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ABSTRACT

We demonstrate the manipulation of magnetic phases in FeRh thin films through atomic displacements and the distribution of structural
defects. Atomic scale disorder can be controlled via irradiation with light noble gas ions, producing depth-varying nanoscale phase configu-
rations of distinct antiferromagnetic, ferromagnetic, and paramagnetic regions. Here, we perform a spatial characterization of the magnetic
phases and the local magnetic environment around the Fe atoms, as well as the variation of the open-volumes around atomic sites. Thus, a
direct correspondence between the existence of the three magnetic phases and lattice defects is revealed. By careful selection of the irradiating
fluence, we show that it is possible to produce simple and thermally stable magnetic configurations, such as uniform magnetization or a bilayer
phase structure. Furthermore, the thin film surface and interfaces are observed as the nucleation sites for the transitions between the phases.
These results demonstrate a sensitive nanoscale manipulation of magnetic properties, shedding light on magnetic ordering in alloy lattices
and broadening the scope for applications.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0032130

INTRODUCTION

temperature and interval of the MPT can be manipulated by vary-
ing the stoifhiometry,l magnetic field,” ® impurity species and con-
" v *! strains, or local dis-

The ability to selectively modulate intrinsic magnetic proper- centration,” " epitaxial'""” or induced"

ties at the nanoscale is critical for the development of spintronic
and data storage devices with improved efficiency. For these appli-
cations, equiatomic FeRh with a B2 structure emerges as a natu-
ral candidate material, owing to its first-order metamagnetic phase
transition (MPT) from antiferromagnetic (AF) to ferromagnetic
(FM) ordering at temperatures modestly above ambient.' The onset

order.”””’ This large range of tunability options opens the door
toward functional devices where the coupling between phases can be
engineered to provide switching with enhanced stability,”*** single-
electrode magnetic tunnel junctions,”® or ultrafast dynamics via spin
pumping.”” However, for these applications to be realized, it is criti-
cal that the relative distribution of AF, FM, and paramagnetic (PM)
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regions can be manipulated with both the lateral and vertical resolu-
tion, either by careful optimization of the growth process or by using
post-fabrication processing methods.

The modification of lattice ordering at atomic scale, such as
through site-swapping,” sub-unit cell atomic displacements,” or
vacancies,”’ has been used as an effective technique to change the
magnetic characteristics of various thin film systems, where usu-
ally the objective is to convert a FM region to a nonmagnetic
state such as for patterned recording media.”’ *° Local manipula-
tion of the magnetic behavior of B2-ordered lattices such as B2
FegoAly and B2 FesoRhso can be achieved by the application of
focused ion-irradiation, focused laser-pulsing, or nanoindentation.
Each approach has its specific advantages, for instance, laser pro-
cessing can provide all-laser reversible magnetization switching ™ or
the precision placement of magnetic domain pinning centers using
nanoindentation.” Here, we investigate the depth variation of the
magnetization realized by broad-beam irradiation of B2 FeRh. The
resulting depth variation of M; can help to relate the magnetic prop-
erties to the nature and concentration of defects, which is valuable
information for designing embedded nanomagnets using focused
ion-beams.”’

It has been shown in various research studies that in addi-
tion to the thermally driven MPT in FeRh, there is a disorder-
induced MPT from AF to FM ordering. Moreover, with further
lattice disordering, an additional phase transition to PM behavior
can be induced.”” "' Bennett et al.”’ have shown that this behav-
ior can be exploited to produce a rich variation in the magnetic
properties as a function of depth, potentially including the gener-
ation of exotic states such as spin glasses. In the present work, we
use a combination of non-destructive experimental techniques and
extensive simulations to elucidate a direct correspondence between
the nature and concentration of induced defects and the resulting
modification of the magnetic depth profile as the irradiating flu-
ence increases. In doing so, we show that it is possible to select
values of the single-step irradiation fluence which produce techno-
logically useful magnetic depth profiles such as flat magnetization
depth-distributions, with Ms = ~1250 emu cm ™, or a bilayer phase
structure.

The magnetization depth profile is probed using temperature-
dependent polarized neutron reflectometry (PNR). We determine
the magnetic structure of four ~40 nm thick uncapped FeRh
thin films on MgO substrates, each irradiated by 25 keV Ne'
ions with fluences of 0 ions cm™ (the as-grown sample), 7.5
x 10" ions cm_z, 3 x 10" ions cm_z, and 6 x 10" ions cm_z;
these give peak atomic displacements of 0.2, 0.7, and 1.5, respec-
tively, estimated using the Stopping and Range of Ions in Matter
(SRIM) code.” In order to further understand the physical mech-
anism responsible for the modification of the magnetic properties,
the PNR data are complemented by conversion electron Mdss-
bauer spectroscopy (CEMS), Doppler broadening variable energy
positron annihilation spectroscopy (DB-VEPAS), and variable-
energy positron annihilation lifetime spectroscopy (VEPALS) mea-
surements. Analysis of the irradiation-induced atomic displace-
ments and the corresponding magnetization depth profiles provides
insight into the mechanisms governing the magnetic phase transi-
tions in the films. Crucially, by comparing the magnetic depth pro-
files measured by PNR to simulations conducted under the binary
collision approximation, we identify that the disorder induced

ARTICLE scitation.org/journal/apm

MPTs occur more readily at the interfaces than in the bulk of
the film.

