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ABSTRACT

The heterointerfacing of different materials with competing magnetic orders forms the basis for
today’s spintronic devices, however materials compatibility has remained a major limitation to
the conception of new multilayered systems. Here, we uncover a multilayer of competing mag-
netic orders within a single layer of FeRh after low-energy He-ion irradiation: metamagnetic, fer- ordering; phase transition;
romagnetic, and spin glass. Polarized neutron reflectometry, irradiation modeling, and density antiferromagnetic;
functional theory calculations reveal a direct correlation between the disorder concentration, the irradiation
depth-dependent magnetic ordering, and the onset of the metamagnetic transition. Such a het-

erostructure opens the door to new paradigms in antiferromagnetic electronics and ultra-low-power

magnetization controllability.
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This unlocks the possible use of intrinsic magnetism as a state-variable for logical computation via
a top-down approach to the multilayering/control of magnetic order in a single metamagnetic thin

film.

A route towards the active control of magnetic spin
ordering at room temperature could potentially unlock
a plentitude of ultra-low-power devices, ushering in the
next age of high-efficiency computing. Particularly, the
recently unveiled potential of antiferromagnetic (AF)
electronics has spawned considerable interest in AF
coupled systems for high-speed, low-power spintron-
ics [1-3]. The metamagnetic transition from AF to
ferromagnetic (FM) order in FeRh films was shown

to be highly controllable by substrate strain [4-8],
transition metals substitutional doping [4,5,9,10] and
mesoscale patterning [11-14]. Here, we use low-energy
He-ion implantation to precisely tune the metamag-
netic transition temperature as a function of ion flu-
ence (Figure 1(a)). By application of a gradient dose
through the thickness, a multilayering effect in magnetic
ordering is revealed with polarized neutron reflectometry
(PNR). Using atomistic simulation and modeling, a direct
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Figure 1. (a) Schematic diagram showing layered structure in gradient-dosed samples obtained from PNR measurements (m-
SG = mesoscale spin glass, FM = ferromagnetic ordering, AF/FM = antiferromagnetic/ferromagnetic switchable metamagnetic order-
ing, i-FM = interfacial ferromagnetic ordering. (b) SQUID measurements of magnetization as a function of temperature for samples
before and after He irradiation with varying doses. Arrow shows increasing background ferromagnetism with increased irradiation
dose (c) (axis on the left-hand side) out-of-plane lattice constant c-parameter evolution as a function of dose measured by XRD (black
squares); (axis on the right-hand side). Decreasing transition temperature with He-dose (blue triangles). Dashed lines show linear trend

of c-parameter with dose in the two (AF/FM) magnetic phases.

correlation is revealed between the spin ordering and
dose-induced disorder. Additionally, a thermal anneal
can be used to remove implanted He atoms and repair lat-
tice modifications from irradiation, reproducibly return-
ing the FeRh back to a higher transition temperature
state. This is in contrast to transition metal doping
phase transition control methods that cannot be modi-
fied after fabrication [8,10]. On the other hand, not only
the defects, but also interstitial He atoms appear to be sta-
ble in the lattice for a timespan of at least 1.5 years, despite
being removable upon high-temperature annealing.

For this study, a series of epitaxial c-axis-oriented FeRh
films (~40 nm) were grown with a Ag (~ 15nm) cap as
an ion stopping layer on MgO 001 crystal substrates and
the films implanted ex situ with He ions, as illustrated
in Figure 1(a). Recent studies using neon (20.18 u) ion
implantation with an energy of 20 keV resulted in signif-
icant film damage and disorder-induced FM [15]. Here,
low-energy (3.8 keV) and low-mass (4.00 u) He ions are
chosen to reduce disorder and surface sputtering as well
as yield a gradient vacancy profile along the film depth.

First, the influence of the He-ion irradiation on the
magnetic and structural properties of the films was inves-
tigated by superconducting quantum interference device
‘SQUID’ magnetometry and X-ray diffraction (XRD),
respectively. Magnetization measurements in Figure 1(b)
show a highly tunable transition temperature as a func-
tion of dose. Displayed in Figure 1(c) is the result of
room temperature XRD on the FeRhs 001 peak posi-
tion as a function of implantation dose. The data clearly
reveal the FeRh unit cell expansion upon He implantation

due to the onset of the FM phase as the AF/FM tran-
sition temperature is shifted below room temperature
(Figure 1(c)). However, while we do see a highly con-
trollable decrease in the metamagnetic transition temper-
ature, the magnitude of the transition is decreased and
its width is increased. More importantly, along with this
tunable phase transition there persists an anomalous FM
background that increases in magnitude as the dose is
increased. From thermomagnetic M vs. T measurements
this is evident as an increase in the magnitude of the mag-
netization below the transition temperature and nomi-
nally in the AF phase (see black arrow in Figure 1(b)).
Previous measurements of irradiated FeRh films with
traditional magnetometer techniques have witnessed a
similar FM background ordering [15-18].

