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Polarized neutron reflectometry characterization of interfacial magnetism
in an FePt/FeRh exchange spring
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We report on the depth-sensitive, temperature-dependent exchange coupling in an FePt/FeRh thin-film
exchange-spring structure. The depth-dependent in-plane magnetization is measured as a function of applied
magnetic field and sample temperature using polarized neutron reflectometry (PNR). The magnetization profiles
are interpreted in terms of the competition between anisotropy, exchange coupling, and dipolar coupling as the
FeRh undergoes the magnetic phase transition from antiferromagnetic to ferromagnetic ordering. The PNR data
are combined with bulk magnetometry and x-ray characterization, allowing us to determine characteristic length
scales over which the exchange-spring mechanism is effective at ambient and elevated temperatures.
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I. INTRODUCTION

Systems which exist at the intersection between phases
with different magnetic ordering are of great interest, both
as a fundamental scientific curiosity and for their potential
to be functionalized in next-generation technologies. Of these
systems, those in which the competition between the phases
can be manipulated with a practicably applicable stimulus
have the most promise for implementation in spintronic or
data storage devices, where switching efficiency is critical.
Equiatomic FeRh presents an excellent example of this kind
of system, as it undergoes a first-order phase transition from
antiferromagnetic (AFM) to ferromagnetic (FM) ordering at
temperatures only moderately above ambience, typically in
the range (80-100) °C [1-3]. The characteristics of this phase
transition are highly sensitive to a multitude of conditions,
including applied magnetic fields [3-5], hydrostatic pressures
[6-8], dopant species and concentration [9-11], and both epi-
taxial [12,13] and piezoelectrically induced [14—17] strains.
This tunable magnetic switchability at readily achievable tem-
peratures underpins its candidacy as a material for several
novel applications, such as in antiferromagnetic memory re-
sistors [18] and in magnetocalorics [19,20].

Advances in thin-film fabrication techniques have facil-
itated recent work on alloy composition-tuned systems in
which the magnetic ordering or exchange coupling can be
graded throughout the depth of a thin-film structure [21-23].
Frequently, polarized neutron reflectometry (PNR) is used
to resolve the depth-dependent magnetic properties in these
structures [21,22].
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Here we present PNR data on an FessPtys(10)/
FesoRhso(30)/Pt(1) thin-film sample, where the numbers in
parentheses denote nominal thicknesses in nanometers. This
study follows from our previous work, in which we character-
ized the nucleation and progression of the FM phase in FeRh
using PNR, and elucidate a critical dependence of the mag-
netic depth profile on surface morphology [24]. The hybrid
anisotropy FePt/FeRh structure studied here provides a path-
way to an implementation of heat-assisted magnetic recording
(HAMR) in which operational temperatures are reduced by
the exchange-spring mechanism [25]. Here, the coercivity of
the L1y-ordered FePt layer, which has perpendicular magnetic
anisotropy (PMA), is reduced when the FeRh layer becomes
FM at ~100°C. This temperature is comparatively lower
than the ~500°C required for currently proposed HAMR,
which would alleviate many of the problems that have hin-
dered the implementation of this technology [26]. Although
previous studies have investigated the bulk magnetic proper-
ties of FeRh/FePt film structures [26-28], a depth-resolved
experimental study of their magnetic properties is thus far
unreported. Understanding the length scales over which the
exchange-mediated effects are prominent in this system is
critical to optimizing the layer structure, thus allowing the
exchange-spring mechanism to be maximally exploited while
minimizing material usage, an important consideration where
uncommon metals are required.

PNR measurements were taken over a range of tem-
perature and applied magnetic-field conditions. By fitting
scattering-length density (SLD) profiles to the collected data,
we elucidate the exchange coupling between adjoining FeRh
and FePt through its effect to rotate spins away from their
respective anisotropy axes. This allows us to define a char-
acteristic length scale over which the exchange-spring effect
occurs. Additionally, we establish the presence of interfacial
ferromagnetism in the nominally AFM phase of the FeRh
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layer, and the effect of this on the neighboring FePt spins is
determined.