RESULTS

The in-plane thermomagnetic response of the as-grown sam-
ple was determined using vibrating sample magnetometry (VSM)
over a range of temperature T = (25-200) °C under an in-plane
applied field of 1 kOe, as shown in Fig. 1(a). The data demonstrate
a clear hysteretic phase transition, with a peak magnetization of
1060 emu cm™>. The phase transition temperature and hysteresis
are determined from the peak positions of dM/dT vs temperature
[see the inset of Fig. 1(a)], where M is the sample magnetization.
The transition temperature T; is determined from the peak in the
heating branch, and the thermal hysteresis is quantified by the heat-
ing/cooling peak separation. This gives T¢ = 73 °C with a hystere-
sis of 21 °C, which are typical values for well-ordered FeRh thin
films.”* Shown in Fig. 1(b) are in-plane M—H curves measured from
the as-grown sample at 25 °C, 65 °C, 115 °C, and 160 °C. The data
show that M; is reached at <1 kQOe at all measured temperatures.
In-plane M-H curves from each irradiation condition measured at
25°C are provided in Fig. 1(c). These data show that the samples
irradiated by 7.5 x 10 ™ ions cm ™ and 3 x 10'* ions cm ™ produce a
large magnetic response, with M, = 1005 emu cm > and M = 1140
emu cm >, respectively. In contrast, the as-grown sample and the
sample irradiated by 6 x 10™* ions cm ™2 are only weakly magnetic at
room temperature, with M = 35 emu cm™ and M = 61 emu cm >,
respectively.

To determine the thickness, roughness, density, and crys-
tallinity of the as-grown FeRh films, x-ray reflectivity (XRR) and
x-ray diffraction (XRD) measurements were conducted on the as-
grown sample using a 0-20 geometry. The XRR data (provided in
Fig. S1 of the supplementary material, with fitting parameters in
Table S1) were fitted by a dynamical simulation® of the reflectiv-
ity profile to determine the x-ray scattering length density (xSLD)
as a function of depth. The data are modeled as a single structural
layer of uniform xSLD on which a low density ~1 nm oxide layer
appears to be present, as determined by an improvement to the fit.
The formation of an oxide layer of this thickness is consistent with
previous reports.’”*® The fitted data indicate that FeRh has a thick-
ness of 37 nm and a density of pepn = 0.0389 f.u. A=, which is within
6% of the bulk value.”” The structural roughness of the substrate,
FeRh, and native oxide layers are all less than 2 nm. Peak intensities
measured using XRD show that the order parameter, S, is close to
0.82, corresponding to a high degree of B2 ordering (see Fig. S2 of
the supplementary material).

To determine the depth-dependent relationship between ion
irradiation fluence and in-plane magnetization, spin up (R") and
spin down (R™) neutron reflectivities were collected over a range
of scattering vectors 0 A™' < Q < 0.1 A™" from each of the irradi-
ated samples at 25 °C, 65 °C, 115 °C, and 160 °C [Figs. 2(b)-2(d)].
Data were also collected from the as-grown sample at 25°C and
160 °C [Fig. 2(a)] to provide high contrast in the magnetic behavior,
as determined from the magnetometry data [Fig. 1(a)]. All measure-
ments were undertaken with an in-plane applied field of 1 kOe to
ensure saturation of the sample [Fig. 1(b)], allowing the magnetiza-
tion as a function of depth to be effectively modeled by a series of

APL Mater. 8, 121103 (2020); doi: 10.1063/5.0032130
© Author(s) 2020

8, 121103-2


https://scitation.org/journal/apm
https://www.scitation.org/doi/suppl/10.1063/5.0032130
https://www.scitation.org/doi/suppl/10.1063/5.0032130

APL Materials ARTICLE scitation.org/journal/apm

12 T v r
a.
o
~10} L00°s80000008 860l —
‘s £ ¢ As-grown sample 00
G 8] Cooling § ’/ _ g
> / O
{ /0 21°C Heating =
g 6 fs P E L - — Cooling £
R § o3 N T =73°C NCD
N 4 ,I /‘A 520 ,’/ N, ! 9
/ = / N ~
2 2 ? "/ E . L/ \\\~\ 2
s d. Heating 3 4w 60 P (038) 100 As-grown sample
0 (g8ee®? . ) 1
50 100 150 200 1 2
T(°C)
C.
107 0 ions cm?

—-®:=75 x 10" ions cm™?

SEH—®—3x 10" ions ecm™?
6 x 10" ions cm?

5t ]
-10 ]
-2 -1 0 1 2

H (kOe)

FIG. 1. (a) Temperature-dependent magnetization measurements under a 1 kOe in-plane applied field for the as-grown film. FeRh undergoes a clear MPT to FM ordering,
with a transition temperature of 73 °C and a hysteresis width of 21 °C, as shown by the plot of dM/dT against T (inset). (b) In-plane M-H curves for the as-grown film at

25°C, 65°C, 115°C, and 160 °C. (c) In plane M-H curves measured for each sample at 25 °C.

fully polarized macrospin layers. The parameters used to fit
the PNR data are provided in Table S2 of the supplementary
material.

