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Compositionally-graded amorphous rare earth:transition metal ferrimagnetic thin films offer exciting
potential for enabling field-free spin-orbit torque (SOT) switching in spintronic devices. Vertical
compositional gradients have previously been developed to enhance SOT efficiency via a proposed
transition from out-of-plane (OOP) to in-plane (IP) magnetization to induce Dzyaloshinskii-Moriya
interaction that breaks inversion symmetry within the layer. Here, we directly mapped the
magnetization orientations within compositionally-graded GdCoFe layers by probing the depth-
dependent local effective Gd-magnetization or the local net magnetization using X-ray and neutron
reflectivity (PNR), respectively. These methods showed contrast between IP and OOP magnetization
zones through the film thicknesses and PNR showed the magnetization compensation point within a
graded GdCoFe layer. Transitions from IP to OOP magnetization depended on the local composition,
and it was observed that some of these changes do not agree with expectations from the study of films
with uniform composition. These results give the spatial distribution of magnetization and hence the

anisotropy, essential for understanding and optimising field-free SOT switching.

Ferrimagnetic (FIM) materials, characterized by two magnetic sublattices
with opposing magnetizations, have long generated significant interest for
fundamental research and applications due to their distinctive magnetic
properties™ and more recently for their emerging potential in
spintronics””. Unlike ferromagnets, which exhibit large magnetization
resulting in stray fields, and antiferromagnets that have undetectable net
magnetization, FIMs maintain a small, yet measurable net magnetization,
which in spintronics enables efficient electrical readout®’. The rapid
advancement of spin-orbit torque (SOT) research has further driven interest
in FIMs, particularly due to their ultrafast switching behavior®'"", arising
from exchange-dominated high-frequency magnetization dynamics similar
to those found in antiferromagnets.

Among FIM systems, rare earth-transition metal (RE:TM) alloys have
been a key focus for their compositionally tunable magnetic behavior. These
alloys exhibit antiferromagnetic coupling between the RE and TM magnetic
sublattices, which each have different temperature dependencies that results
in compensation points—specific temperatures and, at a fixed temperature,

specific compositions at which the net magnetization or angular momen-
tum vanishes'’. Near compensation, enhancements in SOT efficiency" and
Gilbert damping'* have been observed, enabling effective control of domain
wall dynamics®. Notably, perpendicular magnetic anisotropy (PMA) has
been reported within specific RE concentration ranges near the compen-
sation point, further advancing the potential of RE:TM alloys for high-
density data storage applications'*™"*.

Recent studies have shown that nominally uniform RE:TM ferrimag-
netic alloys can exhibit naturally occurring compositional gradients through
the film thickness, strongly influencing their magnetic and spintronic
properties”’~*, as well as their amorphicity”***. One remarkable effect arising
from such gradients is the gradient-driven Dzyaloshinskii-Moriya interac-
tion (g-DMI), observed in naturally graded GdCoFe™ and GdCo alloys”, as
well as in intentionally graded ferromagnet-nonmagnet alloys™. DMI
breaks inversion symmetry and stabilizes chiral spin textures such as
domain walls and skyrmions™ . Combined with SOT, DMI has demon-
strated potential for enabling field-free deterministic SOT switching” ™.
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Building on these observations, recent experiments have investigated
SOT switching in RE:TM systems with deliberately controlled vertical
composition gradients”™*', demonstrating field-free SOT switching in sys-
tems such as CoTb”” and GdCoFe"'. In these studies, it was inferred that a
vertical compositional gradient approaching the compensation point in
RE:TM ferrimagnetic thin films induced a transition from in-plane (IP) to
out-of-plane (OOP) magnetization - or even a canted configuration -
thereby promoting the formation of bulk g-DMI. Zheng et al.” also indi-
cated that bulk g-DMI shares the same symmetry as interfacial DMI in
nonmagnetic/ferromagnetic (NM/FM) bilayers, while theoretical work*
has proposed domain wall (DW) nucleation, aided by edge spin canting, as
the mechanism through which g-DMI enables field-free SOT switching,
mirroring interfacial-DMI-driven processes’*>*. However, direct experi-
mental verification of the proposed spatial distributions of IP and OOP
magnetized regions within such compositionally-graded RE:TM films
remains an open challenge.

