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Specular and off-specular polarized neutron reflectometry of canted magnetic domains
in loose spin coupled CuMn/Co multilayers
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Specular and off-specular polarized neutron reflectometry of strong biquadratic coupling in a Cug 94Mng o6 /Co
multilayer is presented. Detailed analysis of the reflectivity via the distorted-wave Born approximation reveals a
formation of on average (£30°) canted lateral magnetic domains. Domains with mean width of 0.43 um extend
throughout the multilayer structure and magnetization alternates in the sign of the canting with subsequent layers.
Temperature and field dependence of the magnetic structure are evaluated and included in the magnetic model,
which is used to deduce bilinear and biquadratic interlayer exchange coupling energies.
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I. INTRODUCTION

Artificially created magnetic structures with confined
length scales in the nanometer range are of ever-growing
interest for scientific and technological reasons.! A particular
field of interest, due to the prospect of a wide tuneability
of physical properties to specific functionalities,” is magnetic
multilayers (MLs) with magnetization of neighboring layers
exchange coupled through nanoscale spacer layers.** In most
cases, however, even small changes in structure or composition
of the spacer material can lead to inherently different behavior.
In contrast to a majority of previous studies on exchange
interaction via nonmagnetic metals,>® this paper focuses on
the intriguing effect of dilute magnetic impurities within the
spacer layer.

In the following we present results of the depth-resolved
magnetometry of a Cug9sMng gs/Co multilayer obtained from
polarized neutron reflectometry (PNR). Doping of the non-
magnetic Cu spacer, within a Cu/Co multilayer, with low
concentrations of Mn atoms has been shown by transport
measurements to lead to noncollinear Co magnetization
arrangements with a particular temperature dependence.” To
date, however, no conclusive magnetic structure has been
reported. In our recent report on dilute magnetic impurities in
Cup.94Mny ¢6/Co multilayers we derive a theoretical descrip-
tion of a temperature-dependent biquadratic component, which
is found to stabilize a noncollinear magnetic structure in the Co
layer.® The theoretical model is based on experimental obser-
vations of in-plane correlated lateral domains, which have been
observed with PNR. Here, we present the full description of the
experimental study using the PNR technique and work out the
details of the experimental data analysis and simulation. While
the earlier report only focuses on two temperatures at low fields
(300 K and 30 K at 7 mT), now a broad range of temperatures

1098-0121/2012/85(1)/014411(9)

014411-1

PACS number(s): 75.70.Cn, 75.70.Kw

and external fields is presented. Additional structural mea-
surements and complementary x-ray scattering give further
information on the interpretation of the data. A comprehensive
model of the three-dimensional (3D) magnetic structure at
each temperature and external field is derived, based on fitting
and simulation of the experimental data, which is described in
detail. A discussion of the results makes use of the determined
domain structure, coupling angle, and external field depen-
dence to derive bilinear and biquadratic exchange coupling en-
ergies, which are compared to the theoretical model presented
earlier.® The sample structure under investigation consists
of 30 repetitions of a [CugosMng os(19A)/Co(21A)] bilayer,
which exhibits a Cu-mediated Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction comparable in strength to the
magnetic coupling originating from the Mn impurities. Inves-
tigations on different spacer layer thicknesses within the range
of strong biquadratic coupling’ reveal a consistent behavior of
exchange coupling parameters, thus indicating a phenomenon
of greater generality rather than well-matched coupling terms.

In Sec. II we will give a brief introduction of the PNR
experiment, while more detailed theoretical considerations are
made in the corresponding section containing the analysis.
Section III describes the analysis of specular reflectivity
(Sec. IIT A) and off-specular scattering (Sec. III B), as well
as the magnetic field and temperature dependence (Sec. 11 C).
In the discussion, Sec. IV, experimental exchange coupling
energies are derived and we conclude in Sec. V.

