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A detailed investigation of magnetic impurity-mediated interlayer exchange coupling observed in

Cu0:94Mn0:06=Co multilayers using polarized neutron reflectometry and magnetic x-ray techniques is

reported. Excellent descriptions of temperature and magnetic field dependent biquadratic coupling are

obtained using a variant of the loose spin model that takes into account the distribution of the impurity Mn

ions in three dimensions. Positional disorder of the magnetic impurities is shown to enhance biquadratic

coupling via a new contribution Jfluct2 , leading to a temperature dependent canting of magnetic domains in

the multilayer. These results provide measurable effects on RKKY coupling associated with the

distribution of impurities within planes parallel to the interfaces.
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Magnetic exchange coupling in the form of Ruderman-
Kittel-Kasuya-Kittel (RKKY) interactions in magnetic thin
films or multilayers is a fascinating and important phe-
nomenon that has found great utility in magneto- and spin
electronics [1]. Novel systems, incorporating dilute mag-
netic impurities in metallic multilayers [2], semiconduc-
tors [3], oxides [4], or insulators [5], exhibit a range of
interesting phenomena based on exchange coupling
through dilute impurity centers, the understanding of
which is crucial for any future search for applicability or
the tuning of physical properties [6].

Early observations of an orthogonal magnetic coupling
in metallic multilayers [7] have been described with a loose
spin coupling (LSC) model proposed by Slonczewski [8],
describing the impurities as paramagnetic (PM) moments
that interact with the magnetic layers. While LSC was able
to account for the temperature dependence of biquadratic
(BQ) coupling, unphysically large values for the exchange
fields were required to account for the observed coupling
strength [2,7,8]. We show that properly accounting for the
spatial distribution of the impurities throughout the multi-
layer removes this limitation. Further, we find that the first
order, bilinear LSC terms do not cancel out when averaged
over different spin locations, as suggested previously [2,8].
Instead, we demonstrate how the random distribution of

spins leads to a lateral fluctuation which contributes to the
net BQ coupling. Our results are therefore of consequence
for the problem of RKKY coupling in general, especially
since several encounters of magnetic impurity-mediated
coupling in novel materials are examined in view of LSC
[9,10]. By accounting for the natural random distribution,
experimental observations of temperature dependent
coupling angles and saturation fields in strongly BQ
coupled Cu0:94Mn0:06=Comultilayers are reproduced using
a single set of underlying RKKY exchange parameters.
We will focus on a sample structure Tað50 �AÞ=

½Cu0:94Mn0:06ð19 �AÞ=Coð21 �AÞ��30=Tað25 �AÞ, where tem-
perature dependent effects have been observed through
magnetotransport studies [11]. The Cu0:94Mn0:06=Co
multilayers were grown on Si(100) substrates at ambi-
ent temperatures by dc magnetron sputtering in 3:3�
10�3 mbar Ar pressure, in a system with a base pressure of
1� 10�8 mbar.
The magnetic structures of the ferromagnetic (FM) Co

layers have been resolved using polarized neutron reflec-
tometry (PNR) as a function of external field and tempera-
ture using NERO at the Helmholtz Zentrum Geesthacht
(HZG), Germany. Full polarization analysis recording
non-spin-flip (NSF), Rþþ and R��, and spin-flip (SF),
Rþ� and R�þ, reflectivities is used to determine the
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magnitude and direction of the magnetization vector in
successive layers [12]. In such measurements Rþþ and
R�� probe the projection Mk of the magnetization vector

onto the polarization direction (within the surface plane of
the sample), while Rþ� and R�þ are due to the component
M? normal to this direction. Figure 1(a) shows reflectivities
along the momentum transfer QZ, normal to the surface, at
300 and 30 K as well as the corresponding simulations. The
refined structural parameters, such as mass densities, indi-
vidual thicknesses, and interface roughness, agreewell with
values determined by x-ray reflectometry and high angle
neutron and x-ray diffraction, which confirm coherent
growth along the Cu(111) direction. The first order Bragg

peak at QZ ¼ 0:158 �A�1, observed at 300 K, corresponds
to a bilayer periodicity of 40 Å. The difference between
Rþþ and R�� indicates FM alignment of subsequent
Co layers with an averaged magnetization of 1:46�
0:05 �B=atom (bulk: 1:53 �B=atom). Upon cooling of
the system below 100 K, a magnetic half-order peak is

observed in Rþ� and R�þ at QZ ¼ 0:076 �A�1, suggesting
a cantedmagnetic structurewith finiteM? and a doubling in
periodicity due to alternating alignment of subsequent
magnetizations.
While specular PNR as a function of QZ resolves depth

profiles of nuclear and magnetic structures, the lateral
wave vector transfer QX probes magnetic domains in the
sample plane, via off-specular scattering [12]. As shown in
Fig. 1(b), the SF signal is an intense off-specular scattering
associated with the presence of lateral magnetic domains.
Simulations of both the specular and off-specular data have
been performed using a distorted wave Born approxima-
tion [Fig. 1(b), right] [12,13]. The increase in experimental
background signal towards QZ ¼ 0 is not regarded in the
simulations. The off-specular scattering related to the
half-order peak at 30 K is well described by magnetic
domains with a lateral size of 0:43 �m and magnetizations
alternatively canted in neighboring Co layers throughout
the multilayer [Fig. 1(a), inset]. We find a canting of
�1;2 ¼ �30� with respect to the external guide field.