From previous experiments and the SQUID measure-
ments shown here, one can infer that both magnetic
phases (FM and metamagnetic) of FeRh are present in
ion-irradiated films. However, the origin of the FM is still
largely unexplored. A similar persistence of FM below
the transition temperature for undosed films has been
recently interpreted as interfacial magnetization at the
bottom and top of the film, attributed to epitaxial and sur-
face strain [7,8,19]. However, in He-implanted samples,
the apparent controllability of this FM ordering lends
to question the nature of this phenomenon in irradiated
samples [15,16,20]. Traditional magnetometry can only
measure the total magnetization of the specimen, provid-
ing no insight into the spatial, interfacial, or strain-driven
origins of these thermomagnetic effects. PNR allows the
determination of magnetization profiles and is thus an
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Figure 2. (a) PNR reflectivities of virgin (undosed) samples of FeRh grown on MgO 300K (below metamagnetic transition) and 450 K
(above metamagnetic transition). Blue lines show fit through the data. Overlaid red and blue error bars show data points for positive
and negative neutron polarizations, respectively. (b) MSLD and NSLD depth profiles of a virgin FeRh film extracted from fits to data in
Figure 2(a). (c) PNR reflectivity of FeRh sample after He-ion irradiation at 400 K (above transition), 330 K (within the transition region),

and 200K (below the transition). (d) MSLD and SLD depth profiles

ideal tool to study depth-sensitive magnetic order in epi-
taxial thin films. Here, we have used PNR at temperatures
above, below, and in the middle of the phase transition in
order to explore the effects of He-ion irradiation on FeRh
films.

Experimental data using the PNR technique on
both virgin and implanted FeRh films are shown in
Figure 2(a,d). Strikingly, for the dosed film these mea-
surements show a clear coexistence of both a stabilized
FM layer at some depth below the surface, and a meta-
magnetic (AF/FM) transitional region just below that
(Figure 2(d)). The stabilized FM ordering layer persists
at all temperatures measured (similar to the interfacial
FM layers previously described), while the layer directly
below has a decreased metamagnetic transition temper-
ature (Tap—pMm). Additionally, there is a surface layer
whose magnetic ordering has been lost completely at all
temperatures. Shown in Figure 4 are helium ion range
and Fe/Rh displacement depth profiles obtained from
TRIM/SRIM (transport/stopping and range of ions in
matter) simulations. This, along with corroborated evi-
dence from SIMS (secondary ion mass spectroscopy)
analysis in supplemental Figure S1, confirms the exis-
tence of a gradient in He concentration as a function of
depth, with the largest concentration at the surface of the
sample. However, the concentration of Fe displacements
(dpe) and Rh displacements (drp) is 10-50 times larger

of irradiated FeRh film taken from fits in Figure 2(c).

than that of implanted He ions, making it likely that the
observed modifications of physical properties are over-
whelmingly due to the metal vacancies and interstitial
ions. Regardless of the origin, the three distinct layers
of magnetic ordering are correlated with both the He
concentration and displacement density within the FeRh
layer. Above 2 x 10® vacancies/cm® no magnetic order-
ing is detected, from ~ 1 x 10% to ~2 x 10° there exists a
persistent FM ordering, and below ~ 1 x 10* we observe
the metamagnetic AF/FM transitional region (whose
transition temperature has been reduced, on average, to
~330K).