In this study, the anisotropy of the magnetization was mapped through
the thickness of compositionally-graded GdCoFe alloy thin films using X-ray
resonant magnetic reflectivity (XRMR) and polarized neutron reflectivity
(PNR). XRMR measurements at the Gd L edge reveal a complex depth-
dependent variation in the magnetization orientation of the RE sublattice,
suggesting the presence of non-collinear magnetic configurations within the
RE layer. Reversing the Gd gradient reversed the magnetization profile and
highlighted the influence of adjacent layers, particularly the Pt interface,
which may enhance canting via DML PNR analysis identified the com-
pensation point within the graded layer separating the RE-rich and TM-rich
regions as well as showing sharp transitions of IP to OOP magnetizations
dependent on Gd concentration gradients. Using these techniques on a series
of specifically designed samples demonstrated the mapping of the magnetic
depth profiles of either the RE sublattice or the net magnetization, enabling
the exploration of the regions within compositionally-graded RE:TM alloys
thin-films with IP and OOP magnetic anisotropies and locating the region of
magnetic compensation within a single graded layer.

Pt(5)/GdCoFe(40)/Al(7)

Results and Discussion

Gd concentration dependence of perpendicular magnetic ani-
sotropy in uniform films

First, to provide a basis for later analysis, a series of nominally uniform
RE:TM thin-films were grown by sputtering (see Methods) with different
Gd concentrations to determine the range over which PMA occurs. Mag-
netic measurements were undertaken using a vibrating sample magnet-
ometer (VSM) (see Methods). Figure 1a, b show room-temperature VSM
hysteresis loops of Pt(5nm) \ Gd,(CosyFe;y), (40 nm) \ Al(7 nm) and
Al(5nm) \ Gd,(Co,oFeqy),_,(10nm) \ Al(7nm) stacks (x is the Gd
atomic percentage), respectively, measured with the applied field IP and
OOP. Easy axis behavior is identified by a sharp, high remanence, square-
shaped loop, whereas hard axis measurements exhibit largely anhysteretic,
S-shaped loops saturating at a higher field. Representative loops for both
multilayered systems shows the onset of PMA-dominated behavior in each
case, where the easy axis is observed in OOP field measurements. The
saturation magnetization, M,, extracted from these loops is plotted as a
function of Gd concentration in Fig. 1c, d. The PMA-dominated regions,
indicated by the shaded background, are estimated to lie between 23 and 24
at.% Gd for the Pt-seeded 40 nm films, and between 23 at.% and 26 at.% Gd
for the Al-seeded 10 nm films, which are in the vicinity of the expected
compensation point'®".

Identifying the PMA-dominated compositions of uniform films pro-
vides a critical foundation for interpreting the results from compositionally-
graded GdCoFe systems. This allows the graded samples—where the Gd
concentration varies continuously through the film thickness—to be com-
pared against known magnetic behavior in uniform films. In particular, the
compositions around the compensation points and regions of OOP ani-
sotropy observed in XRMR and PNR measurements can be directly cor-
related with the PMA windows identified here. This correlation enables a
layer-resolved interpretation of the graded films, offering insight into how
spatial variation in Gd concentration tunes the local magnetic anisotropy
and net magnetization.

Al(5)/GdCoFe(10)/Al(7)
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Fig. 1 | Quasi-static magnetic characterization of nominally uniform GdCoFe
layers. a Room-temperature vibrating sample magnetometry (VSM) hysteresis
loops for Pt(5 nm)/GdCoFe(40 nm)/Al(7 nm) films with Gd concentrations of 19
at.% and 23 at.% and (b) for Al(5 nm)/GdCoFe(10 nm)/Al(7 nm) films with Gd
concentrations of 20 at.%, 26 at.% and 30 at.%. In both panels, the upper plots show

Gd Concentration (at.%)

full loops up to saturation fields, while the lower plots present zoomed-in loops
between -0.1 T and 0.1 T. ¢ Saturation magnetization (M) versus Gd concentration
extracted from the unnormalized loops in a, and d, corresponding data extracted
from b.
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Fig. 2 | Bulk magnetic behavior and compositional properties of V Gd > 0 sample.
a Schematic of the V Gd > 0 sample grown with the nominal structure

