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Abstract

Fe whisker/Cr/Fe(0 0 1) samples can be prepared in a nearly perfect layer by layer growth. It will be shown that the
initial reversal of the phase in the short wavelength oscillations of the interlayer exchange coupling is most likely caused
by the presence of interface alloying at the Fe/Cr interface. The ability to grow nearly perfect layers of Mn between Cr
and Fe layers allows one to investigate the role of a strong intrinsic antiferromagnet, Mn, on the exchange coupling
through the weak antiferromagnetic spin density wave in Cr. It will be shown that the Mn layers do not a!ect the sign of
the interlayer exchange coupling. The sign of the exchange coupling is given by the number (parity) of pure Cr atomic
layers. These results are consistent with recent theoretical calculations that predict the BCT Mn on Fe is antiferromag-
netic with fully compensated (0 0 1) atomic planes. ( 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The magnetic state of Cr(0 0 1) layers sandwiched be-
tween Fe(0 0 1) layers (Fe/Cr/Fe) exhibits a transversal
intrinsic spin density wave with the wave vector
q oriented along the surface normal, and with a short
wavelength periodicity of j"2.11 ML [1]. The Cr
atoms possess net magnetic moments only in the pres-
ence of a spin density wave. The energy required to form
a net magnetic moment is positive [2]. It is the negative
energy associated with the intrinsic spin density wave
that stabilizes the long range magnetic order in Cr. This
fact leads to a variety of di!erent magnetic con"gurations
and interlayer exchange couplings in systems that have
a high density of atomic steps [3,4].

2. Interface alloying and interlayer coupling

The SFU group has carried out quantitative studies
using Fe whisker/Cr/Fe(0 0 1) samples [5}9]. The objec-
tives of the SFU group were to grow samples having the
best available interfaces, and to measure quantitatively
the strength of the exchange coupling. Our studies
showed that the strength of the bilinear exchange coup-
ling J

1
is very sensitive to the initial growth conditions.

This behavior led us to believe that the atomic formation
of the Cr layer is more complex than had been generally
acknowledged. We demonstrated using angular resolved
auger electron spectroscopy (ARAES) [9] that atomic
interface alloying at the Fe whisker/Cr interface due to
an atom interface exchange mechanism played a
very signi"cant role and strongly a!ected the exchange
coupling through the Cr spacer. Interface alloying was
also observed using STM [10] and proton induced Au-
ger electron spectroscopy [11]. The growth of Fe on Cr is
not a!ected by interface alloying [12,13]; the e!ect is not
symmetric. We suggested [7}9] that the "rst reversal of
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Fig. 1. The magnetisation along the applied external "eld:
(a) Fe/11Cr/1Mn/20Fe/20Au(0 0 1). A bilinear exchange coup-
ling J

1
"!1.7 erg/cm2, and a biquadratic exchange coupling

J
2
"0.55 erg/cm2. The exchange coupling was increased by

a factor of 2.5 compared to that without Mn. (b) Fe/11Cr/3Mn/
20Fe/20Au(0 0 1). J

2
"0.8 erg/cm2, J

1
;J

2
. J

1
and J

2
are bi-

linear and biquadratic exchange couplings, respectively. The
rapid change in the MOKE signal around H"0 corresponds to
the remagnetization process of the Fe whisker. The exchange
coupling was described by bilinear and biquadratic terms,
e
%9#)

"!J
1

cos(h)#J
2

cos2(h), where h is the angle between the
magnetic moment of the Fe thin "lm and the surface magnetic
moment of the Fe whisker. J

1
and J

2
were calculated by using

the theory [17] which includes the non-collinear distribution of
the saturation magnetization M inside the Fe whisker.

