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Abstract: Metamagnetic FeRh has been the focus of numerous studies for its highly unique antiferro-
magnetic (AF) to ferromagnetic (FM) metamagnetic transition. While this phase transition usually
occurs above room temperature (often Tc > 400 K), both ion irradiation and strained epitaxial growth
have been used to bring it to applicable temperatures. Nevertheless, cross sample variability is
pervasive in these studies. Here we explore the optical and magnetic properties of 35 nm thick FeRh
grown by magnetron sputter deposition simultaneously on two different single crystal substrates:
epitaxially on MgO (001) and highly strained with large lattice mismatch on Al2O3 (1000). We then
irradiate the epitaxial film with 5 keV N+ ions to introduce disorder (and to a lesser extent, modify
chemical composition) without effecting the surface morphology. We find that the phase-transitional
properties of both films are strikingly different due to the large lattice mismatch, despite being grown
in tandem with nominally identical growth conditions including Fe/Rh stoichiometry, pressure, and
temperature. We observe that N+ implantation lowers Tc by ~60 K, yielding a sample with nomi-
nally the same transition temperature as the non-epitaxial film on sapphire, yet with a significantly
increased magnetic moment, a larger magnetization change and a more abrupt transition profile. We
attribute these differences to the Volmer-Weber type growth mode induced by the sapphire substrate
and the resulting rougher surface morphology.

Keywords: FeRh; metamagnetic; phase change; memristor; antiferromagnetic; irradiation;
implantation

1. Introduction

Interest in phase transitional materials has grown over recent years. A significant
driver for this change has been an increased need for more robust, lower power and higher
speed memory electronics [1,2]. While significant efforts have been underway in memristor
development, there are obvious downfalls to the memristors of today including a high error
rate and a low average bit lifespan. These are especially troublesome as emerging types
of neuromorphic computing elements rely on the unique characteristics of memristors
to mimic the spike timing and continuously variable weights of neurons in our human
brains [3–5]. The memristive capabilities of phase change materials such as the metal insula-
tor transitional VO2 and V2O3 are prime candidates for this next generation [6–8]. However,
they are hindered by the same endurance issues associated with classical memristors due to
electric field oxygen migration [9]. Therein lies the interest in the metamagnetic transition
in metallic FeRh whose phase change is rooted in a change in magnetic ordering from
antiferromagnetic (AF) to ferromagnetic (FM) along with a volumetric realignment [10–15].
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This allows for phase change devices with an added magnetic order degree of freedom, as
the low temperature AF phase of FeRh can be manipulated at very high speeds using tech-
niques unearthed in the new search for antiferromagnetic electronics [16–18]. As interest in
FeRh increases, it is important to understand the various factors that have driven significant
variability of the metamagnetic transition in literature [10–12,19]. Here we compare FeRh
films grown in tandem on two different crystalline substrates, MgO (100) and sapphire or
Al2O3 (0001), and analyze the impact of N+ irradiation and surface morphology on the
metamagnetic transition.

Significant work has already gone into controlling the FeRh phase transition using
doping [20,21], pressure [22], irradiation [23–25], nanoscale confinement [26], substrate
strain [27], and piezoelectric strain [28,29]. A common observation among these studies
is the major role strain plays in the metamagnetic transition. This strain-led variation of
the exchange integral leads to substantial variations in the transition temperature. Here
we consider this by growing FeRh on two different crystalline substrates and observe a
sizeable shift (>60 K) in the transition temperature (Tc). We then irradiate the epitaxial
film having the higher Tc with 5 keV N+ (approximately 1 × 1014 N+/cm2) to introduce
disorder and observe a similar reduction in Tc that also exceeds 60 K. To investigate the
nature of these Tc reductions we examine the strain and its impact on the morphology of
the films via XRD and AFM. Additionally, we interrogate the transition temperature with
SQUID magnetometry, the magneto-optic Kerr effect (MOKE), and optical reflectance. By
growing on both substrates in tandem we have shown for the first time the clear differences
between morphological versus irradiative control of the metamagnetic transition in FeRh
without questions of cross sample thickness and compositional variability.

2. Experiment

All FeRh films in this study were grown by sample-facing-sputter method in an AJA
magnetron sputter system in tandem on a 4 ”rotating sample holder. The substrates were
placed within a ~3.5 cm diameter central region of the heating plate to ensure maximum
growth condition uniformity between the two samples and then loaded via a loadlock
into the chamber with a base pressure of ~10−8 Torr. The samples were then heated to the
growth temperature of 630 ◦C in a 10-mTorr Ar atmosphere and sputter cleaned with a
10-W RF plasma for 5 min before growth. FeRh was grown from an equiatomic 2” sputter
gun with magnets configured for a magnetic target. The films were grown with 75-W DC
power then post annealed at 730 ◦C in HiVac for 1 h.