II. EXPERIMENT

Polarized neutron reflectometry enables a quantitative,
depth-resolved determination of magnitudes and directions of
magnetization vectors in thin layers of subnanometer to um
length scales.” Depth and laterally resolved magnetic models
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FIG. 1. (Color online) General schematic of neutrons being
reflected from a surface. p; and «; are the vertical and longitudinal
projections of the incoming wave vector k; of the neutrons, while
Dy, ke and k, denote the corresponding projections of the outgoing
wave vector k. H is the external field direction. The gray shaded
area in the upper part of the figure illustrates the shape of the
neutron coherence area, which is described in the discussion of the
off-specular scattering.

can be inferred from spin resolved specular and off-specular
scattering via simulations of 2D reflectivity profiles as a
function of temperature and external magnetic fields. The
model parameters, arising from the fitting of specular PNR and
simulations of off-specular scattering performed with specially
developed software,'? are shown to contain enough informa-
tion to form the basis for a detailed theoretical description of
the temperature-dependent biquadratic coupling.

Experimentally, a collimated, spin polarized neutron beam
is impinging onto the sample surface under a shallow incident
angle «; (Fig. 1). The wave vector k; = 2 /A of the incoming
neutrons can be decomposed into an in-plane component «;
and an out-of-plane component p;. Neutrons interact with the
sample, and are scattered under a glancing outgoing angle
oy with a final moment k ¢, which consists of the projections
Ky, ky, and ps. In our PNR geometry, scattering along the
y direction is not resolved due to a relaxed collimation A0,
along the corresponding angle of 6, and thus the scattering
cross section is integrated over the wave vector transfer
projection k,.!" The neutron polarization vector P is directed
by the external field H to lie within the plane of the sample
perpendicular to the neutron propagation direction.

The PNR measurements have been performed using the
neutron reflectometer NERO, which operates in the angular
dispersive mode with constant wavelength A = 4.33 A at the
Helmholtz Zentrum Geesthacht (formerly GKSS), Germany. '?
The instrument is equipped with a transmission-type supermir-
ror polarizer for the incident beam, a pair of Mezei-type spin
flippers, and a multichannel analyzer'® discriminating spin
states of neutrons scattered into a broad range of wave vector
transfers recorded over the 2D position sensitive detector
(PSD). A combined polarization efficiency of the polarizer
and the analyzer of ~97%, was determined experimentally
and verified by simulations presented in this paper. The setup
allows for simultaneous spin-dependent detection of specular
and off-specular scattering events. The magnetic structure
manifests itself in the neutron reflectivity via differences
in the detected spin channels R**, R, R*~, and R~ ¥,
where the superscript denotes the direction of the incoming
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(first superscript) and reflected (second superscript) neutron
polarization as parallel (4) or antiparallel (—) with respect to
the external guide field direction. The two non-spin-flip (NSF)
reflectivities R™" and R~ arise from nuclear and magnetic
scattering potential contrast at interfaces, due to projections
M, of the magnetization M parallel to the neutron spin.
Spin-flip reflectivities R™~ and R~ on the other hand are
exclusively due to the component M, of the magnetization
vector perpendicular to the vector of the incident neutron
polarization.

A 1 T electromagnet at the sample position and a 30 K
closed-cycle refrigerator are used to establish sample envi-
ronment conditions. Prior to each measurement a saturating
field (H = 600 mT) applied in the plane of the sample ensures
equivalent conditions and magnetic history of the sample. If
not stated otherwise, a H = 7 mT guide field was applied in
the same direction during the measurements, needed along the
neutron path to maintain the polarization of the neutrons.

III. RESULTS

A. Specular reflectivity

Specularly reflected intensities obey an energy and in-plane
momentum conservation law, with «; = k, and, consequently,
for purely elastic reflection o; = oy (Fig. 1). This leads to a
wave vector transfer

2 . .
Qz = 2pi = —~[sin(e;) + sin(a )], €]
due to the neutron interaction described via a 1D potential

27h? 27h
a "+ = a
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V= Nb, £ B -s, 2)
in which " = Nb, describes the nuclear scattering length
density (SLD) with an atomic density N and coherent
scattering length b, of the material (for recent reviews on
PNR see Refs. 14 and 15). m, denotes the neutron mass.
The second term, o™, describes the interaction between the
neutron magnetic moment associated with the operator s,
whose Cartesian components are proportional to Pauli spin
matrices' "3 and the magnetic induction B created by the
magnetic moments of the sample. In a simple approach,
specular reflectivities can be calculated in a standard Fresnel
theory by solving the stationary spin-dependent Schrodinger
equation and matching the spin components of the neutron
wave function inside and outside the medium.