Unlike substitutional doping to control FeRh’s transi-
tion temperature [8,10], modifications to the lattice due
to He irradiation can be reversed by high-temperature
annealing, which heals the defects created by irradiation.
To explore this further, we have annealed the irradiated
film at the highest temperature available in the neutron
beamline cryostat in high vacuum (450°C) for 3h and
performed PNR (Figure 3(a)). As expected, the mag-
netic profile in the annealed film has moved towards
the surface, reflecting gradual healing. The transition
temperature in the metamagnetic region has increased
(Figure 3(c)), and the FM background was suppressed,
as witnessed by the residual magnetic moment below
the transition temperature. PNR measurements were also
taken above (400 K), below (200 K), and in the middle
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Figure 3. (a) PNR reflectivities of a gradient-dosed FeRh sample (same as from Figure 2(b,c)) after a 3 h 400 K anneal taken at the same
temperatures. Blue lines show fits to the data. Overlaid red and blue error bars show positive and negative neutron polarizations, respec-
tively. (b) MSLD and NSLD depth profiles extracted from fits to data shown in (a). (c) SQUID data showing comparison of irradiated FeRh
film before and after annealing. Dashed lines indicate temperatures at which PNR in Figure 3(b) were performed (d) 200 K comparison of
SLD and MSLD depth profiles before and after anneal. Arrows show migration of an FM region to the surface of the sample and decrease
in magnetization magnitude, as the irradiation-induced defects are being annealed.

(330K) of the AF/FM transition in the annealed samples
(Figure 3(a,b)). Consistent with the above reasoning, the
FM region was shifted towards the surface of the film,
starting directly at the surface interface, supplanting the
highly disordered spin-glass region.

Results and discussion

Our XRD data in Figure 1(c) illustrate the irradiation-
induced switching of the magnetic order and the volume
effect of the metamagnetic transition. When the He-
ion fluence reaches a critical value, the magnetic order
changes from AF to FM by a first-order transition, with
a 1% expansion in volume. To estimate the irradiation-
induced damage in the system, we have run SRIM simu-
lations (Figure 4). According to the relative concentration
profile of He atoms to vacancies in Figure 4, an inter-
stitial He-induced quasi-uniaxial strain forcing the 1%
larger volume FM state due to implanted He atoms would
make a rather small effect. Rather, the temperature behav-
ior of the persistently FM layer must be related to the
disorder, namely to Frenkel pairs (i.e. a vacancy and its
interstitial atom) in the Fe and Rh sublattices. As a result
of gradient vacancy profile, the bottom portion of the
film was subjected to the lowest dose, and it exhibits
FeRh’s typical metamagnetic behavior. This region has
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Figure 4. Concentration of Fe and Rh atoms displaced into inter-
stitial positions and of He ions stopped in the bulk, as a func-
tion of distance from the substrate (0 A is the interface with the
MgO substrate and at 390 A is the interface with the capping Ag
layer), as simulated by TRIM/SRIM modeling. (a) Sketch shows an
example of magnetic disorder introduced by a displaced Fe atom
(black ball). The brown balls indicate surrounding Fe atoms which
assume the overall antiferromagnetic order, and the silver ones
are Rh (sketch assumes zero lattice relaxation).

a lower temperature AF/FM transition, which is tun-
able in this small dose regime as shown in Figure 1(b,c)
by magnetometry measurements. The middle portion
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experienced a moderately higher dose and developed a
persistent FM state. The topmost portion that received
the highest dose and developed the largest amount of dis-
order has lost its magnetic ordering entirely; as will be
discussed below, we believe it to be in a spin glass state,
or ‘mesoscopic spin glass’ (m-SG).

Let us now discuss the ordered layers in more detail.
As one progresses from the substrate towards the top
of the film, the first several atomic layers exhibit robust
ferromagnetism. Additionally, PNR measurements con-
ducted on a film grown with metallic buffer layers and
a high degree of lattice match also show such an inter-
facial FM (i-FM) [8]. This i-FM effect is present before
and after irradiation, so it is clearly triggered by inter-
action with substrate and has been documented in pre-
vious reports [7,8,19]. This effect is far from trivial.
Both from the Clapeyron-Clausius equation, and from
results of pressure experiments [21], the compressive
strain exhorted by the MgO substrate should stabilize
the AF state rather than the FM. Thus, the effect of the
interface goes far beyond simple strain. There are exten-
sive debates in the literature [7-9,19,22], and the issue
has not been settled with certainty; for the purpose of
this paper, however, we shall concentrate on the effects
of irradiation-induced disorder away from the interface
with the substrate.