Since the films grown on sapphire are not epitaxial it is important to quantify the
degree of preferred orientation to the substrate. To do this, a quantitative estimate of the
preferred orientation can be obtained from the March-Dollase method using our XRD data
from Figure 1a [30,31]. Here, the so-called March parameter, r, is related to the fraction of
crystallites which exhibit a preferred orientation along a crystalline plane, and is calculated
using Equation (1).

r = [sin2α/((κ/κp)2/3 − cos2α)]1/3 (1)

where α is the angle between the plane of preferred orientation and a comparison plane, κ
is the observed intensity ratio of the diffraction peaks of these planes (in the film), and κp
is the corresponding intensity ratio of the two planes from the random powder spectrum.
A complete preferred orientation will give r = 0, while a fully random orientation will give
r = 1. The degree of preferred orientation, η, may be obtained from r using Equation (2).

η = 100% [(1 − r)3/(1 − r3)]1/2 (2)
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Figure 1. XRD data from FeRh thin film samples. (a) XRD theta-2theta curve of FeRh on MgO. (b) 
XRD theta-2theta curve of FeRh on Sapphire. (c) XRD theta-2theta curve of FeRh on MgO after 
dosing with N+. (d) X-ray reflectivity curve showing interference fringes for FeRh on sapphire 
sample with thickness of 36.9 nm. 
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To calculate η for the (110) plane we used the (100) plane as a comparison plane. The 
angle α between (110) and (100) is calculated from the cubic symmetry to be 45 degrees. 
The intensity ratio κp is found from the calculated powder spectrum given in the JCPDS 
card. For the FeRh film on sapphire, r  =  0.5 and η  =  38%, indicating a polycrystalline 
growth. 

Temperature-dependent magnetization data of the FeRh films was obtained using a 
Quantum Design SQUID MPMS3 system. Initially, the samples were saturated in a 2 kOe 
magnetic field at 550 K, then the applied field was removed and the temperature was 
reduced to 300 K. A 100 Oe field was then applied and measurements made while heating 
from 300 K to 550 K and back. It is immediately evident that even though the sapphire 

Figure 1. XRD data from FeRh thin film samples. (a) XRD theta-2theta curve of FeRh on MgO. (b)
XRD theta-2theta curve of FeRh on Sapphire. (c) XRD theta-2theta curve of FeRh on MgO after dosing
with N+. (d) X-ray reflectivity curve showing interference fringes for FeRh on sapphire sample with
thickness of 36.9 nm.

To calculate η for the (110) plane we used the (100) plane as a comparison plane. The
angle α between (110) and (100) is calculated from the cubic symmetry to be 45 degrees. The
intensity ratio κp is found from the calculated powder spectrum given in the JCPDS card.
For the FeRh film on sapphire, r = 0.5 and η = 38%, indicating a polycrystalline growth.

Temperature-dependent magnetization data of the FeRh films was obtained using
a Quantum Design SQUID MPMS3 system. Initially, the samples were saturated in a
2 kOe magnetic field at 550 K, then the applied field was removed and the temperature
was reduced to 300 K. A 100 Oe field was then applied and measurements made while
heating from 300 K to 550 K and back. It is immediately evident that even though the
sapphire and MgO samples were grown in tandem, their metamagnetic transitions have
very different qualities.

The change in magnetization is only 15% for the sapphire sample as compared to
the epitaxial MgO sample. The width of the temperature hysteresis is twice that of the
FeRh on sapphire sample. The sapphire sample also shows an increase in magnetization at
300 K at the end of the temperature cycle. This is most likely due to some FM domains not
transitioning back to AFM along the super-cooling branch of the first-order transition.

We ascribe these differences in properties to the polycrystalline growth of the FeRh on
sapphire versus the epitaxial growth on MgO. It is noteworthy that even without an epi-
taxial match the sapphire sample has a transition large enough for a range of applications,
which aids device integration where epitaxy is not an option.
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Figure 2 also shows that the transition temperature can be reduced by dosing the sample
with 5 keV N ions. The transition of the undosed sample, the green curve in Figure 2, is
~425 K whereas the dosed transition, the red curve, is ~350 K. This reduction is due to
disorder introduced into the FeRh lattice by the high energy ion bombardment as discussed
in our previous works [23,24].
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Figure 2. SQUID magnetometry data of the three samples (FeRh on sapphire (blue), FeRh on MgO
(green), FeRh on MgO with a 5kV N+ dose (red). Arrows indicate sweep direction of temperature
with all measurements starting at 300 K.

It is important to note that even though the N+ dosed sample on MgO and the
polycrystalline sample have similar transition temperatures (~350 K), the polycrystalline
sample shows a significant loss of magnetic moment, broadening of hysteresis width, and
a lowered magnetization change compare to the N+ dosed sample. This is the result of the
Volmer-Weber type polycrystalline growth on the mismatched sapphire.

