaks in the 0—0.2
mJ/m range.

It has been recently found' that the antiferrornagnet-
ic (AF) exchange coupling between Fe layers separated by
ultrathin Cr layers oscillates with a period of two Cr
monolayers (ML's) in samples with very sharp interfaces.
This effect had been sought since the observation of AF
coupling in this system by Grunberg et al. and subse-
quent discoveries that the coupling shows several long-
period oscillations in magnitude as a function of the Cr
thickness, with a period of roughly 15—20 A. The obser-
vation of the two-ML oscillations now permits a much
closer comparison between experiments and theoretical
calculations based on idealized structures.

Bulk Cr is antiferromagnetic, and this leads one to an-
ticipate that the exchange coupling between the Fe layers
may oscillate between AF and ferromagnetic with every
Cr ML. However, some theoretical calculations predict
these oscillations, while others do not. The calculated
coupling values are sti11 an order of magnitude larger
than those found in experiment. Measurements of the
two-ML coupling oscillations in more than just one sys-
tem are clearly desirable in order to gain a better under-
standing of this phenomenon.

Mn is an interesting alternative interlayer to Cr be-
cause it also has a tendency to antiferromagnetism. The
stable room-temperature phase, e-Mn, is an antifer-
romagnet with a Neel temperature of 90 K. When Mn is
alloyed with small amounts of Fe, Cu, Pd, and Ni and
quenched to room temperature, it forms a face-centered
tetragonal (fct) lattice and is an AF-I antiferromagnet
with Neel temperature -540 K. In these structures it
has a very large moment of 2.3p~ at room temperature
compared to only 0.2 p~ for Cr.

In this paper we report the experimental discovery of
two-ML oscillations in the AF exchange coupling
through Mn in the Fe/Mn/Fe system. The coupling was
determined in samples similar to those in the Fe-Cr stud-
ies. ' They consisted of coherent epitaxial [001] Fe/Mn
films, with the Mn in the form of a wedge of varying
thickness, grown on Fe[001] single-crystal whiskers. The
Mn overlayers were found to have a body-centered-
tetragonal (bct) lattice.

Epitaxial Mn layers have been previously deposited by

several groups on bcc Fe[001] (Ref. 9) and on fcc Ag[001]
(Refs. 10 and 11). Both these lattices have a square sur-
face net with approximately the same lattice parameter
(2.8664 A for Fe and 4.086/&2=2. 889 A for Ag}. It
was found that the Mn grew epitaxially with the in-plane
spacing and symmetry of both substrates. The perpen-
dicular lattice spacing of the Mn was determined by pho-
toelectron diffraction for the Ag substrate. " These mea-
surements showed that Mn formed a bct lattice with
a =2.889 A, c =3.31 A, c/a =1.15, or, equivalently, a
fct lattice with a =4.086 A, c =3.31 A c/a =0.810. It
was found that the Mn structure was stable to a thickness
of 20—25 A. ' A careful search by SQUID magne-
tometry' and ferromagnetic resonance ' revealed no
detectable magnetic properties of the Mn and it was as-
sumed to be either nonmagnetic or antiferromagnetic.
We discuss below the results of band-structure calcula-
tions of the magnetism of Mn(bct)/Fe(bcc} multilayers
with the measured lattice spacings.

The preparation of the samples and measurement of
the coupling is essentially the same as for the Fe-Cr stud-
ies described previously. ' The overlayers were deposited
in a multichamber molecular beam epitaxy system (VG
Semicon V80M). The growth and structure of the films

were monitored by reAection high-energy electron
diffraction (RHEED) and low-energy electron diffraction
(LEED). The Mn wedge shape was formed by slowly
moving a shutter across the Fe[001] whisker during eva-

poration (wedge slope -=0.7 mm/ML). The substrate
temperature was 50'C during the Mn deposition and
room temperature for the Fe. Oscillations in the
RHEED intensity that occur during monolayer-by-
monolayer growth were also recorded. The position of
the start of the Mn wedge relative to the end of the
whisker was determined to -0. 1 mm accuracy (0.2-ML
Mn thickness) by using an in situ scanning electron mi-

croscope and Auger electron spectroscopy. The Fe/Mn
film was covered with a 20-A Au overlayer for protection
from the atmosphere. The AF coupling strength was
determined by analysis of hysteresis loops measured out-
side the vacuum by the longitudinal magneto-optic Kerr
effect. The hysteresis loops were measured as a function
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FIG. l. (a) LEED pattern at 89 eV from an Fe[001] whisker with a 13-ML Mn overlayer. (b) Plot of the energies of the primary

Bragg reflections for the Fe[001]substrate and for bct Mn overlayers thicker than six ML's.

of Mn thickness at many positions of the laser spot along
the whisker. The thicknesses of the overlayers were such
that the Kerr-effect measurement was sensitive to the Fe
overlayer and the top of the Fe whisker in a ratio of
—1:3.