The top profile of Fig. 2 shows the spin-dependent specular
reflectivity of the multilayer at 30 K with the Co layers
saturated by an external magnetic field of 560 mT. To enhance
the statistical accuracy and to account for the broadening of the
specular beam on the detector, the profile shown is obtained by
an integration of the intensity on the area detector over a region
of 0.25° around the actual specular ridge with o; = . The
plot of experiment and fit therefore include resolution effects
that broaden the beam. Kiessig fringes, observed along the
decay of the reflectivity below Q7 = 0.05 A~!, are the result
of an enhanced resolution in this measurement. Periodicities of
the oscillations confirm the total thickness of the sample. In all
other respects, the data reproduces the reflectivity of the sample
in its remanent state at 300 K.® The difference in the critical
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FIG. 2. (Color online) Normalized specular polarized neutron
reflectivities at 30 K of the sample in a magnetically saturated state in
H = 560 mT (top profile) and canted state at 30 K in 7 mT external
field (bottom profile, reproduced from Ref. 8) in — — (red circles),
++ (blue squares), +— (cyan triangles), and —+ (green triangles)
polarization. Lines are fits to the data (Ref. 10). Individual datasets
have been offset by four orders of magnitude for clarity reasons.

wave numbers for total reflection, Oz . = /167 (0" £ 0™), of
neutrons with alternative polarization directions immediately
provides the averaged magnetic moment, which has been
determined to m¢, = 1.46 wp/atom, corresponding to 85%
of the literature value.'® This averaged moment leads to a
combined nuclear and structural scattering length density of Co
of ot™ = 5.77 A=2, which is comparable to the nuclear SLD
of Cu (0}, = 5.96 A=?) and providing a very small scattering
contrast for the R channel. The bilayer periodicity therefore
only leads to a sufficient contrast in the R~~ channel, giving
rise to a first-order Bragg peak, which is a direct indication
of a collinear alignment of subsequent Co magnetizations.
The Q7 position of the first-order Bragg peak, Oz pragg ~

v Q% .+ @2nA)? corresponds to a bilayer periodicity of
A =40 A. The detected SF signals are solely due to limited
polarization efficiencies of the polarizer, analyzer, and spin
flippers, allowing admixture of 3% NSF signal to SF channels
and vice versa. This admixture is taken into account via
fitting of all four channels simultaneously.'® Corefinement
with complementary x-ray reflectometry and high-angle x-ray
diffraction (Fig. 3), gives a structural model of the ML (Fig. 4).
The high-angle x-ray diffraction (Fig. 3, inset) confirms the
coherent growth of the multilayer with a pronounced (111)
texture (lattice constant a = 3.61 A). First-order satellites of
the center (111) peak arise from the superlattice periodicity of
A =40 A, simulated'” in agreement with reflectometry results
(Fig. 3). Using the full-width-half-maximum (FWHM) of the
(111) peak in the Scherrer formula with a Scherrer constant
of K = 0.94,'%1? gives an average coherence length of 200 A
along the direction normal to the sample surface. With respect
to the periodic layer structure, the average coherence length
therefore approximates to five times the CuggsMng gs/Co
bilayer periodicity. Figure 4 shows depth profiles of the x-ray
and neutron reflectometry deduced scattering length densities.
The total thickness of the sample and individual thicknesses of
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FIG. 3. (Color online) X-ray reflectivity at 300 K recorded with
Cu K, radiation. The simulations have been performed using the
program SIMULREFLEC (Ref. 20). Inset: High-angle x-ray diffraction
showing the (111) and (222) lattice peaks and first-order satellites on
either side corresponding to the multilayer periodicity [simulations
performed with SUPREX (Ref. 17)].

each layer are in agreement within 5% with the nominal sample
structure. Densities of each material, used to calculate the SLD,
are taken from the bulk literature values. The reflectometry fit
of both x-ray (using SIMULREFLEC)*” and PNR (Figs. 2 and 3)
resulted in a combined structural and magnetic roughness of
9 A, averaged over the multilayer stack. The top four bilayers
of the multilayer stack have been treated separately from the
rest of the periodic structure to allow for larger variations in
layer thickness and roughness increasing toward the multilayer
surface. In addition, PNR and x-ray fits have not been restricted
to the same parameter set, but allowed for a variation of the top
four bilayer parameters between the different techniques. This
treatment of both fitting procedures is sufficient to account
for experimental and sensitivity differences x-ray and neutron
reflectometry and a very good agreement of parameters is
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FIG. 4. (Color online) Scattering length density profiles applied
in the x-ray and neutron reflectometry simulations. The multilayer
part has been simulated with an averaged roughness of 9 A and the
top four bilayers adjusted to account for increased roughness and
waviness closer to the multilayer surface.