II. EXPERIMENT METHODS

The FePt/FeRh sample was fabricated by dc magnetron
sputtering onto a single-crystal MgO (001) substrate, with a
base pressure better than 2 x 1078 Torr . A 2-nm flash layer
was deposited from an Fes(Pts target to promote good adhe-
sion; then, the remainder of the FessPtys5 layer was cosputtered
at 650°C from Fe and FesgPts5y targets, using magnetron
powers of 46 and 100 W, respectively. The working gas was
Ar at 3-mTorr pressure. The Fe/FePt deposition powers were
calibrated using inductively coupled plasma atomic emission
spectroscopy to achieve ideal stoichiometry for L1, ordering.
The film was subsequently annealed at 750 °C for 2 h, after
which the temperature was set to 600 °C and 30 nm of FeRh
was deposited from an FesgRhs, target. Here, the magnetron
power was 100 W and the Ar working pressure was 3 mTorr.
The sample was then cooled in the vacuum chamber for 4 h
before capping with ~1nm of Pt to avoid oxidation (100-W
power, 3-mTorr pressure). While it is usual to anneal FeRh
for several hours after depositing, this step was omitted here
to minimize interdiffusion with the FePt layer, which would
significantly modify the physical, chemical, and magnetic
properties at the interface.

To confirm the crystallinity of the sample, x-ray diffraction
(XRD) measurements were conducted using a Rigaku Smart-
Lab system employing a two-bounce Ge(220) monochroma-
tor and producing x rays at the CukK, edge (wavelength A =
1.541 A). Measurements were performed in ¥—2¢ geometry
over the range 29 = (12-88)°, with a step size of 0.01°.
Background correction was achieved by subtracting an expo-
nential fit to the baseline signal. Integrated (001) and (002)
peak intensities for the FeRh and FePt layers were obtained
from Voigt profiles fitted to the XRD data to provide order
parameters for each layer. Using the same apparatus, x-ray
reflectivity (XRR) measurements were also made, allowing
the layer structure to be resolved. XRR data were taken over
29 = (0-4.5)° with a step size of 0.01 °. The data were fitted
to a dynamical simulation using the open-source software
GENX [29]. Here, a differential evolution genetic algorithm is
used to minimize a reduced x? figure of merit with respect to
layer thicknesses, Gaussian roughnesses, and densities.

Temperature- and field-dependent bulk magnetic proper-
ties were measured using vibrating sample magnetometry
(VSM) (MicroSense model 10). Here, a circularly cut sister
sample of 8-mm diameter was measured, which was fab-
ricated at the same time as the sample used for the PNR
measurements. The sample was deionized prior to measure-
ment to prevent erroneous signals from electrostatic buildup.
The magnetization was measured over the temperature range
(25-200) °C with constant in-plane applied fields of 1 and 7
kOe. Correction for diamagnetic background was achieved by
measuring a blank MgO substrate over the same temperature
range and subtracting from the FePt/FeRh/Pt measurement
data. Out-of-plane hysteresis loops were also measured at a
series of temperature setpoints.

The effects of applied magnetic field and temperature on
the nuclear and magnetic scattering-length density (n/mSLD)

were probed by PNR using the PolRef beamline at ISIS
[30]. The mSLD profile is proportional to the product of
the in-plane magnetization and the density of the sample
as a function of depth. Prior to measurement, the sample
was cleaned in acetone and isopropanol using an ultrasonic
bath (5 min each), then affixed to a copper block using a
conductive paste to promote good thermal coupling. This
arrangement was subsequently baked at 200 °C in vacuum
for half an hour to avoid outgassing during the measure-
ment. Spin-polarization resolved reflectivities were measured
at incident angles ¥ = 0.4°, 0.8°, and 1.6 °, providing good
signal-to-noise over a range of scattering wave vectors Q =
(0-0.15) A~'. The sample temperature was controlled using
a direct-contact heating stage in a vacuum furnace equipped
with a thermocouple positioned 1 mm from the back of the
sample. Once a given temperature setpoint was reached and
before any measurements were taken, the arrangement was
left to thermalize for at least 1 h to avoid thermometry errors.
Measurements were conducted with applied magnetic fields
of H = 1kOe (at 25 and 165 °C) and H = 7kOe (at 165 °C)
to decouple the effects of interlayer exchange and the applied
magnetic field on the mSLD.