To avoid overfitting, initial modeling of the PNR data followed
the assumption that each sample comprised a single FeRh layer with
no structural or magnetic gradients. In all cases except for the 7.5
x 10" jons cm™ irradiated sample, this proved insufficient to
describe the reflectivity profiles, producing reduced y* > 1. Hence,
additional layers were iteratively introduced to the model until the
reduced x* reached an asymptotic value, at which point no fur-
ther parameters were included (see Fig. S3 of the supplementary
material).

Figures 3(a)-3(d) show the nuclear (nSLD) and magnetic
(mSLD) scattering length densities as a function of depth for all mea-
sured films. Here, the nSLDs are shaded gray, while the mSLDs are
shaded blue, purple, red, and green for the 25°C, 65°C, 115°C,
and 160 °C cases, respectively. The nSLD profiles show that for
all samples, the density of scattering centers is approximately uni-
form throughout the depth of the FeRh film, with a nSLD of
~5.35 x 107° A2, Consequently, the magnetic scattering length

density (mSLD) profiles [colored areas in Figs. 3(a)-3(d)] can be
interpreted as being directly proportional to the in-plane magneti-
zation, with a shared proportionality across the range of irradiation
conditions.

By integrating the mSLD profiles over the film depth, it is pos-
sible to compare total in-plane magnetization values to those mea-
sured by VSM, as shown in Fig. 3(e). The VSM and PNR measure-
ments are in good agreement, demonstrating that as temperature
increases, the magnetization of the as grown sample approaches that
of the sample irradiated by 7.5 x 10" ions cm™, while the sample
irradiated by 3 x 10'* ions cm™ features a reduced My compared
to the lowest fluence case across the full range of measured temper-
atures. The small discrepancies between the total magnetizations at
160 °C as measured by PNR and those measured by VSM are likely a
consequence of imperfect thermalization of the sample during PNR
measurement.

To investigate how the depth-dependent magnetization pro-
files are correlated with the local atomic environment of >’ Fe, zero-
field conversion electron Mossbauer spectroscopy (CEMS) measure-
ments were performed on each sample at room temperature using
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FIG. 2. (a) Measured spin up (R*, red data) and spin down (R, blue data) reflectivities as a function of Q from the as-grown sample at 25 °C and 160 °C, with corresponding
fitted simulations (solid lines) and 2 values. [(b)-(d)] Data and fits for each irradiated sample at 25 °C, 65 °C, 115°C, and 160 °C. In all cases, the data and fits have been

arbitrarily rescaled by a multiplicative constant in order to aid legibility.

a *’Co source in a Rh matrix. Measurements of the intensities and
positions of resonant absorption peaks due to the hyperfine field
allow the local charge density, nuclear magnetic moments, and rel-
ative coexistence of AF, FM, and PM phases to be determined with
high resolution. The spectra from each sample are shown in Fig. 4,
which include least-squares fits comprising weighted AF, FM, and
PM spectral contributions.

The as-grown sample shows a predominantly magnetic sextet
sub-spectrum with a hyperfine splitting of 254 kG correlating with
AF B2-FeRh (green line) and a small singlet contribution from the
PM fcc phase (purple line). The hyperfine field for the as-grown state
is in good agreement with previously reported values,”” while in the
present case, the spin alignment in the AF phase is only partially in-
plane oriented with an average angle of 66° between spin and film
normal, similar to Ref. 48. On irradiating with 7.5 x 10" jons cm ™,
the hyperfine splitting increases to 271 kG, which demonstrates that
the FM B2 phase (orange line) becomes the dominant contribution,
with nearly zero AF contribution. Increasing the ion fluence to 3
x 10" jons cm™? results in the FM B2 phase remaining in the dom-
inant contribution, but PM fcc-FeRh begins to become significant,
and any remnants of AF B2-FeRh are fully quenched. Finally, at an
irradiation fluence of 6 x 10" ions cm ™2, the sextet collapses into a

single resonance, denoting that the film has transitioned into the PM
fcc phase.

Modeling the CEMS data provides additional information, and
the parameters obtained are given in Table I. The integrated inten-
sities of the AF, FM, and PM peaks provide a measure of their
relative abundances (Aar, Apm, and Apy) for each ion irradiation
fluence under the assumption that *”Fe atoms are evenly distributed
throughout the samples.”’ Here, (Bys) and (8is,) are the average
hyperfine field and average isomer shift of the AF and FM phases.
The data confirm that the 7.5 x 10" ions cm ™ irradiated sample is
primarily comprised of the FM phase, with a small PM contribution
of ~5%. Furthermore, the 3 x 10** ions cm 2 irradiated sample con-
sists of ~88% FM B2-FeRh and ~12% PM fcc-FeRh. At 6 x 10' ions
cm™? fluence, there is no evidence of any magnetically ordered FeRh
phases.

