PHYSICAL REVIEW MATERIALS 4, 104404 (2020)

Direct observation of magnetic proximity effects in amorphous exchange-spring
magnets by neutron reflectometry
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In this paper, we report a direct observation of a magnetic proximity effect in an amorphous thin-film
exchange-spring magnet by the use of neutron reflectometry. The exchange-spring magnet is a trilayer consisting
of two ferromagnetic layers with high 7, separated by a ferromagnetic layer, which is engineered to have
a significantly lower 7, than the embedding layers. This enables us to measure magnetization depth profiles
at which the low-7, material is in a ferromagnetic or paramagnetic state, while the embedding layers are
ferromagnetic. A clear proximity effect is observed 7 K above the intrinsic 7. of the embedded layer, with a

range extending 50 A.
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Magnetic proximity effects can be prominent at inter-
faces [1]. These interface effects are present in a variety of
magnetic thin films and heterostructures, often having pro-
found effects on the observed magnetic properties [2,3]. As an
example, proximity effects in nonmagnetic spacer layers sepa-
rating two ferromagnets can give rise to long-range interlayer
exchange coupling [4], changes in ordering temperature [5],
and/or nonoscillatory alignment of magnetic layers [6,7].
Since layered magnetic structures are ubiquitous in modern
technology, the understanding of magnetic proximity effects
is of fundamental importance.

In this paper, we investigate the proximity effect in a
ferromagnet-paramagnet system, more specifically in a tri-
layer [8] of an amorphous exchange-spring magnet [3].
Amorphous heterostructures are free of atomic step edges
and grain boundaries and can therefore have well-defined
and smooth layers [9]. The exchange-spring magnet inves-
tigated here consists of three ferromagnetic layers, shown
schematically in Fig. 1. The top Cogs(AlZr)s layer (A)
has an intrinsic 7. well above room temperature and a
small imprinted uniaxial anisotropy obtained as described in
Refs. [3,10]. The middle layer (B), which is magnetically
isotropic Cogo(AlZr)4, is engineered to have a T, well be-
low room temperature, much lower than the other layers.
The bottom layer (C) consists of SmgCog,, which has a T
well above room temperature. Layer C has a large imprinted
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anisotropy, which can, e.g., be used to increase the mag-
netic coercivity of the adjacent layers. This type of sample
structure has previously been used to indirectly demonstrate
that a proximity-induced magnetization exists in layer B well
above its intrinsic ordering temperature 7.2 [3]. The inferred
proximity effect was observed to result in an exchange-spring
behavior at temperatures 50% above T.® and an exchange
bias at even higher temperatures. However, no direct infor-
mation concerning the magnetic state of the center layer was
provided. Here we present direct evidence of an induced mag-
netization in the low-7, middle layer and we also infer the
magnetic profile throughout the layers, using polarized neu-
tron reflectivity measurements [11]. In particular, polarized
neutron reflectivity measurements return the absolute mag-
netic moment and thus complement the results obtained by
X-ray resonant magnetic scattering described in Ref. [3].

The samples were grown by dc magnetron sputtering
in a UHV sputtering chamber at an Ar (99.9999% purity)
sputtering gas pressure of 0.27 kPa. First, a 20-A-thick seed-
ing layer of Al;9Zr3y was deposited on a Si(100) substrate
(with the native oxide) from an AlyyZr;y alloy target of
purity 99.9%. Subsequently, a 200-A-thick SmgCoo, alloy
film was grown by cosputtering from elemental targets of
Co (99.9% purity) and Sm (99.9% purity), after which a
COGO(A170ZI’3())40 of 1OOA and a C085(A17()Zl"30)15 layer of
150 A were grown by cosputtering from the Co and AlZr
targets. Finally, a 30-A-thick capping layer of AlygZr3, was
grown to protect the underlying magnetic trilayer from oxi-
dation. All films were grown at room temperature and were
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FIG. 1. A schematic representation of the amorphous trilayer and
an inferred magnetic proximity effect. The arrows denote the size
of the magnetic moments. Layers A and C have a high magnetic
ordering temperature whereas layer B has a low ordering temperature
as shown on the right. As illustrated in the figure, a pronounced
proximity-induced magnetization in layer B is expected at temper-
atures above TC.B. Figure adapted from Ref. [3].