Extraction of parameters from the PNR data was achieved
by fitting the data using GENX [29], with uncertainties cal-
culated using the BUMPS modeling package [31]. Layer
thicknesses, densities, roughnesses, and in-plane magnetiza-
tions were varied within ranges consistent with the VSM and
XRR data. To effectively model the mSLD profiles, the FePt
and FeRh layers were subdivided into two layers each, with
each sublayer having equal densities but different magnetiza-
tions. The roughness between two layers with bulk mSLD S,
and f, is modeled by GENX using a Gaussian mixing function,
such that across the interface the mSLD as a function of depth
Z is given by

B(z) = Es(2)p1 + [1 — E;(2)]182, ey

where E,(z) is an integrated Gaussian function where the
width o is centered at the interface.

III. EXPERIMENT RESULTS

The XRD data shown in Fig. S1 of the Supplemental Ma-
terial [32] confirms that the FePt and FeRh layers are well
ordered in the L1y and B2 phases, respectively. Voigt fits
to the fundamental and superlattice peaks of FePt and FeRh
allow order parameters S to be calculated through STR! =
0.935 x «/100]/1002 [33] and SFEPt =0.493 x »,/1001/1002 [34],
where Iy, and Iy, are the integrated intensities of the (001)
and (002) diffraction peaks of each material (Supplemental
Material, Fig. S2 [32]). This analysis provides SFR" = 0.817
and ST = (0.533, which are consistent with previously re-
ported values for FeRh [12,35] and FePt [36,37] thin films.

The thicknesses, densities, and roughnesses of each layer
were determined by XRR measurements, as shown in Fig.
S3 of the Supplemental Material. A dynamical simulation
was fitted to the measured reflectivity profile using the GENX
reflectivity package [29], resulting in the fitting parameters
provided in Table S1 of the Supplemental Material [32].
Thicknesses of (32.4 £+ 0.7) nm, (12.8 4 0.8) nm, and (0.58
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FIG. 1. (a) In-plane magnetization measurements as a function of sample temperature for H = 1 kOe and H = 7kOe. The large, hysteretic
change in magnetisation on heating is attributed to the MPT in the FeRh layer. (b) Out-of-plane M-H loops measured from the sample
at increasing temperature over the range 25-160 °C. (c) The sample coercivity H. normalized by the value at 25 °C, Hr—;s-c, plotted as a
function of temperature for the FePt/FeRh bilayer sample (red data) and a single 10-nm FePt film (blue data). Here, the solid and dashed
curves are guides to the eye. The data show a large reduction in the FePt/FeRh coercivity, consistent with the presence of an exchange-spring

effect.

=4 0.06) nm were determined for the FePt, FeRh, and Pt layers
respectively.

In-plane thermomagnetic measurements of the sample are
shown in Fig. 1(a), where applied magnetic fields of H =
1kOe and H = 7kOe were used. The data demonstrate that
the FeRh undergoes a magnetic phase transition (MPT) be-
ginning at ~80 °C, reaching maximum magnetization values
of 510 and 648 emu cm™ for the 1- and 7-kOe cases, re-
spectively. Figure 1(b) presents out-of-plane M — H curves
as a function of increasing temperature. The data reveal sev-
eral notable features. First, it is clear that the out-of-plane
magnetization response is not saturated at the maximum ap-
plied magnetic field of £20 kOe, since for all temperatures
the hysteresis loops are open at these extremal values. Usu-
ally, thin-film L1y-ordered FePt with PMA is expected to
saturate along the perpendicular direction for applied fields
of <15kOe [38], where the reversal mechanism is one of
nucleation followed by domain growth. The fact that the out-
of-plane magnetization does not saturate over the full range of
applied fields at 25 °C in the present case provides evidence
for exchange coupling to the FeRh layer even when it is
nominally in the AFM phase.

Further, in all cases the hysteresis is characterized by
a complex switching behavior. The small soft component
at close to zero applied field across all temperatures is
likely a manifestation of a low-anisotropy magnetization at
the FePt/FeRh interface. As the temperature is increased,
the maximum magnetisation increases as the FeRh tran-
sitions to the FM phase. The loop shape is consistent

with the increasing presence of a material with in-plane
anisotropy, as it transitions from an essentially square loop
at room temperature to a much narrower loop as the MPT
progresses.