Pt(5nm) \ Gd,(CosyFe;),_,(40nm) \ Al(7 nm). The gradient color block in the
GdCoFe layer serves as a guide to the eye, indicating a Gd concentration gradient
from 19—24 at.%, increasing from the bottom to the top interface. b Secondary
ion mass spectrometry profile of the V Gd> 0 sample showing the elemental
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distribution through the GdCoFe layer. The Gd profile, shown as blue squares,
confirms a positive gradient of Gd concentration through the layer, while Co and Fe,
shown as green circles and black triangles respectively, exhibit an opposite gradient.
¢ VSM magnetic hysteresis loop of the V Gd >0 sample measured at room tem-
perature under IP and OOP magnetic fields. The inset displays the full measurement
range showing saturation.

Spatial variation of Gd moments in compositionally-graded
GdCoFe films

Two compositionally-graded systems were grown on a Pt underlayer by
sputtering with a Gd concentration range spanning 19—24 at.% for both
positive ( V Gd >0) and negative ( V Gd <0) gradient directions. The
V Gd > 0 sample has a Gd concentration of 19 at.% at the bottom interface,
which gradually increases to 24 at.% at the top interface with the Al capping
layer, as shown schematically in Fig. 2a. These samples were specifically
designed for XRMR measurements, with the material selection and thick-
nesses of the under and capping layers, and the thickness of the magnetic
layer, carefully optimized in advance using GenX simulations. This design
ensures that the magnetic asymmetry ratio fringes appear in the low scat-
tering vector Q range, where the signal-to-noise ratio is maximised. The
elemental distribution within the GdCoFe layer is confirmed by secondary
ion mass spectrometry (SIMS) (see Methods) and shown for V Gd >0 in
Fig. 2b. The Gd concentration gradually increases through the thickness,
while Co and Fe exhibit gradients in the opposite direction. The V Gd <0
sample was grown with the same structure, but the Gd gradient was
reversed. The SIMS profile for the V Gd <0 sample is provided in Sup-
plementary Fig. 1b. Figure 2c shows the room-temperature magnetic hys-
teresis loops of the V Gd > 0 sample, where the loops measured with OOP
and IP fields are similar; while the observation of hysteretic behavior with IP
and OOP fields confirms the presence of both in-plane and PMA compo-
nents. The hysteresis loop for the V Gd <0 sample, shown in Supple-
mentary Fig. 1c, exhibits more pronounced PMA behavior.

Quasi-static macroscopic magnetometry techniques, such VSM, pro-
vide an average magnetization response across the entire sample. For uni-
form systems, this average can indicate the predominant magnetization
direction. However, in compositionally-graded systems, where both local
magnetization and anisotropy vary with alloy concentration, interpreting
VSM results becomes speculative. XRMR enables simultaneously resolving
of the structural and magnetic depth profiles. By tuning circularly polarized
X-rays to the Gd L; edge, analysis of XRMR enables depth-resolved and Gd-
specific magnetic sensitivity in terms of scattering length densities (SLDs)”.

The XRMR measurements (see Methods) were conducted under a 0.1 T IP
applied field, where only the IP magnetized regions of the layer are expected
to be saturated along the field direction, while the PMA regions would be
canted by the IP field or remain essentially oriented OOP. Since the
absorption of the X-ray beam is sensitive only to the magnetization com-
ponent parallel to the beam polarization (i.e. the IP component), the mea-
surement provides magnetization contrast between the IP and OOP regions
of magnetization through the layer thickness.

The XRMR data for the V Gd >0 sample are shown in Fig. 3a and b,
along with the best-fit simulations. The specular reflectivity in Fig. 3a
contains structural information, while the asymmetry ratio (AR) data
provides magnetic sensitivity. Both datasets were fitted simultaneously
using the GenX code™’. Multiple simulations were carried out for different
initial parameter values to generate uncertainties in the resulting scattering
length density (SLD) profiles. The structural SLD is plotted in Fig. 3b as a
function of depth and compared with the Gd composition profile obtained
from SIMS. The structural SLD reveals the electron density profile, with
distinct Pt and Al layers on either side of the GdCoFe film. The Al capping
layer exhibits signs of oxidation, resulting in a less well-defined SLD profile.
While the SIMS data clearly show a Gd concentration gradient across the
layer, the structural SLD does not exhibit such alarge variation, as the overall
density of GdCoFe remains nearly constant as the Gd concentration
changes from 19—24 at.%, due to the similar mass densities of the con-
stituent elements. The XRMR data and structural SLD for the V Gd<0
sample show similar behavior and are presented in Supplementary Fig. 2.