In Fig. 1(a) we show a LEED photo at 89 eV from an
Fe[001] substrate with a Mn wedge overlayer at a thick-
ness of 13-ML Mn. A comparison of LEED photos at
different Mn thicknesses showed that the in-plane lattice
spacing and symmetry is the same for the Mn and the Fe.
At —15-ML Mn on this sample the pattern suddenly be-
came much weaker and more complex.

The lattice spacings perpendicular to the surface were
determined by measuring the energies of the primary
Bragg LEED rellections along the [00] rod. At higher
energies these are given quite well by simple kinematic
LEED theory. We measured the energies by visually ob-
serving the intensity maxima. Plots of these energies
versus n, where n is the index of the reflection, are
shown in Fig. 1(b) for the Fe(001) and the Mn overlayer.
The Bragg reflections of the Mn already appeared weakly
at approximately four ML's. By fitting the data to
straight lines we obtained c(Fe)=2.88 A and c(Mn) =3.27
A. The value of c(Mn) is very close to the value of 3.31 A
found previously using Ag[001] substrates. "

In Fig. 2 we show oscillations in the intensity of the
specular RHEED beam measured during a growth of Mn
on Fe[001] at 50'C. Though detailed analysis of RHEED
oscillations is difficult, such strong oscillations prove that
there is substantial completion of single monolayers be-
fore the nucleation of the following monolayer. Also visi-
ble in the figure is a sudden loss of the oscillations and
reflected intensity that marks precisely the onset of the
phase transformation, which for this deposition was at
the twenty-first ML. This critical thickness is variable
from deposition to deposition and may depend sensitively
on substrate quality, temperature, cleanliness, and on
growth rate. We have found values from 15 to 25 ML's.
Also note that there is a slight slip in the amplitude and

phase of the RHEED oscillations at approximately two
ML's. Such effects are seen in all Mn growths and may
be caused by the different perpendicular lattice spacings
of Mn and Fe. The effects are not seen for Cr, which has
almost the same lattice constant as Fe. '

A crucial parameter in epitaxial growth is the lattice
misfit between the substrate and possible structures of the
overlayer. The misfit can be estimated by considering the
overlayer as a distortion of the fct y-Mn phase, which
has lattice spacings of a =3.782 A and c =3.532 A and
atomic volume of 12.63 A for binary Mn alloys when ex-
trapolated to zero solute content. ' In this case the fct
Mn is stretched by 7.2' in-plane and the perpendicular
spacing is reduced by 7.1%. We can also consider the
room-temperature extrapolation of the lattice constants
of the high-temperature bcc 5-Mn phase. This gives a
lattice spacing of 2.95 A, misfit of 3% and atomic volume
of 12.88 A . The measured atomic volume in the bct Mn
overlayer is 13.44 A, which is significantly larger than
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FIG. 2. RHEED oscillations in the specular reflected beam
during deposition of Mn on Fe[001] at 50'C.
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FIG. 3. Longitudinal Kerr hysteresis loop measured from a
Au(20 A)/Fe(60 A)/Mn wedge/Fe[100] whisker sample. The
thicknesses of the Mn was eight ML's. The plane of incidence
of the light and the applied field were parallel to the long axis of
the whisker. The thin (thick) arrows indicate the direction of
the Fe overlayer (whisker) magnetization.

for all phases of bulk Mn. In either case these are large
lattice mismatches and coherent epitaxial growth would
not generally be expected to such thicknesses because of
the large elastic energy. The ability of Mn to form
tetragonal structures may be the reason for the relative
stability of the bct overlayers. Oguchi and Freeman'
have shown that the antiferromagnetism of y-Mn stabi-
lizes the tetragonal distortion.

In Fig. 3 we show a hysteresis loop measured by the
longitudinal Kerr effect. The large change in the signal
near zero field is due to the flipping of the soft Fe whisker
magnetization and the other changes are due to the over-
layer. As discussed elsewhere" the shape of these loops
can be calculated from simple minimization of the energy
including the overlayer anisotropy, field and coupling en-
ergies and a partial domain wall in the top surface of the
Fe whisker. The form of these-loops varies with the rela-
tive strength of the magnetic parameters. For medium
coupling values they can be characterized by two critical
fields in the case of AF coupling: one at which the over-
layer magnetization switches away from antiparallel to
the whisker magnetization (H, ) and one at which it ro-
tates towards parallel to the whisker magnetization (H2).
Halfway between H, and H2 the overlayer magnetization
is approximately perpendicular to the whisker magnetiza-
tion. For larger couplings (or thinner overlayers) the
overlayer magnetization undergoes a more continuous ro-
tation process as a function of field. In this case H& ap-
proaches zero and the switching fields are not so sharply
defined.