For each of the CEMS spectra, any displacement of the line
of symmetry that bisects the sextet from the zero-velocity position,
the isomer shift, can be attributed to differences in the density of
s-orbital electrons of > Fe with respect to those of the > Co source.
For the data shown in Fig. 4, the AF and FM peak isomer shifts
are not equivalent. Therefore, we concentrate on the average iso-
mer shift (i) for both magnetically ordered phases and observe

APL Mater. 8, 121103 (2020); doi: 10.1063/5.0032130
© Author(s) 2020

8, 1211034


https://scitation.org/journal/apm

APL Materials ARTICLE

0 ions cm2

3 x 10" jons cm™2

0
0 100 200 300 400
z (A
e.
1500
R
£ 1000
o
E )
5 /
= 500}
‘I
‘I
/’
0 .A ——— - .‘ ' 2 A‘ n ‘ .......
20 40 60 80 100 120 140 160
T(°C)

scitation.org/journal/apm

7.5 x 1013 jons cm2

d.
6 —
_y
<« 6 x 104 jons cm2
<< 4
© Magnetic
g [ 25°c [l 65°C
9 2 [ 115 °c [l 160 °C
N Nuclear @]
0 ;

0 100 200 300 400
z (A
VSM PNR
—_ (0] 7.5 % 10" ions cm'?
_———- O 3 x 10" ions cm2
------------ A 6 x 10" jons cm2
- m} 0 ions cm2

FIG. 3. [(a)—(d)] Magnetic and nuclear scattering length density (mSLD and nSLD) profiles corresponding to the fitted PNR data for each sample across the range of measured
temperatures. Here, the gray areas are the nSLDs, and colored areas are the mSLDs. (e) The total in-plane magnetization as measured by PNR (symbols) and VSM (lines)

demonstrates good agreement between the two methods.

an increase with a rise in fluence. The increase in the isomer shift
is explained by the lattice expansion, which has been shown to
occur with the disorder induced MPT,"’ similar to the temperature
induced case.”’

To understand the nature of the structural modifications
induced by the ion irradiation, which leads to the changes in mag-
netic properties, we conducted an in situ analysis of ion-induced
defect formation using Doppler broadening variable energy positron
annihilation spectroscopy (DB-VEPAS). Here, the line broadening
of gamma photons resulting from positron annihilation is charac-
terized by two parameters, S and W, which represent positrons anni-
hilating with low momentum valence electrons (sensitive to vacancy

type defects and their concentration) and with high momentum core
electrons, respectively. The S-parameter as a function of positron
implantation energy E, and mean implantation depth (z) for all
samples is shown in Fig. 5(a). The approximate position of the
film/substrate interface is marked as a dotted line. The depth pro-
files of the S-parameter exhibit typical slow decaying behavior for
systems with a relatively small defect concentration. The smooth
changes in slope at the interface indicate good crystallinity.

In order to estimate relative changes in defect concentra-
tion, analysis of the positron diffusion length, L., and specific S-
parameters has been conducted by fitting the S(Ep) curves using
the VEPFit code.” In general, L, is inversely proportional to defect

APL Mater. 8, 121103 (2020); doi: 10.1063/5.0032130
© Author(s) 2020

8,121103-5


https://scitation.org/journal/apm

APL Materials ARTICLE

T T T T T T T 1

2 ®  Measured
w—Total fit

0 ions cm”

Emission (arb. units)

Velocity (mm s )

3 x10™ ions cm™

Emission (arb. units)

-6 -4 -2 0 2 4 6
Velocity (mm s )

scitation.org/journal/apm

7.5% 10" jons cm™

Emission (arb. units)

-6 -4 -2 0 2 4 6
Velocity (mm s'1)

6 x 10" ions cm™

Emission (arb. units)

Velocity (mm s'1)

FIG. 4. CEMS data and corresponding fits for each irradiation fluence. Each fit comprises a weighted sum of contributions from AF, FM, and PM phases, which are also

shown.

concentration. The calculated L, with corresponding defected layer
thicknesses is given in Table II. Ion irradiation of FeRh produces
vacancy-like defects, which is particularly evident for the two largest
fluences where the diffusion length drops by roughly a half, demon-
strating that the defect concentration is concomitantly increased.
For the 7.5 x 10" ions cm™ sample, the S(Ep) dependence shows
an additional maximum close to the substrate interface, which can
be attributed to defect clusters.”” In order to model this, a bilayer
system has been assumed, where a thin region of larger defect con-
centration ranging from 32 nm to 40 nm, which is 8 nm closest to
the MgO substrate, is given by the calculations (Table II).

The sensitivity of the positron lifetime to the local electron den-
sity was also exploited using variable energy positron annihilation
lifetime spectroscopy (VEPALS). The electron density is reduced in

vacancy-like defects, and the resulting positron lifetime is propor-
tional to the defect size. Two prominent lifetimes have been found
for all the samples, which will be referred to as 11 and T,, where
T1 ~ (150-190) ps and T2 ~ (250-400) ps. Theoretical calculations
of positron lifetimes in the case of B2 and fcc FeRh phases for the
delocalized states (i.e., the bulk lifetime) and the localized trapped
states at defects were obtained by using an atomic superposition
(ATSUP) approach using two-component density functional theory
(DFT) ab initio calculations.” For the electron-positron correlation,
the generalized gradient approximation (GGA) scheme was used.”*
According to our DFT calculations and existing literature,”” 7; can
be ascribed to a Rh (calculated lifetime: ~186 ps) or Fe (~177 ps)
monovacancy (Vgp or Vge) for the as-grown state. The variation
of 7; with implantation energy is provided in Fig. 5(b) for each

TABLE |. Fitted parameters obtained from the experimental spectra shown in Fig. 4. Values marked with an asterisk were
fixed during the fitting procedure. Numbers in brackets denote uncertainties in the trailing digit/s.