Figure 4a shows the Gd magnetization profile through the layer in
the V Gd > 0 sample, presented as a magnetic SLD obtained from repea-
ted fitting simulations using GenX, where the error bars indicate the
variability in the best fitting solution. The elemental SIMS profile of Gd,
plotted with the magnetic SLD, reveals a linear increase in Gd concentration,
while the in-plane Gd magnetization rises non-linearly, peaking at around
22 atomic %. Beyond this point, the in-plane Gd magnetization signal
decreases rapidly, approaching zero toward the interface with the Al

capping layer in the region of 22—24 at.% Gd located between 30 and 40 nm
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Fig. 3 | Gd-specific X-ray analysis for
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V Gd > 0 sample. a XRMR specular reflectivity and (a) (c)
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Fig. 4 | Gd magnetic depth profile within 40 nm graded GdCoFe layer.

a, ¢ Magnetic scattering length densities (SLD) (red dots) obtained from the best-
fitting simulations of XRMR data measured at the Gd L;-edge for the V Gd >0 and
V Gd < 0 samples, respectively, plotted alongside the Gd composition profile (blue
squares) from SIMS as a function of layer thickness. The magnetic SLDs were
extracted from repeated simulations, with the variation among profiles providing the

error bars shown. b Calculated Gd moment angle with respect to the applied field as a
function of depth and Gd composition within the GdCoFe layer. The stacks of red
arrows alongside the angle graphs visually indicate the Gd moment directions
through the layer, assuming no in-plane orthogonal components. The differ-

ent colored background of the blocks serves as a visual guide to the Gd concentration
gradient through the layer.

in depth. Despite the increasing Gd concentration, the in-plane Gd mag-
netization decreases, likely due to moments rotating perpendicular to the
beam polarisation (and applied field), indicating regions with different
anisotropies. The expected PMA-dominated region confirmed between
23-24 at.% Gd shown in Fig. 1c agreed with magnetic SLD profile shown
in Fig. 4a.

The Gd magnetization is expected to be proportional to the local
atomic fraction of Gd throughout the GdCoFe layer. Since XRMR is only
sensitive to the moments along the x-ray axis, the measured magnitude of
the Gd magnetic SLD represents the cosine projection of this moment along
the measurement axis (and the applied field). By comparing the expected
total Gd magnetization (using the elemental SIMS Gd profile as a proxy)
with the resulting Gd magnetic SLD, the angle of Gd magnetization was
determined. The resulting angle is plotted as a function of magnetic layer
depth in Fig. 4b, left panel. The schematic arrows along the side of the plot
approximate the Gd magnetization directions throughout the layer,
showing in the region from 23 at.% to 24 at.% that the magnetization is
orthogonal to the IP field, indicating PMA. Surprisingly, in the 19—22 at.%
Gd region, where IP alignment is expected, the moments are not fully

aligned with the applied field. In this region, the observed angle might not
indicate canting toward the OOP direction but could suggest canting in the
IP orthogonal plane, although distinguishing between these cases is non-
trivial and may also involve some non-colllinearity or sperimagnetism**™’ of
the Gd moments.

The Gd magnetization profile for the V Gd <0 sample is shown in
Fig. 4c, with the corresponding Gd moment angle, calculated in the same
manner as for the V Gd > 0 sample, displayed in the right panel of Fig. 4b.
Overall, the Gd magnetization variation and the orientation angles relative
to the applied field exhibit a reversed trend through the thickness, as
expected for the reversed Gd profile. Both samples show a transition region
where the magnetization changes from in-plane to out-of-plane over
~12nm thickness within the RE:TM layer, with a compositional change
from 22 at.%—24 at.% of Gd. However, different behavior is observed in the
IP region. In the V Gd >0 sample, the IP region is located near the Pt
interface, while in the V Gd <0 sample, it is closer to the Al interface. This
difference may result in distinct canting angles of the Gd moments, as the Pt
interface can induce interfacial DMI****’, leading to increased canting and
more complex spin textures near the Pt interface compared to the Al
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Fig. 5 | Bulk magnetic properties of 10 nm graded (a)
GdCoFe layer. a Schematic of the V,Gd > 0 sample