To verify that the magnetic response of the FePt/FeRh
bilayer is consistent with the expected behavior of an ex-
change spring, Figure 1(c) shows the out-of-plane coercivity
Hc given as a fraction of the value at 25°C (Hc"=% "C) as
the temperature increases. Also shown are similar data from
a single 10-nm FePt layer for comparison. For the FePt/FeRh
sample there is a clear change in gradient as the FM phase
develops, resulting in a reduction of H¢ by a factor of ~4 at
160 °C compared to at 25 °C. For comparison, the single FePt
layer coercivity is reduced by a factor of ~1.5 over the same
temperature range.

To understand the effect of exchange coupling in rotating
the FePt and FeRh spins away from their respective anisotropy
axes, variable-temperature PNR data were acquired from the
sample across a range of temperature and applied magnetic-
field conditions encompassing: (i) room temperature with
1-kOe applied field, (ii) 165 °C with 1-kOe applied field, and
(iii) 165°C with 7-kOe applied field. These measurement
conditions allow any rotation of the FePt magnetization due to
exchange interaction with FM FeRh to be effectively decou-
pled from the torque exerted on the FePt spins by the external
magnetic field. The PNR data are presented in Fig. 2(a). Here,
the red and blue symbols denote measured spin-up and -down
reflectivities respectively. Dynamical simulations of the re-
flectivity profiles were fitted to the PNR data using GENX
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FIG. 2. (a) PNR data from the FePt/FeRh bilayer structure at
25°C with 1-kOe applied field, 165°C with 1-kOe applied field,
and 165°C with 7-kOe applied field. The red and blue data are
the measured spin-up and spin-down neutron reflectivities, respec-
tively. The green and black curves represent fitted spin-up and
-down simulations, respectively. Here, all data and simulations have
been arbitrarily scaled by multiplicative constants to aid legibility.
(b) Residuals of the fits, scaled by the PNR uncertainties. The fits
do not show systematic deviations, indicating that the PNR data are
appropriately modeled.

[29] (green and black curves in Fig. 2(a) for the spin-up and
spin-down reflectivities, respectively).

The procedure for modeling all PNR data began with the
assumption that each deposited layer corresponds to a discrete
region of uniform magnetic ordering. This proved insufficient
to describe the data, producing qualitatively inaccurate fits and
reduced x2 > 10 in all cases, indicating that the nSLD and
mSLD vary independently. Hence, iteratively more complex
magnetic and structural configurations were modeled until
the reduced x? plateaued, at which point no further mag-
netic layers were included such to avoid overfitting (Fig. 3).
This methodology culminated in the splitting of the FeRh
and FePt layers into two discrete sublayers each: a “bulk”
layer and an “interfacial” layer, the latter of which is adjacent
to the FePt/FeRh interface. The total FeRh and FePt layer
thicknesses and densities were fitted using a single parameter
across all temperature and applied magnetic-field conditions.
Layer roughnesses and magnetizations were allowed to vary
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FIG. 3. The reduced x2 vs the number of magnetic layers mod-
eled to fit the PNR data (curve is a guide to the eye). The nominal
structure comprises FePt, FeRh, and Pt layers. The reduced 2 begins
to plateau at five layers, which corresponds to a splitting of the FePt
and FeRh into two magnetic regions each.

between the 25 °C/1-kOe and 165 °C/1-kOe cases to allow
for the possibility of thermally induced interfacial mixing
and to model the magnetic phase transition in the FeRh. For
the 165 °C/7-kOe case, the roughness of the interfacial FePt
sublayer was constrained to its value at 165°C/1 kOe as
this parameter models the interdiffusion between FePt and
FeRh, which should not change with the applied field. The
parameters used to fit the PNR data are provided in Table S2
of the Supplemental Material.

To demonstrate the validity of the PNR modeling proce-
dure, scaled residuals are shown in Fig. 2(b) for each of the
fits, where the differences between each fit and the measured
data have been scaled by the measurement uncertainty. The
residual plots do not exhibit any notable structure, demon-
strating that there are no systematic deviations between the
two, and hence validating the model.

From the fits to the PNR data, nSLD and mSLD profiles
can be determined, as shown in Figs. 4(a)—4(c). Here, z =0
is the substrate interface, with z increasing towards the film
surface. The nSLD profiles (red shaded areas) are the product
of the scattering power of the atomic species and their num-
ber density, while the mSLD profiles are proportional to the
product of the in-plane magnetization and the number density.
Here, the vertical lines indicate the positions of the FePt/FeRh
and FeRh/Pt interfaces.