Fluence (ionscm 2)  Aar (%)  Apv (%) Apm (%) (Be) (kG) (i) (mms )
0 91.9(2.3) 0* 7.9(2.3) 254(1) 0.006(1)
7.5 x 10" 6.1(9) 88.8(6) 5.1(7) 271(3) 0.016(2)

3 x 10 0* 87.7(5) 12.3(5) 274(1) 0.024(2)

6 x 10" 0* 0* 100* 0* 0*
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FIG. 5. (a) The S-parameter as a function of positron implantation energy E, and

Implantation energy, Ep (keV)

mean implantation depth (z) for the as-grown and irradiated samples with different ion

fluences. Also provided are fits to the data (VEPfit code), as shown by the solid lines, which enable calculation of the positron diffusion length L+. [(b) and (c)] The positron
lifetime component 74 and its intensity /1 as a function of positron implantation energy E, are given, respectively. Horizontal lines indicate a DFT calculated lifetime of single
Fe and Rh vacancies. Vertical dotted line marks the approximate position of the substrate interface.

fluence condition. The calculated value for delocalized bulk anni-
hilation is 103 ps, which has not been observed, suggesting a sub-
stantial initial defect concentration. For the 7.5 x 10"* jons cm™
and 3 x 10" ions cm™? cases, T; is smaller than the calculated
values for monovacancies and larger than the bulk lifetime, which
is an indication for the occurrence of dislocations™ or equivalent
open volumes. A schematic description of the relationship between
positron lifetime and atomic displacement is shown in Fig. S4 of the

supplementary material, where depending on the dislocated atom

position, the lifetime varies between that of the bulk and of a mono-
vacancy. The depth profile of the largest fluence sample shows a
large variation of lifetime, with greater lifetime values in the top half
of the film region, representing V., and smaller lifetimes closer to
the substrate interface, indicating some remaining static disorder.
The longer lifetime component 1, likely represents the superposition
of vacancy clusters at crystallites boundaries and at surface states
for positrons back-diffused to the surface due to relatively long L.
(Table 11).
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TABLE II. Layer thicknesses and positron diffusion lengths from fits to S(EP) curves. Parameters were calculated using the
VEPFit code. The numbers in brackets denote uncertainties in the trailing digit/s.

Fluence (ions cm %) Thickness 1 (nm) L,; (nm) Thickness 2 (nm) L,, (nm)
0 40.0 10.74(5) .. ..
7.5 x 10% 32.4(3) 10.13(4) 7.6(3) 8.6(2)
3x 10 40.0 4.96(3)

6 x 10 40.0 5.48(4)

The variation of the relative intensity I; [Fig. 5(c)] represents an
increase in defect concentration as fluence increases. This increase
is only slight for the lowest fluence but is more significant for the
two highest fluences, corroborating the trend in the L. values of
Table IT and hence confirming that the overall defect concentration
increases with an increase in fluence. The relative intensity is propor-
tional to defect concentration, provided that the positron trapping
rate remains similar. Here, the trapping rate should decrease due
to the shorter positron lifetime,”” which confirms the origin of the
changes to I as being due to an increasing defect concentration.
In addition, the depth profile of I, is largely constant, which indi-
cates dominant trapping in defects with limited back-diffusion to
the surface. Moreover, it validates that the lifetime variations across
the film thickness are due to variations of the defect microstructure
and not a consequence of signals’ superposition from the surface and
substrate.

DISCUSSION

We have previously reported temperature-dependent PNR
results from uncapped FeRh films of several thicknesses, where we
showed that in the nominally AF phase, a non-zero magnetization
occurs in the region of the FeRh film closest to the substrate.”® This
effect is observed here in the as-grown case; see Fig. 3(a). The interfa-
cial moment has been variously ascribed to the epitaxial strain from
the slight lattice mismatch between FeRh and MgO,” coexistence
of the a’ and y phases during the initial stages of growth,”’ and Fe-
or Rh-rich regions.”””**" Although we make no assessment regard-
ing the origin of the interfacial FM observed here, we note that the
PNR fit is not improved by the inclusion of a similar effect at the
FeRh/ambient interface. The data demonstrate that upon heating,
the as-grown film undergoes the MPT transition uniformly through
the film depth, reaching an mSLD of 3.7 x 107 A2 (equivalent to
1177 emu cm ) at 160 °C. The VEPALS analysis strongly indicates
the existence of monovacancies in the as-grown film. The calculated
values for Fe and Rh monovacancies in the B2 phase are very close
to each other and hence are difficult to separate experimentally, but
the lifetime value from the interface region corresponds most closely
to Vre.