Temperature and field dependence of the coupling angle
� ¼ �1 ��2 are shown in Fig. 2(a). A more detailed
description of the specular and off-specular analysis will
be presented elsewhere [14].
From the temperature and field dependence of the Co

coupling angle �, the interlayer exchange energies J1 and
J2 are determined over the magnetic areal densityEð�Þ [2].
Assuming negligible in-plane anisotropy,

Eð�Þ ¼ �MdH cos

�
�

2

�
� J1 cosð�Þ þ J2cos

2ð�Þ; (1)

whereH is the external field,M the volume magnetization,
and d the thickness of the FM layers. J1 and J2 are deduced
by energy minimization of Eq. (1) [15] and found to
increase below a temperature where the canted magnetiza-
tion appears [Fig. 2(b); theoretical fits are discussed later].

FIG. 1 (color online). (a) NSF (red circles, blue squares) and
SF (green triangles, cyan stars) PNR data fitted to the model
sketched in the inset. (b) Off-specular scattering at 30 K and
7 mT data (left) and simulations (right).

FIG. 2 (color online). (a) Coupling angle and saturation field
as determined by PNR (symbols) and theoretical fits (lines).
(b) Experimental coupling terms (symbols) and model exchange
coupling components (lines).
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In order to identify correlations between the BQ cou-
pling and the magnetic state of the dilute magnetic impu-
rities, we now turn to an element specific investigation
using polarized x-ray absorption spectroscopy (XAS).
Figure 3 shows XAS at the Mn L2;3 edges for left (��)
and right (�þ) circular polarization of the biquadratically
coupled state (T ¼ 70 K, H ¼ 50 mT) [16]. Several mul-
tiplet features, as well as a large branching ratio IðL3Þ=
½IðL3Þ þ IðL2Þ� ¼ 0:75, are characteristic for a high
spin state [17]. The qualitative shape of the multiplet
features has been simulated with CTM4XAS [18] using a
predominantly 3d5 electron configuration with MMn ¼
ð4:4� 0:4Þ�B. The finite x-ray magnetic circular dichro-
ism (XMCD), i.e., the difference between the �þ and ��
absorption cross section, indicates an increase in the net
Mn magnetization towards lower temperature (Fig. 3).
Both the Co and Mn XMCD have the same sign, demon-
strating that the net Mn moment is orientated collinear to
the Co magnetization, consistent with PM Mn spins polar-
ized due to exchange interactions with the nearby FM
layers. The observed similarity of element specific hys-
teresis loops of Co and Mn, recorded by x-ray resonant
magnetic scattering (XRMS) in reflectivity at the L3 edges
at the Advanced Photon Source, further supports this [19].

A model of the magnetic interaction between the FM Co
layers must include the PM Mn spins as well as the Cu
conduction electrons, defining the energies J1 ¼ JRKKY1 þ
JLSC1 and J2 ¼ JLSC2 þ Jfluct2 . Here JRKKY1 is the RKKY

exchange between FM Co layers [20], JLSC1 and JLSC2 are

the loose spin couplings via the Mn spins [8]. In order to
fully describe the coupling situation, we introduce a new
contribution to the overall interlayer exchange coupling
Jfluct2 , arising from random lateral distributions of the Mn

impurities. Beyond the model of LSC, we will discuss
lateral variations in JLSC1 , derived by convolution with a

random Mn distribution, which will lead to additional BQ
coupling via fluctuation mechanisms [21]. A schematic of

the interlayer coupling situation is shown in Fig. 4(a). To
include the lateral disorder in calculating JLSC1 , one needs
to consider the three-dimensional form of the RKKY
interaction JRKKY ¼C½2krcosð2krþ�Þ� sinð2krþ�Þ�=
ð2krÞ4 [20] between individual Co and Mn spins. k repre-
sents the frequency and � the phase of the oscillation.
For a single Mn spin, this interaction varies in the plane
of the ferromagnets as a function of the distance sðx; yÞ
[Fig. 4(a)]. The RKKY exchange fields ~Uj of the ferro-

magnets are defined by JRKKY, integrated over the plane of

the ferromagnets, ~UAðzÞ ¼ ~UBðt� zÞ, and are plotted in
Fig. 4(c),

~Uj ¼ ~Beff

d2Cu
z2

sinðqzzþ�Þ zT=T0 þ T=Ti
0

sinhðzT=T0 þ T=Ti
0Þ
; (2)

with amplitude j ~Beff j, oriented parallel to the correspond-
ing ferromagnet, extremal spanning vector qz for a lattice
spacing dCu and characteristic temperatures T0 and T

i
0 [22].