with a structure of Al(5nm) \ Gd,(Co,yFeg),_,

(10 nm) \ Al(7 nm), where the Gd concentration

spans from 16—40 at.%. b, c Magnetic hysteresis

loops of the V,Gd > 0 and V,Gd > 0 samples,

respectively, measured by VSM at room tempera-

ture. The V,Gd > 0 sample was grown with the same Al
structure as V,Gd > 0, but with a Gd concentration

gradient from 16—50 at.%, both with positive gra-

dients. Insets show full-range loops demonstrating

16 at.%
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interface. This final point highlights the relevance of the adjacent layers on
the magnetization orientation.

The schematic diagrams with arrows in Fig. 4b are provided as visual
guides, illustrating the estimated average magnetization orientation at
various positions through the sample thickness. These diagrams do not
imply any knowledge or assumption of chirality.

Depth-resolved magnetization profiles from polarized neutron
reflectivity in GdCoFe graded films

While XRMR provides the magnetic profile specific to a single sublattice, in
this case Gd, it is also relevant to investigate the net magnetization profile
through such compositionally-graded layers. Here, this was achieved using
the PNR technique (see Methods). A key advantage of neutrons is that they
possess intrinsic spin, which interacts with local magnetic induction within
materials, allowing PNR to locally probe the magnetization. Both V Gd >0
and V Gd < 0 XRMR samples have Gd concentration ranging from 19—24
at.%, but in opposite gradient directions. Based on the uniform reference
samples shown in fig.1(a) and (c), the net saturation magnetization
decreases as the Gd concentration approaches the magnetization com-
pensation point around 24 at.% of Gd. This would introduces challenges in
PNR analysis, as any reduction in the magnetic profile could be interpreted
either as a result of OOP magnetization alignment or simply due to the
intrinsic decrease in magnetization caused by increasing Gd concentration.
To address this potential ambiguity, a further set of samples was prepared
with the structure Al(5nm)\ Gd,(Co,yFegy);_.(10 nm) \ Al(7 nm),
optimized for PNR. Figure 5 shows a schematic of the sample structure and

IP and OOP magnetic hysteresis measurements. These samples featured a
broader range of Gd concentrations compared to those used in the XRMR
study, targeting the anisotropy regions below, around, and beyond the
compensation point. As shown in Fig. 1d, the expected PMA-dominated
region lies between 23 and 26 at.% Gd. To cover this range, two gradient
samples were grown: V;Gd > 0, with Gd varying from 16—40 at.%, as shown
in Fig. 5a, and V,Gd > 0, with Gd ranging from 16—50 at.%.

The PNR data for the V;Gd >0 sample are shown in Fig. 6a, b, dis-
playing both spin-up and spin-down channels, measured at two different IP
magnetic fields, 0.2 T and 3 T, respectively. The spin asymmetry ratios
obtained from the experimental and simulated reflectivity curves for both
fields are shown in Supplementary Fig. 3. The PNR data and corresponding
spin asymmetry ratio for the V,Gd >0 sample are provided in Supple-
mentary Fig. 4. Measurements at low and high fields provide magnetic
contrast between in-plane and out-of-plane components, as the magneti-
zation is fully in-plane at 3 T. Simultaneous refinement of both datasets,
constrained by the structural profile, improves the robustness of the fit. The
data were fitted using a slab model in the Refl1D code’”, across three
different wavelength bands to account for the varying Gd absorption. To
model the graded concentrations within the GdCoFe layer, the fitting
procedure employed multiple sublayers of GdCoFe, each with different
initial atomic concentrations for the constituent elements. The evolution of
the figure of merit for different numbers of sublayers used in the fitting is
presented in Supplementary Fig. 5.