Upon irradiating with 7.5 x 10" ions cm™, static disorder is
induced, while the long range B2 structure is retained. The PNR
data are effectively modeled by a single structural layer of uniform
in-plane magnetization, which is stable over the entire range of mea-
sured temperatures, diminishing only slightly with an increase in
the temperature. This can be seen in the mSLD, shown in Fig. 3(b),
which has the same constant value of 3.7 x 107° A2 (1177 emu

cm™?) throughout the film at 25 °C, indicating that the FM phase has
been induced to the maximum degree. At this fluence, the reduced
positron lifetime suggests that the monovacancies are suppressed
by the ion bombardment and are replaced by smaller open-volume
defects such as dislocations, as evidenced by the reduced positron
lifetime compared to the as-grown case [Fig. 5(b)]. This defect state
is consistent with static disorder, which has been recently shown to
be associated with the occurrence of the FM state.”” At the same
time, the positron diffusion length L, is essentially unaffected across
the whole film thickness apart from the interface region, where
a slight decrease is observed (see Table II). The relative intensity
I remains unchanged compared to the as-grown state, showing a
sharp increase in the interface region [Fig. 5(c)]. Thus, the overall
defect concentration does not change, but the defect type is clearly
different after irradiation.

Increasing the fluence to 3 x 10' ions cm™ raises the con-
centration of static disorder not only at the interface but also across
the entire thickness of the film, as shown by the decrease in L, and
increase in I;. The PNR data at this fluence are well-described using a
bilayer model where FeRh is divided into two sublayers with approx-
imately uniform density but with different in-plane magnetizations
[Fig. 3(c)]. The result is an mSLD at 25 °C, which is 3.7 x 107 A~
(1177 emu cm™) in the region closest to the substrate, compared to
2.6 x 107° A™2 (923 emu cm™) at the top surface of the film. On
heating, the mSLD profile does not undergo any significant change
in the shape but does reduce slightly in magnitude throughout the
film depth, with the 160 °C mSLD reduced by 6% compared to the
25°C mSLD. The fact that the mSLD does not change the shape with
an increase in the temperature provides evidence that the suppres-
sion of the magnetization toward the top surface of the film is due to
the formation of the PM fcc phase, rather than any remaining AF B2
phase.

On increasing the irradiating fluence to 6 x 10'* ions cm ™, the
FeRh layer becomes almost entirely PM, featuring a region of only
slight FM ordering in close proximity to the MgO, which is approx-
imately constant with an increase in the temperature [Fig. 3(d)].
This region, which extends ~14 nm from the substrate interface,
has a maximum mSLD of 6.7 x 1077 A™% (119 emu cm™) at
25°C, which gives an average magnetization for the entire film
of 64 emu cm™>, in agreement with the bulk magnetometry. The
defect microstructure for this sample is defined by the ion damage
profile, where at the position of maximum damage (Ep = 2 keV,
(z) ~ 11 nm, dpa = 145), a larger number of small single
vacancies are generated, whereas closer to the substrate interface
(a smaller damage of dpa = 0.2), a signature of static disorder
remains.
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FIG. 6. As the irradiation fluence increases, the metamagnetic FeRh first becomes uniformly FM through the film depth and then transitions to a bilayer structure where the
layer closest to the substrate is maximally FM, while the topmost layer of the film features a mixture of FM and PM phases. At the maximum fluence, the film becomes almost
entirely PM, with a layer of residual FM at the interface. The dominant defect type is also shown for each case.

The PNR, CEMS, and positron data allow the effect of increas-
ing fluence ion irradiation to be explained, as shown schematically in
Fig. 6, wherein the onset of FM and PM behaviors is associated with
the emergence of static disorder and monovacancy defects, respec-
tively. As a result of the ion damage, the depth-dependent magnetic
phase profile is either uniform or can be described by a simple bilayer
configuration.

The magnetization depth profiles can be modeled by consider-
ing the interaction of the Ne* ions with the FeRh film. Simulations
performed by applying a binary collision approximation (SRIM)*’
show a typical quasi-Gaussian distribution of the atomic displace-
ments with the film depth (Fig. S5 of the supplementary material).
Comparing the simulated depth variation of atomic displacements
with observed magnetization depth distributions provides further
insight into the relationship between magnetization and atomic scale
defects. For instance, the flat M;-distribution of the 7.5 x 10" ions
cm™? case, when compared analytically to its inhomogeneously dis-
tributed atomic displacements, reveals that 1 displacement every 37
atoms may be sufficient to induce 99% of M of the FM phase. This is
consistent with recent observations that show the AF to FM transi-
tion in FeRh originating from small displacements of the Fe and Rh
atoms from their equilibrium positions,” rather than via antisites.
A comparison of the PNR-observed M;-distribution to the simu-
lated displacements can also be performed for the higher fluence
samples, where the transition to the fcc structure occurs. This is a
less sensitive transition, wherein it can be shown that ~1 displace-
ment for every atom is required on average for a 50% reduction of

M. The structural phase transition also appears to be influenced by
interfacial effects, where generally an M; suppression is
expected.”*** Using a semi-empirical approach [Eq. (S2) of
the supplementary material] reveals that the form of the depth-
dependent magnetization observed by PNR for the FM to PM tran-
sition in the two highest fluence cases can be understood in terms
of magnetization suppression at the surface, in addition to the decay
due to the increasing atomic displacements.