not heated above room temperature to avoid interdiffusion
of the layers. Two permanent magnets provided a magnetic
field of approximately 0.1 T parallel to the plane of the
films during growth as described in Ref. [10]. This induces
a uniaxial in-plane anisotropy in the ferromagnetic layers
having an ordering temperature above the growth tempera-
ture (A and C). The atomic flux as a function of magnetron
power was determined for each target material through x-ray
reflectivity measurements of films grown using each of the
magnetrons. The power on each magnetron was then set to
achieve a given composition while cosputtering. Rutherford
backscattering spectrometry previously confirmed that this
is a robust method for the materials in question [12,13].
Magneto-optical Kerr effect (MOKE) measurements were
carried out on the samples to confirm the 7, of the middle layer
and that the magnetization loops of the trilayers were con-
sistent with previously studied samples. More details on
the growth and structural characterization can be found in
Refs. [3,10,14,15]. Notably, the use of x-ray reflectivity mea-
surements in Ref. [14] shows that the growth methodology
results in well-defined boundaries of the layers, returning a
4 A root mean square (RMS) interface roughness and thus rul-
ing out significant interdiffusion even for interlayers as thin as
25 A. Susceptibility measurements did not provide any useful
signal from a change in magnetization of the center layer.
Polarized neutron reflectivity experiments were carried out
at the PBR beamline at NIST at a wavelength of A = 4.75 A
using an instrument resolution of Ax/X = 0.01. Four reflec-
tivities, corresponding to the two non-spin-flip channels (RT*
and R™7) as well as the two spin-flip channels (R™* and
R*7), were measured out to g = 0.2 Al at T: =300 K,
T, =110 K, and 75 = 10 K. With T® = 103 £ 1 K [3] (see
Fig. 1), these temperatures correspond to 77 > TCB, T, > TCB,
and T3 < T.®. Samples were measured with an applied exter-
nal field of uoH = 10 mT along the easy axis of the imprinted
anisotropy and the scattering plane perpendicular to this axis.
Measurements of the spin-flip reflectivities returned mainly
noise, consistent with the presence of a collinear magnetic

state [11], which is reasonable in the given measurement
configuration. The spin-flip reflectivities were therefore sub-
sequently disregarded in the fitting process.

Data were fitted using the GENX 2.4.7 reflectivity package
with the new MagRefl module [16], using the logarithm of the
reflectivity as the figure of merit. The sample model consists
of a partially oxidized capping layer (oxide consisting of a
70/30 mixture of Al,O3/ZrO, and and a Al;oZr3 layer), a
magnetic Cogs(AlZr);s layer, a magnetic Cogy(AlZr)sg in-
terlayer, a magnetic SmgCoqg, layer, and a seeding layer of
Aly9Zr3p on a thin SiO; layer on a Si substrate (see Fig. 3).
Most structural parameters were determined by fitting the
results obtained at 7 = 300 K and uoH = 10 mT. Reflec-
tivity measurements are not sufficient to uniquely determine
the chemical composition of layers consisting of more than
two elements, but the validation of the sample preparation
procedure stated above justifies fixing the stoichiometry of the
layers to the intended values and only allowing their densities
to vary during the fitting at 7 = 300 K and uoH = 10 mT. In
the simulations, the low-T; layer was defined by ten slices and
the total magnetic moment of these layers were fitted to a sum
of two power laws with the same exponent, corresponding
to a decaying magnetization from each interface, induced by
the neighboring ferromagnetic layers as illustrated in Fig. 1.
A power-law decay of the magnetization was chosen as it is
the functional form of the long-range exchange interaction,
as, e.g., described in Refs. [3,17]. The resulting stepwise
magnetic profile was smoothed by allowing a small, linked
chemical interface width (7 A RMS) for each slice. Only
the magnetization of the three ferromagnetic layers and their
profiles were allowed to vary when fitting the data obtained at
T =110 K and T = 10 K. Changes in layer thickness were
needed to account for the thermal expansion in the layers,
which was determined to be 4.1 x 10~> K~!, or 1.2% when
heating the sample from 7 = 10 K to 7 = 300 K. Notice
that the determined thermal expansion only holds for the
combined film and substrate, where the substrate provides
an elastic boundary defining the changes in the lateral direc-
tion with temperature, due to clamping effects. The resulting
polarized neutron reflectivity results (scaled in ¢) and corre-
sponding fits are shown in Figs. 2(a)-2(c).