To verify that the fitted PNR data are consistent with the
bulk magnetometry, the total in-plane moments obtained by
integrating over each mSLD profile are plotted alongside the
VSM measurements in Fig. 4(d). The PNR and VSM data
are consistent over the full range of experimental conditions,
providing strong confidence in the fitted parameters.

IV. DISCUSSION

Several previous works have identified a room-temperature
FM phase at MgO/FeRh interfaces, which has been attributed
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FIG. 4. (a)—(c) Nuclear (nSLD) and magnetic (mSLD) scattering-length density profiles determined from the fits to the PNR data at each
temperature and applied magnetic field. The interfaces between FePt, FeRh, and Pt layers are indicated by the vertical lines. (d) The total
in-plane moment as a function of temperature as determined by PNR (symbols) and VSM (lines), demonstrating consistency between the
two methods. (e) An illustration of the depth-dependent magnetization in the FePt and FeRh layers as a function of temperature and applied
magnetic field. There is a substantial interfacial moment in the FeRh layer at 25 °C with 1-kOe applied field, which exerts a torque on the FePt
spins via exchange coupling. As the sample is heated, the FeRh layer becomes FM and the exchange-mediated reorientation of the FePt spins
is augmented. On increasing the applied field to 7 kOe, the in-plane magnetization increases concomitantly throughout the depth of the bilayer.

to epitaxial strain [39], metallic interdiffusion [24], or the
coexistence of o’ and y phases of FeRh during the initial
growth due to differences in FeRh—-MgO and FeRh-FeRh
bond energies [40]. Here, the 25 °C mSLD, shown in Fig. 4(a),
reveals that a similar nonzero magnetization is present on both
sides of the FeRh/FePt interface. This interfacial FM likely
results from Fe migration into the FeRh or Rh migration into
the FePt, as the phase transition temperature decreases with
decreasing Rh concentration [9]. Hence, we ascribe surplus Fe
in the first few nanometers of FeRh as the agent that stabilizes
the FM phase.

The form of the 25°C mSLD reveals that the in-plane
magnetization of the FePt layer decays with distance from
the interface. The depth-dependent in-plane magnetization in
this layer can be explained in terms of spin reorientation
from dipolar coupling due to the applied field and exchange
coupling with the FM interfacial FeRh, where the strength
of the latter interaction decays with distance. Since PNR is
sensitive only to the in-plane component of the magnetiza-
tion, the rotation of spins with increasing distance from the
substrate manifests as a reduction of the mSLD. This behavior
is illustrated in Fig. 4(e).

As shown in our previous work [24], the FeRh layer is not
typically metallically smooth; rather, it features substantial
undulations which span several hundred nanometers in the
lateral plane. As a result of this morphology, the Pt capping
layer reflects this undulation. The FeRh roughness (tabulated

as the roughness of FeRh, in Table S1 of the Supplemental
Material [32]) is approximately 5 nm. However, it is important
to note that the crystallographic quality of the FeRh is very
good, as shown by the order parameter analysis. This large
roughness is also reflected in the magnetization profile, as is
expected given that an elemental slice through an area close
to the FeRh/Pt interface would show a reduced volume of
FeRh with increasing z, which is responsible for the observed
smearing of the mSLD profile. However, we do not have rea-
son to suspect that this substantial surface roughness should
affect the reliability of the PNR results.

On heating to 165°C the FeRh layer transitions to FM
ordering; hence, the mSLD increases from 0 to 0.2 fm A3
for the bulk of the layer, as shown in Fig. 4(b). At the same
time, the in-plane component of magnetization in the FePt
layer increases throughout its thickness, providing a change
in the total magnetization from 133 emucm™ at 25°C to
168 emu cm™ at 165 °C. This spin reorientation can only re-
sult from exchange coupling to the adjoining FeRh layer as
the applied field is unchanged from the 25 °C measurement.