CONCLUSIONS

We have demonstrated that it is possible to exploit irradiation-
induced disorder to generate phase transitions in single layer FeRh
films, allowing the magnetic properties to be tailored. The mag-
netic phases (AF, FM, or PM) occurring within the thin film can
be manipulated with depth selectivity so as to achieve a homoge-
neously magnetized FM layer or to realize interfaces between regions
of different magnetic phase distributions, a desirable property for
spintronic applications where the relative coexistence of the var-
ious phases is critical. We have shown that the disorder induced
MPT from AF to FM ordering is driven by static disordering, while
the FM to PM transition is coupled to the appearance of monova-
cancy defects. Furthermore, we have found evidence that the dis-
order induced transition to fcc PM-FeRh tends to nucleate more
readily in the regions close to the ambient interface, whereas a sim-
ilar effect is observed in the thermally driven MPT at the substrate
interface.
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For all samples, our data are well described assuming AF, FM,
and PM phases only and do not present evidence for exotic states
such as spin glasses or magnetic dead layers. This feature, coupled
to the fact that the mSLD profiles of the irradiated samples com-
prise relatively few sublayers with discrete magnetizations that are
stable with respect to increasing temperature, highlights the effec-
tiveness of sensitive and controlled disordering of ordered alloy
precursors for producing technologically useful magnetic configura-
tions. Our results provide the basis for the patterning of single layer
or multilayer structures that incorporate FeRh to create devices on
sub-100 nm length scales with AF and FM order in close physical
proximity.

EXPERIMENTAL
Fabrication and ion irradiation

FeRh films with 40 nm nominal thickness were grown onto
commercial (001)-oriented single crystal MgO substrates by dc mag-
netron sputtering from a 2-in. stoichiometric FesoRhsg target using
100 W power and 3 mTorr working pressure and a base pressure of
~1078 Torr. The substrates were baked in vacuo at 650 °C for 2 h
prior to growth, and this temperature was maintained throughout
the deposition. The films were subsequently annealed at 750 °C for
2 h and then cooled to room temperature in the sputtering chamber
for 4 h.

For ion irradiation, Ne* jons were accelerated onto the
FesoRhs thin films in vacuum (2 x 10™° mbar) using a 40 Ne" kV
low-energy ion implanter 1090-50 (Danfysik A/S, Taastrup, Den-
mark). The ion-beam, which was ~10 mm in diameter, was rastered
over the sample at a rate of 1 kHz. A fluence of 7.5 x 10" ions cm™
was deposited in 4 min using a beam current of 60 nA cm™2. The
samples remained at room temperature during the irradiation pro-
cess, for fluences of up to 6 x 10™* ions cm™2 deposited in 11 min at
a beam current of 155 nA cm ™2,

Preliminary characterization

X-ray reflectivity (XRR) and x-ray diffraction (XRD) measure-
ments were conducted using a Rigaku SmartLab x-ray diffractome-
ter equipped with a D/teX Ultra 250 silicon strip detector and a
two-bounce Ge(220) monochromator. This instrument generates x
rays at the CuKy; edge (A = 1.541 A). Measurements were performed
using a step size of 260 = 0.01°. Structural layer thicknesses, densities,
and roughnesses were obtained by fitting a dynamical simulation to
the XRR data using the GenX reflectivity package,”” which uses a
combined simplex/differential evolution genetic algorithm to opti-
mize a model of the xSLD profile. Thermomagnetic measurements
were performed before and after ion irradiation using a MicroSense
Model 10 vibrating sample magnetometer (VSM) across a tempera-
ture range of (25-200) °C under an in-plane applied field of 1 kOe.
Normalization by the sample volume was conducted using the film
thickness as determined by fits to the XRR data. Prior to VSM mea-
surement, the sample was de-ionized to preclude the erroneous sig-
nal from electrostatic build-up. Background correction was done
by measuring and subtracting the diamagnetic response of a blank
MgO substrate over the same temperature range under the same
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applied field. M-H curves were measured using the same appara-
tus. Here, background correction was achieved by a linear fit to the
diamagnetic response.

Polarized neutron reflectometry

PNR measurements were made on the POLREF instrument at
the ISIS Neutron and Muon Source at the Rutherford Appleton Lab-
oratory. Samples were cleaned with acetone and isopropanol in an
ultrasonic bath and then mounted on a copper stage with thermally
conductive paste. The puck was placed into a vacuum furnace at a
pressure of 5.5 x 1077 mbar situated in a uniform 1 kOe magnetic
field. Spin resolved neutron reflectivities were then obtained at each
temperature setpoint (increasing), with the system left to thermal-
ize for 2 h prior to measurement at each temperature. An incident
angle of 6 = 0.9° was used, which provides a range in Q of (0.014
-0.993) A~'. For the 7.5 x 10" ions cm 2 irradiated sample at 25 °C,
incident angles of 8 = 0.4° and 6 = 1.4° were used, leading to a
range in Q of (0.081-0.148) A7L. Here, resolution is dominated by
the sample, resulting in a strong 6-dependence, and hence, the data
feature a notable discontinuity at ~0.04 A7, For this reason, the data
from this measurement were not stitched but were instead fitted with
separate resolution functions.