the phase in the short wavelength oscillations of the
exchange coupling in Cr is caused by asymmetric inter-
face alloying. This conclusion is consistent with recent
calculations by Freyss et al. [14]. They investigated the
phase of exchange coupling for intermixed Fe/Cr interfa-
ces. The calculations were carried out for two mixed
layers: Fe(0 0 1)/Cr

x
Fe

1~x
Cr

1~x
Fe

x
/Cr

n
, where n repre-

sents the number of pure Cr atomic layers. The cal-
culations were able to account for two important
experimental observations. Firstly, the crossover to
antiferromagnetic coupling and resumption of the short
wavelength oscillations was predicted to occur at
4}5 ML of Cr, in good agreement with our observations
[5,6] and NIST studies [1] using the SEMPA imaging
technique. Secondly, the change in the phase of the coup-
ling was predicted for x as small as x"0.2. Indeed
samples having the Fe/Cr interface prepared at 1503C
and showing only a weak interface di!usion (x&0.2)
[8,9] already exhibited a reversed exchange coupling
phase compared with that expected for a perfect inter-
face. The idea that the initial reversal of the phase for the
interlayer coupling is caused by interface alloying was
further strengthened by using an alloyed Cr}Fe atomic
layer during the deposition of the atomic layer in im-
mediate contact with the thin iron "lm [15]. We showed
that for Cr 85}15% Fe and Cr 65}35% Fe the sign of the
exchange coupling was not changed, but was given by the
number (parity) of the pure Cr atomic layers.

3. Magnetic state of Mn(0 0 1) in Fe/Cr/Mn/Fe

One would expect the behavior of Cr to be modi"ed in
a Cr}Mn alloy [16]. Even small concentrations of Mn in
Cr result in a strong and commensurate antiferromag-
netism. We found that Mn has a very strong tendency for
surface segregation during the growth of smooth Cr}Mn
alloyed layers. Since the state of the interfaces plays
a crucial role in exchange coupling we decided to grow
pure atomic layers of Mn between the Cr and Fe layers in
order to investigate the role of Mn(0 0 1) in the interlayer
exchange coupling. One should point out that the top Cr
surface atomic layer is smooth with large atomic terraces
(corresponding to those of Fe whiskers) and is una!ected
by interface alloying during the deposition of Mn. There-
fore, the variations in the exchange coupling, due to
additional Mn layers, are primarily dependent on the
magnetic state of Mn atoms.

The following samples were studied: (i) Fe/11Cr/1Mn/
20Fe(0 0 1), (ii) Fe/11Cr/2Mn/20Fe, (iii) Fe/12Cr/3Mn/
20Fe and (iv) Fe/11Cr/3Mn/20Fe. Sample (i) was grown
together with Fe/11Cr/20Fe using a shutter thus allow-
ing one to compare the strength of the coupling in
samples with and without Mn. MOKE and BLS
measurements showed that the sample with 1 ML of Mn,
sample (i), did not change the phase of the coupling. The

phase was only determined by the number (parity) of Cr
atomic layers. However, the coupling strength was signif-
icantly enhanced, see Fig. 1. A common view is that the
Mn magnetic moment is strongly ferromagnetically
coupled to the Fe magnetic moment [19,20] and there-
fore the sign of the coupling should be unchanged in
agreement with the observations. For two atomic layers
of Mn, sample (ii), the phase of the coupling was found
again to be the same as that for the pure Cr layer, see Fig.
2. The presence of the two Mn layers did not alter the
coupling phase even though the second atomic layer of
Mn was expected to reverse the sign of the exchange
coupling because it should have been AF aligned with
respect to the "rst Mn atomic layer [19,20]. The sample (iii)
was ferromagnetically coupled showing that the exchange
coupling oscillates with the periodicity of 2 ML and its
sign is again only dependent on the parity of Cr layers.