The disordered middle region of the film exhibits an
FM state that is stable in the entire temperature range
investigated. The exact origin of this FM state cannot
be uncovered without detailed theoretical modeling. We
can, however, point out a very general reason for mod-
erate disorder to favor FM ordering. As observed before
[23-26], direct Fe-Fe interaction is AF, however, in the
AF structure Rh remains, by symmetry, nonmagnetic.
Furthermore, in the FM state, Fe induces a net polar-
ization on the Rh atoms of the order of 1 up. This gives
an additional energy gain, commonly referred to as the
Hund’s rule coupling (atomic physics), or the Stoner
energy (density functional theory [DFT]). The latter can
be estimated [27] as IM?/4, where I is the so-called Stoner
parameter of the exchange-correlation strength, which
for the 4d metals is ~ 0.4 eV. Thus, the Stoner energy is
~ 100 meV per unit cell for Rh in FeRh. This is at least
twice as large as the calculated energy difference between
the AF and FM ground states of FeRh at zero temperature
(see Figure S2). As a result, the two types of Fe-Fe inter-
actions (direct AE, and FM mediated by Rh) are of the
same order and in close competition making them prone
to transition between either state by disorder.

Importantly, even though both ground states are at
similar energies, they respond differently to the disorder.
Indeed, the AF structure on the simple cubic lattice is not
frustrated: all nearest neighbor bonds are AF and provide

equal contribution to the AF energy gain (which is 3Jpe_re
per unit cell). Removing one Fe atom leaves behind a
vacancy, thus removing four AF bonds and increasing
the energy by 6Jpe_re. It further creates an interstitial Fe
atom with a tetrahedral symmetry (see Figure 4), which
disrupts the magnetic interactions of three neighboring
Fe. Thus, the impact of disorder on the AF structure is
strong. On the other hand, disorder has little effect on
the FM coupling mediated by Rh; even in the neigh-
borhood of an Fe vacancy or an interstitial Fe, as long
as all Fe spins are parallel, Rh acquires about the same
magnetic moment without any loss of the Stoner energy.
The same is true for a displaced Rh. Therefore, disor-
der is injurious for the AF order, while the FM order is
indifferent to moderate disorder. Therefore, the energy
balance for moderate irradiation doses shifts towards the
FM ordering and, as observed in our experiment, the
higher irradiation dose results in a higher rate of dis-
placed Fe atoms that favors a shift of AF — FM transition
to lower in temperature. When more than 5% of all atoms
(half of which are Fe) are displaced, the transition is sup-
pressed in the entire temperature range accessed in our
experiment, rendering the sample effectively FM.

The surface of the film, which was exposed to the
largest irradiation dose, displacing more than 10% of
Fe/Rh metal ions and leaving behind vacancies, appears
entirely nonmagnetic to PNR. A similar behavior has
been witnessed in the past in bulk samples of FeRh by
introduction of lattice defects by high-energy ball milling
[28,29]. While Rh moments are fragile, Fe magnetism is
very strong locally. Computational tests using the stan-
dard Vienna Ab initio Simulation Package (VASP) code
[30] to displace one Fe to a far removed interstitial loca-
tion, verifies that it remains magnetic with a moment in
excess of 2 Bohr magnetons. Complete absence of the net
magnetization signifies that Fe moments are completely
disordered, which may occur either in paramagnetic or
in a spin-glass state. Since the material experiences a
sharp transition into a FM state with ~10% of vacan-
cies isothermally (XRD from Figure 1(c) and SRIM from
Figure 4) [15,16], a paramagnetic ordering is less proba-
ble, and a freezing of Fe spins with zero net magnetization
is more likely. Ostensibly, this contradicts the previous
argument that disorder favors FM. Important to note
however that, when the concentration of Rh vacancies is
large enough, extended Rh-depleted regions are created
where AF coupling dominates. Here, the system freezes
into a collection of FM clusters, whose orientation varies,
but is fixed with respect to each other by inter-cluster
regions where the AF coupling dominates (Figure S2).
These evidences conclude that the top 100-150 A of our
irradiated film are converted into a so-called mesoscopic
spin glass, to distinguish it from typical spin glasses
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formed by magnetic ions with completely random orien-
tations [31,32].

Conclusions

Using polarized neutrons, SRIM modeling, and DFT
analysis, we have uncovered the depth-dependent nature
of magnetization modifications in He-ion-irradiated
FeRh thin films, revealing an irradiation gradient-
induced multilayer of magnetic spin orderings. Fitting
a model to polarized neutron reflectivity profiles at
temperatures above, below and in the middle of the
metamagnetic transition has uncovered the existence
of a persistently FM layer, previously only evident in
the high magnetization background of thermomagnetic
measurements. We have also demonstrated how the high-
temperature metamagnetic transition can be restored
using high-temperature thermal annealing, and used
PNR to show how this causes stabilization of an FM
region closer to the surface interface, and a disorder-
induced mesoscopic spin glass immediately below the
surface, in the most highly irradiated layer. These discov-
eries can be used to form a multilayer of AE, FM, spin
glass, or metamagnetic layers, opening new paradigms
in vertically patterned AF spintronics. Additionally, these
layers will exhibit different resistivities [3], and strain sen-
sitivity [4,7] leading towards ultra-low-power tunable AF
electronics [4,33].