In Figs. 4(a) and 4(b) we plot H, and H2 as a function
of Mn thickness for two samples. The Fe overlayer
thicknesses were -34 A for sample 1 and -60 A for
sample 2. Only H2 could be determined for sample 1 as
H, was small and obscured by the hysteresis of the
whisker. As can be seen from the figure, the critical fields
undergo five strong oscillations in magnitude with a
period of two-ML Mn in the measured thickness ranges.
The period of the coupling oscillations was within 5% of
that given by RHEED oscillations, and the uncertainty in
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FIG. 4. The Mn thickness dependence of the critical fields,

Hl (0) and H& () defined in Fig. 3, at which the overlayer
magnetization rotates with respect to the whisker magnetization
(see text). (a) Sample 1 (34-A Fe overlayer) and (b) sample 2

0
(60-A Fe overlayer). The large oscillations in H& and H2 have a
period of two Mn monolayers and correspond to oscillations in
the interlayer coupling.

the zero position is -0.2 ML's. The switching field
values are larger for sample 1 than for sample 2 partly be-
cause the applied field creates less torque on the thinner
Fe overlayer. The minimum thickness at which the AF
coupling is present is approximately four ML's for sam-

ple 1 and -7 ML for sample 2. The definition of H2 is

diKcult for the thinnest AF region of sample 1 because
the overlayer magnetization only gradually approaches
saturation. Thus we have only marked this region as AF
without quoting field values.

For relatively weak coupling, the coupling parameter J
can be approximated by

J-=—d, (H, +H2 )M, /2,

where d, and M, are the overlayer thickness and magne-

tization, respectively. ' Using this expression the cou-
plings can be easily calculated from Fig. 4(b) for sample
2. It is clear that the coupling oscillates with the same
period as H& and H2. The value is J=—0. 14 mJ/m at
eight-ML Mn. The expression is less valid for sample 1

because of the strong coupling. However, we can obtain
an estimate by using H& =0. This gives coupling values
-30% higher than sample 2 for thicknesses above nine
ML's, suggesting that sample 1 may possess a more ideal
interface, a proposal supported by the extension of its AF
region to four ML's. Around eight ML's the coupling is
still stronger and the approximation becomes progres-
sively worse.

To investigate the origin of the oscillating coupling we

have carried out ab initio self-consistent band-structure
calculations using the augmented-spherical-wave (ASW)
method for bct Mn using the measured lattice spacings of
the Mn overlayer. The AF-I phase was found to have a
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moment of 2.49)Ltn/atom and 0.153 eV/atom lower ener-

gy than the ferromagnetic phase which has 1.22ps/atom.
This calculated AF moment agrees well with values
found experimentally and theoretically' for bulk y-Mn.
Further ASW band-structure calculations for Fe(five
ML)/Mn(seven ML) multilayers showed the AF-I struc-
ture of bct Mn with a large Mn moment also exists in
multilayer s for an odd number of Mn mon olayers
sandwiched between ferromagnetically aligned Fe layers.
Figure 5 shows the calculated Fe and Mn moments, with
a parallel and antiparallel Fe-Mn coupling at the inter-
faces. The parallel coupling was found to be 0.172 eV
more stable (per Fe&Mn7 formula unit) in contrast to the
situation in Fe-Cr systems, where the coupling at the in-
terfaces is calculated to be antiparallel. The calculations
were carried out using in-plane spacing, a =a(Fe) and the
Fe-Fe, Mn-Mn, and Fe-Mn interplaner distances of
1.433, 1.655, and 1.544 A, respectively. Although two-
ML oscillations in the coupling are likely to be related to
the AF structure of the bct Mn, explicit calculations are
needed to quantify the importance of this term in the
coupling energy and to investigate the predominance of
the AF coupling above four to seven ML's.

The coupling values found in this study are appreciably
smaller than those found in the Fe-Cr case (0.6 mJ/m at
eight-ML Cr) despite the much larger calculated mo-
ments of the Mn. This might be the result of an intrinsi-
cally weaker coupling for Mn or sharper interfaces of the
epitaxial Cr layers.

In conclusion, we have grown high quality epitaxial
Fe/Mn sandwich structures on Fe[001] whiskers. We
have used RHEED and LEED to characterize the Mn
structure as bct and to show that monolayer-by-
monolayer growth is possible for this metastable struc-
ture. Magnetic measurements were made to show the ex-
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FIG. 5. Calculated spin magnetic moments in a
Fe&/Mn7[001] multilayer. Solid line: parallel Fe-Mn coupling;
dashed line: antiparallel Fe-Mn coupling.

istence of AF coupling in this system. This coupling is
antiferromagnetic above a sample-dependent critical
thickness of four to seven ML's and oscillates strongly
with a period of two Mn monolayers. ASW self-
consistent band-structure calculations were used to show
that Mn has an AF ground state in hypothetical bulk bct
Mn and a Fe-Mn multilayer with the measured lattice pa-
rameters.
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