014411-3



T. SAERBECK et al.

found for the remaining, main part of the multilayer. While
the x-ray SLD profile at 300 K displays the nuclear only
structure of the sample, the neutron SLD profile contains the
magnetic information of the sample in its saturated state. The
high agreement between the low-temperature saturated and
the 300 K remanent state proves the FM-type alignment of Co
magnetizations at high temperatures in zero or low magnetic
fields (7 mT guide field).® In addition, the similarity of the
two measurements shows the validity of a structural model
unvarying with temperature, which can therefore be used in all
following simulations.

As identified by Saerbeck et al® the low-temperature
reflectivity profile at 30 K without the saturating field exhibits
an additional peak of purely magnetic origin (Fig. 2, bottom).
The half-order position of this peak with respect to the first-
order Bragg peak identifies an antiferromagnetic alignment
of subsequent layers, while the SF nature of the signal
indicates a canting of the magnetization.'"?! Regarding the
analysis via fitting and simulation of the AFM half-order
peak, which represents the central dataset for observation
of the temperature-dependent coupling,® we now turn to the
full 2D reflectivity profile, including off-specular scattering
components.

B. Off-specular scattering

The 2D detector image of the SF half order peak,8 shows a
strong diffuse off-specular scattering (Fig. 5). The data on
specular and off-specular scattering are collected into the
scattering map displayed in the left column of the contour
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FIG. 5. (Color online) (a) Off-specular Qx/Q 7 scattering pro-
files of NSF and SF channels with R~ = R~ and corresponding
simulations (Ref. 8) (b) The color scale is adjusted to enhance
visibility of off-specular features and limited to I < 1072, (c) Off-
specular peak profile along Qy taken at a constant Q; = 0.08 A.
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plots in Fig. 5(a), in Qx/ Q7 coordinates, where

2
Ox = T[cos(a 7) — cos(a;)], 3

is the lateral wave vector transfer. The corresponding simulated
map of the SF scattering is shown in the right column in the
same coordinates. In order to provide a quantitative compar-
ison between experimental data and simulation, off-specular
scattering profiles from all reflectivity channels [Fig. 5(c)] have
been obtained by integrating a 0.01A~! wide region around the
center AFM peak location at Q7 = 0.08 A~!.

Off-specular scattering originates from lateral structures
that break the in-plane translational symmetry of the sample
and lead to an in-plane momentum transfer Qy = «; — «, # 0.
Violation of the lateral translation invariance may originate
from structural and magnetic lateral defects, such as interfacial
roughness and magnetic domains. The fact that off-specular
scattering is mostly detected in the SF channel® justifies a
magnetic source of the scattering (e.g., magnetic domains
whose magnetization is not collinear with the polarization).

Note, that due to the birefringence effect, off-specular SF
scattering is an asymmetric function of Qy in a partially mag-
netized sample and R~ is not identical to R~ along Qy, but
rather mirrored at Qxy = 0 [R™T(+0Qx) = R*~(—Qx)].>'"
The asymmetry in R~* and R~ is, however, mostly expressed
in the range close to the total reflection of incoming or scattered
neutron waves, while being hardly visible in the Qx/Qz
representation with reduced view on small Q7. Therefore,
in Fig. 5, only R~ is depicted and discussed here as being
equal to RT™.

The SF scattering maps (Fig. 5) demonstrate that the AFM
peak in Fig. 2 is in fact of purely off-specular origin due
to scattering from magnetic domains within the plane of the
sample and no true specular SF reflection contribution is
detected at o; = oy

The treatment of off-specular scattering has only recently
found extensive consideration via the distorted-wave Born
approximation (DWBA), in which lateral structures represent
a small perturbation to the smooth surface or interface.'’">
One first evaluates the exact wave functions for the neutrons
interacting with the mean film potential, averaged over the
lateral coordinate. The second step is a perturbation calculation
using these derived wave functions and the perturbation
potential, which is the difference between the actual potential
and its mean value. In case of lateral magnetic domains, the
perturbation potential is given by the lateral fluctuation of the
magnetic moment,”” while the magnetic scattering operator is
given by the domain form factor.>* Therefore, for a complete
description of the magnetic structure, the averaged mean layer
magnetization M and individual domain magnetizations m
have to be considered. A more detailed theoretical description
of off-specular scattering and the simulation routine, which
is based on the supermatrix formalism,>*?® or super-recursion
formalism'! can be found in the references cited above.