The determined chemical and magnetic scattering length
density (SLD) profiles at T = 300 K and puoH = 10 mT are
shown in Fig. 3(a), as functions of the distance from the
substrate (7). Both the R*" and the R~ fits at T = 300 K
are of good quality and yield a chemical SLD profile with
interface widths equal to or less than 8 A RMS. In particular,
for layers A, B and C widths were found to be in the range
6 — 8 A RMS. The results from the fits of polarized neutron
reflectivity data described in Ref. [14] agree almost perfectly
with the ones presented here. Furthermore, the analysis of
neutron reflectivity were found to return slightly larger inter-
face widths (6 A RMS) than the x-ray reflectivity results (4 A
RMS) [14].

The inferred magnetic SLD profiles are shown in Fig. 3(b).
AtT =300 Kand uoH = 10 mT (green line), no magnetiza-
tion is observed in layer B. Furthermore, the magnetization
at the interfaces decays sharply, consistent with relatively
short-ranged magnetic interface effects at that temperature.
At the lowest temperature, 7 = 10 K (black line), the middle
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FIG. 2. Non-spin-flip-polarized neutron reflectivity scans, R™~
and R™, measured at uwoH = 10 mT and (a) T =300 K, (b) T =
110 K, and (c) T = 10 K. Fits are shown as solid lines in red and
blue. Error bars correspond to 1 standard deviation and are shown
only on the upper side for clarity.

layer is magnetized, as expected, since this is well below
the ordering temperature of that layer. Significant magnetic
SLD is seen throughout layer B at 7 = 110 K (red line)
which is well above the ordering temperature (7 K above
TP). The uncertainty in the magnetic SLD of layer B was
estimated by inspection of how much it can be altered before
the fits become visually worse. This limit was found to be
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FIG. 3. (a) Chemical and magnetic SLD profiles at puoH =
10 mT and T = 300 K for the entire exchange-spring magnet het-
erostructure. The capping layer, layers A, B, C, the seeding layer,
and the substrate are indicated. Oxide layers on the capping layer
and substrate are also marked. (b) Magnetization profiles of the
low-T, Cogo(AlZr)4 middle layer and its interfaces at uoH = 10 mT,
T = 10, 110, and 300 K. Error bars (not shown) of the magnetization
in the center of this layer are 7% for all temperatures. The magneti-
zation profiles at 7 = 10 K and 110 K have been offset to correct for
the measured thermal expansion.

7% for both the T = 10 K data and the 7 = 110 K data.
For technical reasons, the latter uncertainty was also used for
the magnetic SLD at 7 = 300 K. The R** fitat T = 10 K
has some uncertainty, but the fitting process always returns
zero magnetic SLD in the center of layer B at T = 300 K,
weak magnetization in layer B at T = 110 K, and significant
magnetization in layer B at 7 = 10 K for a large number of
attempted models. It is therefore believed that the results are
robust and conclusive. Thus, having as much as = 1/4 of the
magnetic SLD retained well above the intrinsic ordering tem-
perature of the layer can be viewed as a strong manifestation
of a long-range magnetic proximity effect. However, we need
to have a closer look on the changes in the magnetic profile
to obtain a better understanding of the roots of the inferred
proximity effects.
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TABLE 1. Absolute value of the half-width half maxima of the
derivative of the magnetic SLD profiles.