The resulting structural SLD profiles are presented in Supplementary
Fig. 6. The real part of the structural SLD exhibits a decreasing trend along
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Fig. 7 | Net magnetization depth profiles of 10 nm graded GdCoFe layer.

a, ¢ Magnetic scattering length densities obtained from the best-fitting Refl1D
simulations of PNR data for the V,Gd > 0 and V,Gd > 0 samples, respectively. The
magnetic SLDs represent net magnetization profiles at both saturation field (3 T,
shown as yellow squares) and lower field (0.2 T and 0.8 T, shown as green circles for
V1Gd >0 and V,Gd > 0, respectively), plotted alongside the Gd composition profile

Mpet SLD (x1071)

(blue triangles) from SIMS as a function of layer thickness. b Calculated net mag-
netization angle with respect to the applied field as a function of depth and Gd
composition within the GdCoFe layer. The stacks of red arrows alongside the angle
graphs visually indicate the net magnetization orientation through the layer,
assuming no in-plane orthogonal components. The colored background blocks
serve as a visual guide to the Gd concentration gradient across the layer.

the film thickness, as expected. Although CoFe and Gd have similar mass
densities, neutron scattering is nucleus-specific and does not scale with
atomic number (Z), unlike X-rays53 . Therefore, the neutron SLD contrast
between CoFe and Gd is more pronounced, making the structural gradient
much clearer (see Supplementary Fig. 6). Notably, the Gd concentration
gradient in these PNR samples is broader than that in the XRMR samples.
The real and imaginary parts of the structural SLD of the PNR analysis for
the V,Gd > 0 sample are shown in Supplementary Fig. 6a, b, respectively.
The real part is dominated by contributions from Co and Fe as their values
are significantly higher than that of Gd. Consequently, the real part of the
structural SLD follows the gradient of Co and Fe, which agrees very well with
Co and Fe elemental profile from SIMS in Supplementary Fig. 6a, while the
imaginary part is dominated by neutron absorption by Gd and thus effec-
tively reflects the Gd gradient within the RE:TM layer. This is also in good
agreement with the elemental distribution of Gd measured by SIMS shown
in Supplementary Fig. 7a.

Figure 7a presents the depth-resolved net magnetization profile of the
V1Gd >0 sample, obtained from fitting the PNR data using Refl1D. The
yellow squares represent the magnetic SLD at 3 T, corresponding to full
alignment of the magnetization with the applied field. From the lower Al
interface, the magnetization rises rapidly as the RE:TM layer is established
and then falls as the increasing Gd opposes the antiferromagnetically aligned
TM dominated magnetization, which continues to a minimum at the
magnetic compensation point, where the contributions from the rare-earth
and transition-metal sublattices approximately cancel out. With further
increases of the Gd, the net magnetization increases as the Gd sublattice
dominates the magnetization and this continues until the interface with the
upper Al layer at which magnetization falls rapidly. This saturated state
behavior shows clearly the compositional variation and compensation point
behavior of the magnetization through the film thickness.

With a small applied field, the neutron reflectivity reveals the intrinsic
distribution of the magnetization orientations through the compositionally-
graded alloy layer. The green circles show the magnetic SLD measured in 0.2
T, reflecting only the IP components aligned with the neutron polarisation,
as PNR is sensitive solely to this component and cannot distinguish OOP
magnetization from IP components orthogonal to the neutron spin polar-
isation vector. However, the magnetic hysteresis loops in Fig. 1b indicate

regions within the Gd concentration gradient where OOP magnetization is
likely, consistent with the features observed in the magnetic depth profiles.
From the lower Al interface up to a total multilayer thickness around 10 nm
the magnetic SLD is zero, indicating OOP magnetization in this region. At
higher Gd concentrations the magnetization is IP and follows the saturated
data. This reveals a spatial variation in magnetic anisotropy from OOP to IP.
Within the film thickness, the upper Gd concentration of the OOP mag-
netized region occurs around the compensation point.