Despite the observed stabilization of the FM phase at the
interface in the 25°C case, the data show that at 165°C
there is an ~3-nm region in the FeRh adjacent to the FePt
layer in which the magnetization is quenched compared to
the bulk of the FeRh film. The reduced mSLD in this region
is partially explained by the exchange coupling to the FePt
spins, which exert a torque on the FeRh magnetization, thus
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rotating it away from the sample plane over a finite distance
(see Fig. 4(e)). It is possible that the FePt/FeRh interfacial
roughness, found to have a width of 1.4 nm, also affects
the saturation magnetization in this region, and thus may
contribute to the reduction in the FeRh mSLD close to the
FePt. However, the mSLD in this region is less than the bulk
values of the FeRh and FePt layers, and so cannot be a result
of interfacial mixing alone, as this would result in an mSLD
that lies in the range mSLDpgery < mSLD < mSLDgep;. To
reiterate, the 25 °C mSLD demonstrates that the FM phase
is energetically favorable compared to AFM ordering in this
region, thus indicating that the reduced in-plane magnetiza-
tion at high temperature is a consequence of spin reorientation
due to exchange coupling between the FM FeRh and FePt. To
highlight this point further, a model was constructed in which
the mSLD in the interfacial region is forced to lie between
the bulk values for the FeRh and FePt layers, as shown in
Fig. S4 of the Supplemental Material [32]. The resulting fit
to the 165 °C/1-kOe PNR data is poor, producing a reduced
x? of 13.42, thus demonstrating that the reduced mSLD in this
region is an essential feature of the model.

From the magnetometry data of Fig. 1(a), the total in-plane
magnetization at 165 °C is greater by 114 emucm™ for the
7-kOe case compared to the 1-kOe case. The mSLD profile of
Fig. 4(c) reveals that the increase occurs throughout the mul-
tilayer structure, demonstrating that the external field plays a
significant role in rotating the FePt magnetization towards the
in-plane direction. The contribution to the in-plane moment
from the FePt layer increases by 64emucm™ (normalized
to the total FePt/FeRh bilayer thickness), i.e., approximately
half of the total increase, meaning that the FeRh layer also
contributes significantly to the magnetization enhancement
when the external applied field is increased. Single-layer FeRh
thin films of this thickness are expected to saturate below 1
kOe [41]; in the present case, however, exchange coupling to
the FePt layer means that the FeRh spins close to the interface
are partially rotated away from the sample plane. Indeed, as
with the 1-kOe case, for a 7-kOe applied field there is a
reduction in the mSLD towards the FePt interface resulting
from the exchange-mediated rotation of FeRh spins in this
region. Here, the effect is reduced compared to the 1-kOe case
shown in Fig. 4(b), despite the fact that the data are modeled
with identical layer densities, roughnesses, and thicknesses.

The fact that the shape of the mSLD changes independently
of structure emphasizes the role of exchange in determining
the in-plane magnetization within small distances from the
interface. On increasing the field to 7 kOe, the decreased
out-of-plane component of the FePt magnetization reduces
the effect of exchange to pull FeRh spins away from the
sample plane. Hence, the dip in the FeRh mSLD near the FePt
interface is less exaggerated in the 7-kOe case compared to
the 1-kOe case. This scenario is also illustrated in Fig. 4(e).
Thus, the PNR data demonstrate that the exchange coupling
between the FePt and FeRh layers plays a significant role
to reorientate their respective magnetisations away from their
individual anisotropy axes. Importantly, it is evident that the
exchange-spring effect is prominent throughout the depth of
the FePt layer, since the change in mSLD on heating from 25
to 165 °C is nonzero throughout the layer thickness. The effect
is clearly more significant at closer distances to the interface;
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FIG. 5. The decay of the mSLD through the depth of the FePt
layer 7/, where 7/ = 0 is the FeRh/FePt interface and 7z’ increases
towards the substrate. The decay lengths § are characterized by the
distance over which the mSLD reduces to 1/e of the value at 7 =
2.4nm (chosen to avoid effects of interfacial mixing). The mSLD
values at 7/ = 2.4nm are labeled Iy. The right axis allows the same
data to be interpreted in terms of the spin angle, where a small angle
approximation has been made [Eq. (2)].

hence, the in-plane component of the FePt magnetization de-
cays towards the substrate.