Phenomenologically, the diffuse off-specular scattering can
be described as a type of coherent scattering from magnetic
domains in the plane of the sample.?’ In order to fulfill the
coherent scattering condition, domains need to be smaller than
the 3D neutron coherence volume projected onto the sample
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surface. This area can be estimated via the uncertainty in
momentum transfer AQx and A Qy in the corresponding in-
plane directions. Such an uncertainty is a direct consequence
of the angular divergence Ac;, Aoy, and A6y, due to the
neutron beam collimation used during the experiment'

1

D A0~ T @awp tdapt @)
1 /4
— ~AQ, ~ —Ab, > AQx. &)
I Py

The slit system of NERO was set up to a 0.95 mm neutron
beam with a divergence of 0.037° in the x direction, while
no collimation in the y direction is applied. The neutron
coherence volume therefore comprises a cigar-shaped area of
about Ix ~ 42 pum along the long axis and only a few 10 A
along the perpendicular direction /, (see sketch Fig. 1). Shape
and intensity of the diffuse scattering along Q7 and Qyx are
determined by the size distribution of domains and individual
magnetic structure. The width of the scattering along Q7 is
described by a replication factor in depth, defining the length
scale over which a particular domain structure is repeated in
the multilayer. For our case, it was found to be reproduced
in depth throughout the stack, since the specular reflected
first-order Bragg peak shows a similar broadening due to
thickness fluctuations and roughness. Furthermore, the diffuse
scattering is concentrated around the half-order position and
no evidence of scattering from vertically uncorrelated regions,
evenly distributed in Q7,”® has been observed. Due to the
experimental geometry, approaching the direct neutron beam
at Oz =0 results in an increase in detected background
intensities [Fig. 5(a)]. The simulations, on the other hand,
only include a constant background at the lower limit of the
color scale in Fig. 5(b).

The profile along the off-specular direction Q x is described
via a formalism in analogy to neutron small angle scattering
with an in-plane correlation function describing the magnetic
domain form factor,

A 2 2 &2
(Am(Qy)?) = %exp (— Q’f ) ©6)

averaged over the domain size distribution. Here, no correla-
tions between domain sizes and directions of magnetizations
are assumed. Therefore, (| Am|?) describes the mean square of
the in-plane projections of adjacent domain magnetizations
onto the X direction, and the parameter &, in accordance
with the Guinier approximation,?® refers to the in-plane
gyration radius of domains. Note that in general, averaged
over Gaussian size distribution, the domain form factor should
be described by a modified Voigt function decaying at large
Qx as a power law. However, due to the restricted dynamical
range of our measurements, only the Guinier region of Q x was
accessible. In this region, a Voigt function can be represented
by the Gaussian function (6), which is sufficient to describe our
data, varying only two parameters (|Am|?) and &. This was
performed under the condition of absolute normalization of
the off-specular scattering intensity to the specularly reflected
intensity. The best fit to the data was achieved with an average
domain size of £ = 0.43 um. A possible explanation of the
average domain size can be connected to the average in-plane
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crystallite size of the highly textured film. While the out-of-
plane x-ray diffraction gives an average coherence length of
0.2 pm, it is well possible that the average crystallite size is
much larger. In addition, the in-plane crystalline structure is
expected to be different to the degree of texture found along
the growth direction of the sample.