The angle of the net magnetization through the layer thickness was
estimated by comparing the data in the 0.2 T'and 3 T profiles, see Fig. 7b, left
panel. The red arrows on the side of the graph indicate the approximate
magnetization directions through the layer at low field, highlighting that in
the region between 16 and 26 at.% Gd, the magnetization is oriented
orthogonal to the in-plane applied field, indicating the presence of PMA.
This is followed by the transition from OOP to IP magnetization between
26—30 at.% over 1.8nm of thickness. This observation contrasts with
Fig. 1d, where uniform samples with 20 at.% to 22 at.% Gd in the same
structure exhibits IP magnetization. Based solely on the behavior of uniform
samples, the region of 16 to 22 at.% Gd would typically be associated with IP
magnetization. The extended PMA-dominated region downs to 16 at.% Gd
in the graded film suggests a strong interfacial influence from the Allayer on
the GdCoFe, enhancing perpendicular anisotropy. Supporting evidence
comes from another gradient sample grown with a Gd concentration range
of 16 to 30 at.% (denoted as V(Gd > 0), which exhibited pronounced PMA
in OOP VSM hysteresis loops (see Supplementary Fig. 8), confirming the
dominant PMA within this composition range. This discrepancy highlights
that the magnetization behavior in graded systems cannot be directly
inferred from uniform samples, due to the influence of compositional
gradients and interfacial effects.

Comparable plots and analysis for the V,Gd > 0 sample of the mag-
netic SLD and net magnetization angles are shown in Fig. 7c and in the right
panel of Fig. 7b, respectively. As expected, the net magnetization profile is
broader due to the extended Gd concentration range (16—50 at.%), which is
also reflected in the increased scale of the magnetic SLD compared to the
V,Gd > 0 sample. Notably, the compensation point and OOP regions are
shifted lower in the layer, because the same film thickness was used with a
larger Gd range. This shift is clearly visualized in Fig. 7b, where the OOP
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region for the V,Gd>0 sample appears ~1.2nm deeper than in the
V1Gd >0 sample. It is also evident that the transition between IP to OOP
magnetization regions is much sharper (<1 nm) and occurs at higher Gd
concentrations for the V,Gd >0 sample compared to V,Gd >0, both of
which may be important for exchange-spring behavior and field-free SOT
switching. The sharp IP to OOP transition observed in both V;Gd >0 and
V,Gd >0 samples is surprising considering the linear compositional gra-
dients. The transition zone is consistent with the narrow compositional
region around the compensation point'®”, but the fact that OOP magne-
tization is supported in Gd compositions down to 16 at.% is unexpected.
This finding constitutes one of the significant outcomes of this study, as such
magnetization behavior is not observed in uniform composition samples,
see Fig. 1b and d.

Compared to the V Gd>0and V Gd <0 samples measured using
XRMR, the PNR-measured V;Gd >0 and V,Gd >0 samples exhibit sig-
nificantly sharper transition regions between IP and OOP magnetization.
This observation is consistent with the fact that the PNR samples have a
reduced thickness, approximately one-quarter that of the XRMR samples,
and were grown with a much wider range of Gd concentration gradients. As
a result, the magnetization transitions are much narrower in the PNR
samples, while those observed via XRMR are comparatively broader.

These results provide, to the best of our knowledge, the first direct,
depth-resolved experimental insight into the spatial distribution of in-plane
and out-of-plane magnetization across compositionally-graded GdCoFe
films. By correlating XRMR- and PNR-derived magnetic profiles with
compositional gradients, this work provides insights for the g-DMI for-
mation in RE:TM ferrimagnets, which has been suggested to facilitate the
field-free SOT switching”*'. These findings bridge the gap between theo-
retical predictions* and experimental evidence, offering a clearer path
toward engineering vertical gradients and tailored magnetic anisotropy for
spintronic devices.

Conclusions

In conclusion, using XRMR and PNR measurements, the magnetization
profiles of the local Gd magnetization and the local net magnetization
through the thickness of compositionally-graded GdCoFe alloy films were
mapped, respectively. XRMR measurements of 40 nm thick GdCoFe films
with Gd concentrations varying from 19—24 at.% showed variations from
IP to OOP magnetization orientations and more complex angular variations
that may indicate sperimagnetism. When the Gd concentration gradient
was reversed, the Gd-magnetization profile was reversed overall, but also
showed distinct differences that indicate the significance of the different
layers above and below the GdCoFe film. PNR measurements of samples
composed of 10 nm thick GdCoFe layers with Gd concentrations ranging
from 16—40 at.% and 16—50 at.% showed the variations of the local mag-
netization through the thickness. Measurements at magnetic saturation
showed a clear magnetic compensation point within the films, and low-field
measurements showed a clear transition from IP to OOP magnetization as a
function of Gd concentration through the film thickness. Analysis also
showed that the transition for IP to OOP magnetized regions was sharp and
depended on the Gd concentration gradient.