The PNR data were fitted to dynamical simulations of spin-
resolved neutron reflectivities using the GenX reflectivity package.”
For each sample, all data across the range of measured temperatures
were fitted simultaneously using a shared reduced y* figure of merit,
effectively quadrupling the number of data points that contribute
to the fitted value of each structural parameter. Layer magnetiza-
tions, layer roughnesses, and incident beam intensities were allowed
to vary between temperature measurements. Maximum and min-
imum values for the layer thicknesses, densities, and roughnesses
were informed by the values determined from XRR.

Conversion electron Mdssbauer spectroscopy

>"Fe Mossbauer spectroscopy in zero external field at perpen-
dicular incidence of the y rays to the film surface was performed
by detection of conversion electrons (CEMS). For the detection of
the electrons, the sample was installed in a proportional gas counter,
i.e., a housing with a continuous He gas flow mixed with 4% CHj to
avoid ionization processes. For the measurement, a constant acceler-
ation Mssbauer driving unit was used with a *” Co source embedded
in a Rh matrix, while the velocity of the spectrometer was calibrated
with an a-Fe foil reference sample at room temperature. The experi-
mental spectra were evaluated by a least-squares fitting routine using
the PI program package.”’ The discussed isomer shifts 8i, are given
relative to bulk bce Fe at room temperature.

Doppler broadening variable energy positron
annihilation spectroscopy (DB-VEPAS)

DB-VEPAS measurements were conducted at the apparatus
for the in situ defect analysis (AIDA)® of the slow positron beam-
line (SPONSOR)* at Helmholtz-Zentrum Dresden-Rossendorf.
Positrons emitted from a radioactive **Na source are moderated,
magnetically guided, and post-accelerated to a discrete kinetic
energy value E,. When implanted into a solid, they either annihi-
late in delocalized lattice sites, emitting at least two 511 keV gamma
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photons, or localize in open volumes, i.e., at defects or interfaces.
Increasing Ej, in the range of 40 eV to 35 keV enables depth profil-
ing starting at the film surface down to a few micrometers. A mean
positron implantation depth, (z), can be estimated by using a simple
material density dependent formula,

z = (36/prern ) Eb°s (1)

where prern = 9.76 g cm ™ is the density of FeRh, (z) is in nm, and E,,
is in keV. Positron-electron annihilation events are measured typi-
cally with one or two high-purity Ge detectors [an energy resolution
of (1.09 + 0.01) keV at 511 keV for a single detector configuration].
The Doppler broadening of the annihilation line is characterized by
two distinct parameters, S and W, which are defined as the fraction
of the annihilation line in the middle [(511 + 0.93) keV] and outer
[(508.56 + 0.35) keV and (513.44 + 0.35) keV] regions of the spec-
trum, respectively. S(Ep) curves were fitted using the VEPFit code’’
to obtain values for the positron diffusion length L, and layer-
specific S-parameters. For cases where a single layer was assumed,
the thickness of the film was fixed to 40 nm. Material densities for
FeRh and MgO were prern = 9.76 g cm™> and pygo = 3.6 g cm ™.
For MgO, L was fixed to 35 nm for all the samples, a value obtained
from unconstrained fits with a deviation of +5 nm.

Variable energy positron annihilation lifetime
spectroscopy (VEPALS)

VEPALS measurements were conducted at the Mono-energetic
Positron Source (MePS) beamline at HZDR in Germany, which is
the end station of the radiation source ELBE (Electron Linac for
beams with high Brilliance and low Emittance).”” The typical life-
time spectrum N(f) is described by N(¢) = X(1/7;) I; exp(-t/ti),
where 7; and I; are the positron lifetime and intensity of the i-th
component, respectively (XI; = 1). All the spectra were deconvoluted
using the non-linear least-squared based software package PALSfit"
in several discrete lifetime components. In general, positron lifetime
is directly proportional to defect size, i.e., the larger is the defect,
the lower is the probability and the longer it takes for positrons to be
annihilated with electrons.””*"* The corresponding relative intensi-
ties reflect the concentration of each defect type (size). The positron
annihilation lifetime and intensity were probed as a function of
implantation energy Ep, which is directly related to implantation
depth (z).

A digital lifetime CrBrs3 scintillator detector of 51 mm diameter
(2in.) and 25.4 mm length (1 in.) was used, coupled to a Hamamatsu
R13089-100 PMT with a p-metal shield and housed inside a solid
Au casing. A homemade software was used, employing SPDevices
ADQ14DC-2X with 14-bit vertical resolution and 2 GS/s horizon-
tal resolution and with a time resolution function down to about
0.205 ns. The resolution function required for the spectrum analysis
uses two Gaussian functions with distinct intensities depending on
the positron implantation energy, E,, and appropriate relative shifts.
All spectra contained at least 1 x 10 counts.

SUPPLEMENTARY MATERIAL

X-ray measurements (XRD/R) for structural characterization,
PNR fitting parameters and the corresponding reduced y* values,
positron lifetime values calculated using DFT, and SRIM simulations
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of irradiation-induced disordering are provided in the supplemen-
tary material.
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