Temperature (K) I(A) I (A) 111 (A) IV (A)
10+ 1 73 8.7 9.1 8.3
110+ 1 8.3 12 12 8.6
300 + 1 7.4 73 9.1 79

As there is a significant magnetization in the center of the
100-A-thick layer B well above TB, the range of the proximity
effects can be inferred to be at least 50A at T = 110 K,
consistent with the presence of long-range effective exchange
interactions [3]. Beside these long-range effects, the width
of the magnetic interface is changing as seen in the changes
of the SLD, displayed in Fig. 3(b). Four half-widths at half
maxima were determined, describing the spatial change in
magnetization at the interfaces of the layers. The choice of
half widths at half maxima as a measure arises from the need
to capture the expected asymmetry in the magnetic profiles.
The results are provided in Table I, the annotations of the
interfaces I-IV are defined in Fig. 3(b). The widths I and IV
describe the change in the magnetization of the outer bound-
aries of layers A and C. These are found to be independent of
temperature.

The changes in width II (IIT) describe the changes in the
magnetization profile of the interface of A (C) and B. At
T =10 K, all the layers are close to being fully magnetic
and the deduced magnetic SLD therefore resembles primarily
the distribution of the elements in the sample. The width
of the interface includes intermixing and roughness of the
layers, which are indistinguishable in specular reflectivity and
independent of temperature. At 7 = 300 K, the magnetization
and susceptibility of layer B are negligible and the width
is therefore dominated by the elemental distribution and in-
terface effects in layers A and C. Thus the widths of the
magnetic profile obtained at these temperatures are expected
to be similar, as the ordering temperature is much higher than
room temperature. We also note the center of the distribution
is unchanged with temperature. The width of the magnetic
profile in regions II and III is clearly larger at 7 = 110 K as
compared to the other temperatures, as seen in Fig. 3(b) and
Table I. To underpin the above analysis, a normal probability
plot of the values in Table I was done (not shown). It revealed
that the widths of regions Il and Il at 7 = 110 K are outliers
at 2.0 o, while the rest of the observations are approximately
normally distributed around a sample mean of 8.8 A, again

consistent with the previous discussion of chemical interface
widths. The decay of the magnetic SLD at 7 = 110 K is there-
fore consistent with the presence of short-ranged magnetic
proximity effects at the interfaces between A (C) and B.

The above discussion is based upon interface effects
arising from the temperature-dependent magnetic suscepti-
bility at and above 7,.. Monte Carlo simulations involving
beyond-nearest-neighbor interactions show that not only is
the calculated peak in the magnetic susceptibility shifted to
higher temperature, it is also significantly broadened due to
proximity effects [3]. Furthermore, an extended region of
induced magnetization can be expected in layer B, when in-
teractions are beyond nearest neighbor. However, independent
of the range of interactions, there will be a decay in the
magnetization with increasing distance from the interface. It is
therefore difficult to rationalize the observed constant level in
the magnetic SLD in layer B at T = 110 K using these ideas.

The influence of the elemental distribution in random al-
loys on magnetic properties was recently addressed using
atomic probe measurements [18]. The change in the effective
exchange coupling with concentration (§T¢/6c o< 6J/8¢) [18]
was used to develop a description of the magnetic proper-
ties of random alloys. For example, the results were used to
describe unusual thickness dependence of the ordering tem-
perature in the extreme thin limit [19,20] and the resulting
magnetic susceptibility above T¢ in the thin layer limit [21].
The most important consequence of the inhomogeneous spa-
tial distribution of the elements (random) is the formation
of dynamic wormlike magnetic features. The size of these
features is limited by the effective cutoff in magnetic coupling,
defined by changes in the /ocal chemical composition and the
temperature [18]. When in contact with layers A and C, these
can be polarized, retaining a net magnetization, from a pinning
at the interfaces. We therefore argue that the obtained proxim-
ity effects have two origins: (1) short-ranged magnetic inter-
face effects and (2) magnetization arising from random and
dynamic magnetic networks, pinned by the magnetic interac-
tions at the interfaces. These findings open up questions con-
cerning interface effects, which could have large a impact on
our understanding and design of layered magnetic materials.
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