Methods

Sample growth and characterizations

A series of uniform RE:TM samples were fabricated by magnetron co-
sputtering onto oxidized Si substrates, with the structure Pt(5 nm) \ Gd,
(CosyFeyy),_ (40 nm) \ Al(7 nm), where x = 19, 22, 23, and 24 at.%. The
base pressure was maintained at 10~ Torr, using high-purity Ar as the
sputtering gas at a working pressure of 3 x 10~ Torr. The average com-
position of the RE:TM layers was confirmed by energy-dispersive X-ray
spectroscopy (EDX). Different structures of Al(5nm) \ Gd,(Co,oFeq),
(10nm) \ Al(7 nm) were also grown with the same precodures where
x =20, 26, 28, and 30 at.%. These samples were used to identify the con-
centration range in which PMA is observed, as determined by VSM.

A graded GdCoFe layer was also prepared using a similar structure to
the uniform samples. The 40 nm GdCoFe layer was divided into ten sub-
layers, each with a different Gd concentration ranging from 19 to 24 atomic
%. The gradient was achieved by fixing the CoFe deposition rate while
progressively increasing the Gd rate across the sublayers (each ~4 nm thick).
SIMS confirmed the composition gradient, revealing a bottom sublayer
composition of Gd,q(CosyFe, ), and a top sublayer composition of
Gd,,(CosyFey),6. This graded sample was labeled as V Gd > 0, the reversed
gradient sample, V Gd < 0 which has been confirmed with SIMS as well.

Set of graded samples was fabricated using the same gradient method
but with a different structure: Al(5nm)\ Gd,(Co,yFeq,);_, (10 nm)\
Al(7 nm), where x = 16 at.% in the bottom sublayer and 40 at.% in the top,
labeled V;Gd > 0. Another sample with identical structure but Gd con-
centration spanning from 16 to 50 at.% and 16 to 30 at.%, labeled as
V,Gd >0, VyGd > 0, respectively. The composition gradient of these sam-
ples was also confirmed by SIMS.

All depositions were performed at room temperature, with no post-
deposition annealing.

Quasi-static magnetometry

Vibrating sample magnetometry (VSM) measurements were performed at
room temperature using a Lake Shore VSM at the School of Physics,
Engineering and Technology, University of York, with a maximum applied
field of ~1.5 T. The IP and OOP hysteresis loops were obtained by rotating
the sample holder to align either parallel or perpendicular to the applied
magnetic field direction.

International facility measurements and data analysis
XRMR measurements were conducted at room temperature on the XMaS
beamline at the ESRF*, using circularly polarized X-rays tuned to the Gd L;-
edge (7.24 keV) in a 6 — 20 scattering geometry. An avalanche photodiode
detector recorded the scattered intensity under an applied in-plane mag-
netic field of 0.1 T, alternated between parallel and antiparallel orientations
relative to the incident beam. The average specular reflectivity, I = (I, + 1)/
2, provided structural information, while the magnetic asymmetry ratio,
AI= (I, — I.)/(I; + 1), was sensitive to the Gd magnetic moments. Data
were analysed using the magnetic reflectivity module in GenX*, which
incorporates a recursion matrix algorithm™ and accounts for the
polarisation-dependent refractive indices, enabling simultaneous fitting of
structural and magnetic scattering length density (SLD) profiles.

PNR measurements were carried out on the POLREF beamline at the
ISIS Neutron and Muon Source™ to obtain the net magnetization depth
profiles. Measurements were performed under applied fields of 3 T and
lower fields (0.2 T for V,Gd >0 and 0.8 T for V,Gd > 0) for both neutron
spin polarisations. The nuclear SLD (structural) and magnetic profiles were
extracted by fitting the reflectivity data using the RefllD software
package’*, with simultaneous fitting across three wavelength ranges to
account for Gd’s strong energy-dependent neutron absorption. Different
fitting models were employed by varying the number of magnetic sublayers,
with the optimal model selected based on the minimum figure of merit.
Further details on the fitting model evolution and comparison of figures of
merit can be found in Supplementary Fig. 5.

Data availability
The supporting data for this paper are openly available from the Durham
University data archive (https://doi.org/10.15128/r2tb09j5732).
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