Domains larger than the coherence length do not contribute
to off-specular scattering, but affect specular intensities via an
incoherent summation of reflectivities from different domains
(>42 um) on different locations of the sample area. With
smaller domain sizes, the coherence volume covers more and
more domains and neutrons are reflected specularly from the
mean magnetization (M) averaged over the domains crossed
by the coherence ellipsoid. The direction of (M) is described by
an angle y with respect to the neutron polarization. Deviations
of the domain magnetization m from the mean magnetization
(M), characterized by the canting angle Ay, cause NSF and
SF off-specular scattering. The SF scattering therefore probes
fluctuations transverse to (M) and provides information of
individual domain magnetizations and magnetic roughness. In
the Qx/ Q7 scattering maps (Fig. 5) the off-specular scattered
intensity is restricted to the spin-flip channels R~ and R*~,
which points to a canted domain magnetization in the Co
layers (Fig. 6). The absence of NSF off-specular scattering®
illustrates that the canting of individual domains Ay points
symmetrically to the left and right of the mean magnetization

(a) Guide field H,_,
|

Co layer A

0.43 um

0.43 um

FIG. 6. (Color online) Schematic of the magnetic structure in the
multilayer at 30 K with 7 mT external guide field. (a) Top view
of two adjacent domains with two subsequent Co magnetizations
ma and mp, tilted by the angle +Ay = +30° and —Ay = —30°,
respectively. The averaged magnetization M,y lies parallel to the
guide field direction. (b) Perspective view of six subsequent domain
configurations stacked columnlike in 0.43 pum domains throughout
the multilayer.
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(M). This mean magnetization averaged across domains does
not show appreciable deviations from the axis of the neutron
spin (y = 0, Fig. 6), as it can be seen from the vanishing SF
specular reflectivity. It shall be noted that the sense of canting
in each domain with respect to the mean magnetization is not
uniquely determined by the performed experiments as only the
averaged projection (sin’(Ay)) is probed.!! In order to obtain
the complete 2D directional information on the source of
scattering, one would need to obtain additional measurements
with neutron polarization vectors perpendicular to the mean
magnetization. In our case however, the essential information
is already included in the 1D measurement and the required
additional instrumentation is beyond the scope of this work.

In order to reproduce the spin-flip scattering with an
AFM periodicity, the angle Ay has to alternate in sign
with equal magnitude in subsequent Co layers A and B as
well as laterally across the domains (Fig. 6). Because the
mean magnetization direction is defined by the external field
direction H, this leaves two options for domain configurations
in each layer, which are schematically presented in Fig. 6.
Simulations of the magnetic configuration at 30 K in 7 mT
(Fig. 5) gave the best match to the data with a domain
magnetization m canted by Ay, (30 K,7mT) = £30° in
individual domains and in subsequent layers (Fig. 6). Thus,
the domain magnetization in each pair of Co layers encloses
an angle of 2Ay = Ay, — Ayg = 60°. It has to be noted that
the canting of small domains also affects magnetic scattering
potentials via an effective reduction of the magnetic scattering
length density by the factor cos(Ay) relative to its saturation
value, which is equivalent to a reduction in magnetization and
in good agreement with magnetometry results.

C. Temperature and field dependence

After the discussion of a model for the remanent magneti-
zation at 300 K (Ay = 0, ferromagnetic alignment) and 30 K
(Ay = 30° canted structure), it is of interest to study the field
and temperature behavior in more detail. For this purpose,
temperature- and field-dependent PNR measurements have
been performed and the magnetic structure evaluated for each
experimental condition. Since the off-specular scattering is
purely of magnetic origin and no NSF off-specular scattering
has been detected, the following discussion shall be con-
fined to observations in the SF channel only. All reported
measurements, however, have been performed measuring all
three relevant channels, R™", R~ and R*~ and simulated
consistently for each polarization with the structural model
presented above. This approach guarantees correct scaling of
relative intensities and averaged magnetizations. Additionally,
the constant first-order Bragg peak observed with applied
field disproves magnetic roughness as a possible cause for
the off-specular scattering.’*!

Figure 7 shows the field dependence of the off-specular
scattering at 30 K as Qx/Qz scattering maps and line
profile scans along Qx for R~". For field values other than
7 mT, the low Q7 intensity, resulting purely from polarization
deficiency, is omitted. The peak profiles, shown in Fig. 7(b),
indicate that the relative width of the off-specular peak profile
stays constant with the increasing magnetic field. Simulations
of each state gave the best match using the same 0.43 um
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FIG. 7. (Color online) (a) Field dependence of off-specular R~
scattering at 30 K from 0 mT to 500 mT. At a field of 500 mT, the
scattering has become too weak to be detected. (b) Off-specular peak
profiles along Q x for various fields taken from line scans through the
off-specular scattering maps at O, = 0.08 & 0.01 A~" in (a).