Experimental

Sample growth: FeRh samples ~ 40 nm thick were grown
using magnetron sputtering from a stoichiometric FeRh
target at 630°C in a 1.5-mTorr Ar atmosphere. They were
then annealed in situ for 1 h at 730°C before being cooled
to 240°C and depositinga ~ 30-nm Ag capping/stopping
layer to prevent oxidation during transport, surface dam-
age from irradiation and promote good uniform He-
dosing to the buried FeRh layer. The samples were then
irradiated at 3.8 keV with He™ ions. Irradiation sputter-
ing of the Ag protection layer left behind some residual
Ag, which was removed before PNR measurement.

PNR experiments: PNR [34,35] experiment was per-
formed on the Magnetism Reflectometer [34] at the
Spallation Neutron Source at Oak Ridge National Lab-
oratory [35]. It is a time-of-flight instrument with a
wavelength band of A ~ 2.6-8.6 A of highly polarized
neutrons (98.5%). During the experiment an external
magnetic field of 0.5 T is applied in-plane, saturating the
sample parallel to the neutron polarization.

The experiential data are used to extract the depth pro-
file of the neutron scattering length density (NSLD). The
depth dependence of the SLD profile is obtained by fitting
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the reflectivity data. From the fit to the two reflectivity
curves (R* and R™), the depth-dependent nuclear (Nb,,)
and magnetic (Nby,) scattering length density profiles
(NSLD and MSLD)), respectively, are determined. In par-
ticular, when measuring at magnetically saturated state,
the MSLD (Nb,,) obtained is linked to M [36] and allows
its direct evaluation. The magnetic scattering length den-
sity MSLD (or Nby, in Equation (1)) can be converted
to the physical magnetization (M) in the cgs units, M
(emu/cm?®) = 3.5 x 108 Nb,, (A72).

The reflectivity data were fit with Python-based soft-
ware GenX [37]. Fitting of the reflectivity data is per-
formed first with the minimum number of parameters
(substrate, film, and surface layer). Each layer is described
with three parameters (NSLD, MSLD, and thickness).
The model is then refined by successively adding sublay-
ers to fit the details of the magnetic and nuclear struc-
ture until a good statistical fit to the data is achieved
(10 layers total). The fit of R™ and R~ was performed
simultaneously for each temperature dataset (shown in
Figure 2(a,b) and Figure 3(a)). The estimated error is not
exceeding 5% of the obtained parameter values.

Computational

The DFT calculations reported in this paper were per-
formed using the projector augmented wave method
[38] as implemented in the VASP [24], using pseudo-
potentials with the p-states in the valence window.
Results for the single-cell were verified by all-electron
linearized augmented plane wave (LAPW) calcula-
tions (as implemented in the WIEN2K package [39]).
In all cases, the Perdew-Burke-Ernzerhof exchange-
correlation potential was employed [40].
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He implanted region FeRh — MgO interface
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Figure S1: SIMS (Secondary lon Mass Spectroscopy) measurements of a gradient-dosed FeRh sample 1.5 yrs
after implantation. Red line shows He profile, which aligns closely with SRIM simulations in Figure 4. Arrows
show He-implanted region and FeRh-MgO substrate interface. Measurement demonstrates He ions still present
in the lattice after extended time in air.
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Figure S2: Total energy as a function of the c lattice parameter for three different in-plane parameters (a=2.984
A corresponds to the antiferromagnetic bulk, a=2.999 to the ferromagnetic bulk, and a=2.9783 to the epitaxial
matching with MgO). The upper three curves are for the ferro-, and the lower three for antiferromagnetic
ordering. Note that straining hardly affects the FM-AF energy difference.



(b)

Figure S3: These cartoons illustrate the differences between a typical "microscopic™ spin glass (a), where spin
orientations are presumed to be totally random, and the proposed "mesoscopic” spin glass (b), with strong short
range ferromagnetic correlations. The latter can be viewed as a collection of ferromagnetic clusters, frozen in
random orientation. For simplicity, the cartoons assume Ising spins with only two orientations possible,
depicted by the two colors.
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