Since the orientation of the PM Mn spins is isotropic, the

vector sum UðzÞ ¼ j ~UAðzÞ þ ~UBðzÞj can be used to calcu-
late the total exchange energies JLSC1 and JLSC2 according

to the model from Slonczewski [8]: JLSC1 ¼ 1=2
P

zi½Fðzi; �Þ � Fðzi; 0Þ� and JLSC2 ¼ P
zi
1=2½Fðzi; �Þþ

Fðzi; 0Þ� � Fðzi; �=2Þ, where F½Uðz;�Þ� is the free en-
ergy of the system. In order to account for the 3D structure
of the exchange coupling, a summation over all impurity
locations zi in the Cu layer for collinear (� ¼ �; 0) and
orthogonal alignment (� ¼ �=2) has been performed.

FIG. 3 (color online). Mn L2;3-edge absorption and x-ray
magnetic circular dichroism as a function of temperature.

FIG. 4 (color online). (a) Schematic coupling of a PM Mn spin
between two FM layers. (b) Calculated lateral variation of JLSC1

at 30 K. (c) RKKY exchange fields acting on loose Mn atoms
derived by fits to the experimental data. Black dots indicate (111)
planes in the fcc lattice. The extended plateau on either side of
the plot indicates Mn impurities in the direct vicinity of the Co
layers experiencing direct magnetic exchange.
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Going beyond the LSC model, we now consider the
exchange interaction JLSC1 calculated for collinear and
orthogonal alignment of the interaction through a single
Mn spin, JRKKYCo-Mnðx; y; zÞ and the right-hand ferromagnet

UBðzÞ [23]. A comprehensive 2D form of JLSC1 ðx; yÞ is

obtained by a convolution with a random 6 at.% site
occupancy of spins in the lateral dimension of the spacer,
in which each Mn position is represented via a � function.
Figure 4(b) shows the result of the lateral convolution,
summed over z positions corresponding to the (111) lattice
planes of the Cu spacer. In order to derive the new BQ
coupling contribution, JLSC1 ðx; yÞ is decomposed into

2D Fourier components JFðx; yÞ ¼ a sinð�x=lÞ sinð�y=lÞ,
where amplitude a and length scale l are chosen to re-
semble the length and energy fluctuations in JLSC1 ðx; yÞ
[Fig. 4(b)]. The resulting expression for the additional
BQ coupling [19,21] is

Jfluct2 ¼ 1

4
ffiffiffi
2

p
�A

X
i

aili coth

� ffiffiffi
2

p
�d

li

�
; (3)

where A ¼ 1:2� 10�8 Jm�1 is the exchange stiffness of
the Co layers.

The magnetic interaction energies JRKKY1 , JLSC1 , JLSC2 ,
and Jfluct2 [Fig. 2(b)] are solely determined by the RKKY
exchange parameters JRKKY [Eq. (2)] and the Mn moment.
The phase and period of the RKKY are estimated from
results on Co=Cuð111Þmultilayers [24]. A substantial JLSC1

contribution exists even after the summation over
Mn positions, but the opposite sign of JRKKY1 and JLSC1

and the new contribution from Jfluct2 describe our experi-
mental findings very well. The best fit gives Beff ¼ 540 T,
T0 ¼ 1000 K, Ti

0 ¼ 300 K, and JCo=JMn ¼ 0:62, where
JCo=JMn describes an energy scaling to account for differ-
ent hybridization between Cu conduction electrons and Co
and Mn d electrons. These values are consistent with
previous experimental works on Co=Cuð111Þ systems
[22,24]. The Mn spins at the center of the Cu layer are
aligned opposite to the Co moments [Fig. 4(c)] while the
net Mn polarization is parallel to the Co moments
in agreement with the XMCD and XRMS results.
Investigations on a range of CuMn thicknesses all gave
similar results, therefore indicating a phenomenon of
greater generality rather than a special case of well-
matched coupling terms [25].

In conclusion, we have shown how random positional
disorder of dilute magnetic impurity atoms enhances
biquadratic coupling by creating lateral variations in
exchange. Our results highlight the influence of dilute
magnetic impurities on the host system, which is of con-
sequence for the problem of RKKY coupling in general.
We demonstrate that, by taking into account all three
dimensions of the interaction and positional disorder, a
consistent model of conduction spin mediated interlayer
coupling is obtained. Next to tailoring of artificial magnetic
properties in metallic multilayers, the applicability of our

model to the general problem of impurity-mediated
exchange coupling will improve the understanding of
biquadratic coupling in Heusler alloys [26] and dilute
magnetic semiconductors [27] and aid in identifying the
role of magnetic impurities in doped insulators showing
ferromagnetic properties [28].
We acknowledge financial support from the Access to
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