domain width, but gradually closing magnetization vectors.
In fact, the small domain magnetization angle Ay was the
only parameter varied between the simulations and all other
parameters, such as resolution, mean magnetization direction,
and structural parameters had to remain fixed to achieve a
consistent match to the data. Simulations of the peak at each
field value show that the coupling angle is steadily decreasing
with increasing field until no AF off-specular scattering is
detectable at 500 mT. At this stage the projection onto the axis
of the magnetization perpendicular to the neutron polarization
has become too small to be detected. Magnetic realignment due
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FIG. 8. (Color online) Off-specular peak profiles along Qx at
various temperatures taken from line scans through the off-specular
scattering maps at the AF peak position Q; = 0.08 ~!.

to domain wall movement would lead to changes in the domain
size, which is not observed due to the constant off-specular
peak shape. The gradual rotation of magnetization vectors
also does not lead to changes in the specular reflectivity or
first-order Bragg peak, which is in agreement with the exper-
iment. The field dependence of the coupling angle has been
additionally determined at an increased temperature of 70 K.

Regarding temperature dependence of the interlayer ex-
change coupling, two experimental conditions are of main
interest. The first parameter to be analyzed is the behavior of
the coupling angle 2Ay in remanent or low external field with
respect to temperature. An evaluation of this is again performed
by recording full 2D reflectivity profiles and analysis of the
scattering via simulations adjusting only the domain canting
angle Ay . Figure 8 shows the off-specular peak profiles of the
R~ polarization channel in 7 mT external field. Note, that the
asymmetric shape of the data in Fig. 8 resulted from shadowing
by a beam stop, inserted to block the direct neutron beam
and reduce background scattering during the measurement.
The beam stop was removed for all other measurements. In
the simulations determining the gradually closing coupling
angle, regions of suppressed intensity have been omitted and
a constant domain width was assumed based on the data not
influenced by the beam stop. Above 100 K no AF intensity
is observed, which indicates the onset temperature of the
canted magnetization in each layer. No changes, apart from an
increase in total magnetization, in the R*™* and R™~ specular
reflectivities are observed (Fig. 2).

The second parameter of interest is the external field
strength needed to overcome the coupling and saturate the
magnetic structure.® The information about this saturating
field Hg has be obtained by recording the half-order peak
intensity of the AF peak at different temperatures versus
external in-plane field. As the general field dependence at
30 K indicates, magnetization vectors rotate gradually into the
direction of the external field and a vanishing half-order signal
can be interpreted as a collinear alignment of magnetizations,
which resembles a saturated state.
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TABLE 1. Comparison of exchange coupling parameters for
different CugosMng g thicknesses fcovn at 7 =30 Kin H =7 mT
external guide field.

tcan  Coupling Angle  Domain Width Depth Replication
(A) Ay (°) £ (um) (Number of bilayers)
16 23 0.40 30

19 30 0.43 30

25 29 0.35 8

IV. DISCUSSION

A comparison of magnetization structures evaluated for
different Cug94Mny o6 spacer layer thicknesses fcymvn, such as
the coupling angle Ay, the lateral magnetic domain width
& and the replication of the canted structure in depth, is
summarized in Table I. The magnetic replication factor, given
in numbers of the bilayer structure Cug 94Mng o6/Co, measures
the amount of layers throughout which the canted structure is
coherently reproduced. Parameters listed in the table represent
the coupling state at 30 K in the low 7 mT magnetic guide
field and have been consistently analyzed with the procedure
presented above. Coupling angles and lateral domain width are
found to be consistent within the investigated thickness range,
which is in agreement with the thickness-dependent coupling
behavior as evaluated by magnetoresistive measurements.’
The sample with 25 A CugosMng g6 shows a depth replication
factor reduced to eight bilayer repetitions, consistent with a
decrease of the overall exchange coupling strength with thicker
spacer layer thickness.

Figure 9(a) shows a summary of the magnetic coupling
angle versus field for the sample with 19 A Cug 94sMny o6, which
is used as a basis for a theoretical modeling in connection
with the temperature dependence of the coupling angle and
saturating field.> The experimentally determined coupling
angles 2Ay and saturating fields Hy are related to the interlayer
exchange energies J; and J, via the areal energy density E of
the system in an external field H under the assumption of a
negligible in-plane anisotropy>?