A 3 ML thick Mn, sample (iv), again did not change
the sign of the coupling. However, in this case the
magnetic moments of the Fe layers were oriented perpen-
dicularly, non-collinearly, in the ground state, H"0, see
Fig. 1. Note that the Mn layers in our samples do not
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Fig. 2. Frequency vs. applied magnetic "eld measured for the
low-lying spin-wave modes using Brillouin light scattering (BLS)
and a composite specimen Fe whisker/11Cr/2Mn/20Fe/
20Au(0 0 1). Frequencies were measured using 514.5 nm laser
light in the back-scattering con"guration, and incident on the
specimen at 453. (f) } surface mode (SM) and down-shifted bulk
edge mode; (r) } up-shifted bulk edge mode frequency; (#)
} down shifted thin "lm frequency, and (n) } up-shifted thin "lm
frequency. The solid lines were calculated using the formalism
described by Cochran [18]. The magnetic parameters used
for the bulk Fe were 4pM

4
"21.4 kG, cubic anisotropy K

1
"

4.76]105 erg/cm3, and the uniaxial surface anisotropy
K

4
"0.5 erg/cm2. The magnetic parameters used for the Fe "lm

were 4pM
4
"21.4 kG, K

1
"3.5]105 erg/cm3, and K

4
"1.0 erg/

cm2 (two surfaces included). The thin "lm was antiferromagneti-
cally coupled to the bulk Fe through the total interlayer ex-
change coupling J

505
"J

1
!2J

2
"!0.9 erg/cm2. From the

low-"eld (H(1kOe) thin "lm frequencies one "nds J
505
"

!0.33 erg/cm2 when the bulk and thin "lm magnetizations are
antiparallel. From these two exchange coupling values one ob-
tains a bilinear exchange coupling J

1
"!0.62 erg/cm2 and a bi-

quadratic exchange coupling J
2
"0.14 erg/cm2.

a!ect the sign of the coupling, and therefore the non-
collinear con"guration of the magnetic moments in
sample (iv) can not be blamed easily on interface rough-
ness [21].

The assumption that the magnetic state of Mn in Fe/
Cr/Mn/Fe(0 0 1) structures can be described by commen-
surate antiferromagnetism with uncompensated (0 0 1)
planes is not necessarily correct. In recent calculations by
Krueger et al. [22] the magnetic structure of BCT Mn in
bulk was studied as a function of the tetragonal distor-
tion, c/a. The calculations showed that the BCT Mn
grown on Fe(0 0 1) has a magnetic state that is at the
border line between the AF1 con"guration having the
magnetic moments parallel in the (0 0 1) planes and the
AF3 (1 1 0) con"guration having the ferromagnetic
planes oriented along (1 1 0) and with fully compensated
(0 0 1) planes having zero net magnetic moment. The
calculations showed that the lowest energy state is just
marginally the AF3(1 1 0) state, only 4 mV/atom lower
than the AF1 state. The AF3(1 1 0) state would not lead
to an alternating sign of exchange coupling with increas-
ing Mn thickness as was experimentally observed. The

above calculations show that independence of the sign of
the exchange coupling on Mn thickness is not at variance
with expectations based on the bulk BCT Mn structure
on Fe(0 0 1). This view is further supported by recent
theoretical and experimental studies. Wu and Freeman
[23] showed that one atomic layer of Mn on Fe(0 0 1) is
compensated (ordered antiferromagnetically). Recent ex-
perimental studies using magnetic circular X-ray dichro-
ism (MCXD) [24,25] showed no net magnetic moment
for higher Mn coverages on Fe(0 0 1). These results are
again consistent with the conclusion that the Mn(0 0 1)
atomic planes are antiferromagnetically ordered and
magnetically compensated.

In conclusion, we found that Mn atomic layers depos-
ited between Cr(0 0 1) and Fe(0 0 1) in Fe whisker/
Cr/Fe(0 0 1) structures did not a!ect the phase of the
short wavelength oscillations in the interlayer exchange
coupling. The sign of the coupling was determined by the
number (parity) of Cr atomic layers. This result is consis-
tent with recent theoretical and experimental predictions
that the ground state of BCT Mn is composed of mag-
netically compensated (0 0 1) planes. However, the onset
of non-collinear coupling with increasing Mn thickness
looks like an intrinsic property of thicker BCT
Mn layers, and detailed calculations for the Fe/Cr/Mn/
Fe(0 0 1) system would be desirable.
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