To characterize the length scale of this decay, the distance
8 over which the magnitude of the mSLD is reduced by a
factor of 1/e was calculated, and is shown in Fig. 5. Here, the
first 2.4 nm from the FeRh layer were not considered so as to
avoid contributions to the mSLD profiles due to interdiffusion
at the interface. It should be noted that to emphasize the
mSLD decay, here the coordinate 7z’ has been used, which in-
creases towards the substrate with 77 = 0 being the FePt/FeRh
interface. This analysis reveals that the characteristic length
scale for the exchange-mediated magnetisation rotation is
§ = 6.3nm for the 25°C, 1-kOe case, § = 11.3nm for the
165 °C, 1-kOe case, and § = 12.1 nm for the 165 °C, 7-kOe
case. These results are summarized in Table 1.

The significant difference between the values of § at 25
and 165 °C can be attributed to temperature dependences of
the anisotropy and the exchange constant in the FePt layer.
Thus, at the operational temperature of an FePt/FeRh-based
HAMR device, i.e., >100 °C, the exchange-spring mechanism

TABLE I. The maximum angle of the FePt spins to the sample
normal and the characteristic decay length § of the spin reorientation
due to exchange and magnetostatic couplings. Spin orientation un-
certainties were estimated based on the error due to the small angle
approximation. Uncertainties on § are approximated as half the width
of the intermixed region.

Conditions Maximum spin reorientation (°) § (nm)

25°C/1 kOe 204+ 0.4 63+ 1.2
165°C/1 kOe 29.6 £ 1.3 11.1£1.2
165°C/7 kOe 38.8+£2.9 121 +1.2
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is expected to be effective for FePt thicknesses up to ~12
nm. This is an essential consideration in the development
of devices with optimum performance while minimizing the
FePt layer thickness and hence cost.

From the magnetometry of Fig. 1(b), assuming that the
FePt is close to saturation at 20 kOe, and using the approx-
imation that the FeRh layer does not contribute to the room-
temperature out-of-plane magnetization, the saturation mag-
netization of the FePt can be calculated to be 820 emucm™.
Using the PNR-fitted density of 3.54 x 10~2f.u. A=, this
magnetization corresponds to 2.50 4B f.u.”!, or an mSLD of
0.23 fm A=3. Thus, it is possible to convert the mSLD profiles
to the average spin orientation sin 6 in the FePt layer, where 6
defines the angle between the spin axis and the sample normal,
as shown by the right axis of Fig. 5. The conversion is given
by

mSLD

g _MSLD
= 023 tm A3

2
where the dependence of the FePt saturation magnetisation on
temperature has been ignored; this approximation is justified
by the fact that the temperatures probed in this experiment
were far from the FePt Curie temperature, ~500 °C. Indeed,
over the range (25-165) °C, it is expected that the FePt sat-
uration magnetization should decrease by no more than 15%
[42].

Following this analysis, the FePt spins are found to be at
maximum angles to the sample normal of 20.4 °, 29.6 °, and
38.8 ° for the 25 °C/1-kOe, 165 °C/1-kOe, and 165 °C/7-kOe
cases, respectively. These values are summarized in Table 1.

It is important to acknowledge that the model as presented
is subject to a notable limitation in that the manner in which
the mSLD decays with distance from the interface varies
according to a fitted roughness between two FePt sublayers
of equal density but different magnetization. This approach,
while effective in avoiding overfitting the PNR data (see
Fig. 3), essentially limits the form of the decay to that of
an error function. Despite this simplification, the model is
effective in describing the broad features of the propagation
of exchange coupling in the FePt layer, and provides the

magnitude of the spin reorientation at the interface and the
length scale of its decay with distance.

V. CONCLUSIONS

In summary, we report the importance of understanding the
temperature and applied field-dependent evolution of inter-
layer coupling in exchange-spring systems with both in-plane
anisotropy and PMA. We achieve this by extracting the depth-
dependent mSLD profiles from PNR measurements for an
FePt/FeRh exchange-spring system and investigate their evo-
lution with temperature and applied magnetic field. Thus, a
sensitive manipulation of the orientation of FePt spins has
been demonstrated, where the magnitude of the applied mag-
netic field and the progression of the MPT in FeRh have
been identified as playing key roles in the length scale over
which this effect is prominent. It has been shown that within
the limitations of the model, the characteristic length for the
exchange coupling § increases due to the AFM to FM phase
transition. At typical operational temperatures for this system,
the exchange-mediated spin reorientation extends across at
least the first 12 nm of FePt adjacent to an FeRh layer, repre-
senting an estimate of the thickness of an FePt layer in which
the write field may be reduced by the exchange-spring effect.
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