E = —MgdpyH cos(Ay) — J; cos(QAy) + J, cos>(2Ay).
(7N

The assumption of a negligible in-plane anisotropy can be
justified by taking into account the gradual rotation of the
magnetization vector and absence of domain wall movement
with increasing field or temperature. In Eq. (7) J; and J, repre-
sent the bilinear and biquadratic interlayer exchange coupling
energies of the multilayer with volume magnetization density
My and ferromagnetic layer thickness dpy. Application of an
energy minimization procedure leads to two conditions for the
interlayer exchange energies. At low fields, H ~ 0, the first
derivative condition, d E /d2Ay |g—o = 0, yields
Ji

cos(2Ay)|u=0 = 20 3
At the point of saturation, where all layers show FM alignment
and the respective angle 2Ay = 0, one obtains

IMsdpmH =20, — J, 9)
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FIG. 9. (Color online) (a) Field dependence of the coupling angle
2Ay in the sample with 19 A Cug04Mng s (lines are a guide to the
eye). (b) Temperature dependence of J; and J, reproduced from.®
The lines in (b) are fits obtained from the model reported by Saerbeck
etal®

from the second derivative (d>E /d2Ay*oay—0 > 0). Ms and
dpym in saturated and multidomain states follow directly from
fits of the specular PNR data. Furthermore, the PNR simulation
presented indicates a homogeneous behavior of the sample
(i.e., no large domain formations are present, which would
have to be accounted for by two or more different areal energy
densities). Therefore, PNR uniquely determines the magnetic
energy of the multilayer in every state of domain formation
and canting. The resulting bilinear,

_ MdeMHS COS(ZA)/)

Ji = ) (10)
4[1 — cos(2Ay)]
and biquadratic interlayer exchange energy,
Mgsdpm H
I = sarm s (11

8[1 — cosRAY)]’

are shown in Fig. 9(b). A theoretical approach can now be
made by computing exchange energies of different physical
origins and comparison made to the experiment.

The lines in Fig. 9(b) represent fits to the data that have
been obtained via a model based on a loose spin coupling

PHYSICAL REVIEW B 85, 014411 (2012)

formalism.® As we have shown, the behavior of the magnetic
structure in Cug 94Mng g6/Co multilayers can be well explained
by additionally taking into account lateral fluctuations in the
Mn impurity density. Such fluctuations lead to a lateral varying
loose spin coupling, which induces an additional biquadratic
energy contribution via the fluctuation mechanism.

V. CONCLUSION

In conclusion, we have investigated the effect of dilute
magnetic Mn impurities on the magnetic behavior of a Co/Cu
multilayer system by polarized neutron reflectometry. Analysis
of specular and off-specular scattering profiles provides a
very detailed model of the temperature and external mag-
netic field dependent interlayer exchange coupling in the
Cug.94Mny 06/Co multilayers. The parameter set obtained from
the simulations is complete in that it is sufficient to describe
the magnetization of the system in the low-temperature canted
domain and 300 K ferromagnetic aligned state. The loose
spin coupling approach taken in Saerbeck et al.® reproduces
our observations well. Additional PNR measurements, taken
on different Cug94Mng s spacer layer thicknesses, show a
consistent magnetic structure and support the theoretical
approach. This highlights that the canted magnetic structure
is a phenomenon of greater generality rather than a case of
well-matched coupling terms for a single spacer thickness.
Combined PNR and theoretical analysis of the system as
a function of Mn impurity concentration will further test
the theory and determine the impact of dilute magnetic
impurities on the interlayer exchange coupling of the host
system.

Our analysis highlights the unique capability of PNR
in determination of depth-resolved magnetization profiles in
magnetic multilayers. Accurate measures of complicated 2D
domain states, coupled with high vertical correlation through
the multilayer, are obtained and individual coupling angles
determined at distinct external field and temperature values.
Structural and averaged bulk magnetizations integrated over
the sample are obtained simultaneously and allow conclusions
about the large-scale homogeneity of the sample. Together
with supporting measurements of complementary techniques,
such as magnetometry and x-ray reflectometry, unambiguous
3D layer resolved vector models can be obtained, which is a
unique characteristic of PNR.
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