Next, we used optical reflectance to study the metamagnetic transition. The optical
reflectance data at 1550 nm shows a decrease in reflectance for both samples with increasing
temperature. This change in reflectance is characteristic of the metamagnetic transition, as
previously shown [32]. The FeRh on sapphire sample shows a transition temperature upon
heating (cooling) of 369 K (337 K). Not only is this a low transition temperature for FeRh,
but also the thermal transition hysteresis is very wide (30 K).

For the undosed FeRh/MgO sample the transition temperature is higher than the
500 K temperature limit of our experimental setup. The reflectance and optical hysteresis
are small because we can only observe the onset of the transition.

The MgO substrate was polished on both sides which enabled optical transmittance
measurements of the FeRh/MgO sample, as shown in Figure 3b. While the transmittance
is small (~5%) its trends are opposite to the reflectance, i.e., increases with increasing
temperature. The combination of reflectance and transmittance enables calculation of the
absorption of the film (since there is a negligible amount of scattering and absorption in
the MgO and optical windows at 1550 nm).
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Figure 3. Optical properties of FeRh films. (a) reflectance at 1550 nm wavelength of FeRh films on
MgO (black) and Al2O3 (red) substrates and N-dose FeRh on MgO (blue). (b) optical reflectance,
transmittance, and absorptance (calculated) of N-dosed FeRh films on MgO substrate at 1550-nm
wavelength. (c) MOKE ellipticity (top) and rotation (bottom) of FeRh/Al2O3 at 293 K and 400 K and
dosed FeRh/MgO at 293 K and 420 K. For the FeRh/Al2O3 the presence of a small MOKE signal at
room temperature is due to the thermal hysteresis which does not recover, as seen in (a), until the
sample is brought below 270 K.

Figure 3b shows the optical absorption at 1500 nm of the N+ dosed FeRh increases
during the transition. We note that the optical absorption shows the same temperature hys-
teresis as the transmission, which has interesting scientific and technological implications.

Finally, the magneto-optic properties of the FeRh films are evaluated using MOKE,
with the longitudinal signal measured with a 650 nm laser. The MOKE rotation and
ellipticity to applied magnetic fields up to 1500 Oe were measured at two temperatures:
293 K and 400 K for the FeRh/Al2O3 film and at 293 K and 420 K for the N+ dosed film
on MgO (Figure 3c). The un-dosed FeRh/MgO film did not show any detectable FM
characteristics below 450 K, which is the temperature limit on our MOKE setup.

The data for the sapphire substrate sample at 400 K shows a sharp change in polar-
ization rotation and ellipticity for a coercive field of ~300 Oe. However, at 293 K there is
still a noticeable yet small and broad change in ellipticity. This is because the samples do
not fully recover until they are cooled below 300 K. Once this is done, the weak MOKE
signal disappears. This is especially interesting since devices which seek to harness the
metamagnetic transition in FeRh will operate around room temperature and a magnetic
hysteresis provides an inherent memory effect [33].
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Lastly we use atomic force microscopy (AFM) to image the surface microstructure
of the samples and deduce the surface morphology of the as-grown and irradiated films.
From Figure 4. it is immediately apparent that the surface roughness of the FeRh/MgO and
FeRh/MgO with N+ irradiation is very close with ~0.4–0.5 nm RMS roughness. However,
the sample grown with off-epitaxy sputtering on the sapphire crystal shows a significant
increase in roughness and larger crystal sizes (RMS ~2.2 nm), which is consistent with our
results from XRD analysis and SQUID magnetometry.
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3. Conclusions

Here we have investigated the difference between controlling the metamagnetic tran-
sition temperature in FeRh films with off-epitaxy sputtering and N+ ion dosing. Samples
were grown in tandem to keep growth properties and stoichiometry uniform between all
samples, enabling the unambiguous comparison of their metamagnetic properties. Ther-
momagnetic characterization results show a reduced transition of ~350 K for the sapphire
substrate grown film compared to >400 K transition temperature of the un-dosed epitaxial
film. We attribute these differences to the Volmer-Weber type growth mode induced by the
sapphire substrate and the resulting rougher morphology.

The transition temperature of the 5 keV N+ dosed epitaxial FeRh film is close to
that of the polycrystalline film on sapphire; however, the quality of the transition in the
sapphire-grown case is much lower than the ion-dosed epitaxial sample. These results
show how FeRh can be grown on substrates with epitaxial mismatch and still retain their
metamagnetic transition. However, they also demonstrate clearly that using ion irradiation
to control the transition temperature of an epitaxially grown film can result in a much
higher quality metamagnetic transition.
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17. Němec, P.; Fiebig, M.; Kampfrath, T.; Kimel, A.V. Antiferromagnetic opto-spintronics. Nat. Phys. 2018, 14, 229–241. [CrossRef]
18. Baltz, V.; Manchon, A.; Tsoi, M.; Moriyama, T.; Ono, T.; Tserkovnyak, Y. Antiferromagnetic spintronics. Rev. Mod. Phys. 2018,

90, 015005. [CrossRef]
19. Barton, C.W.; Ostler, T.A.; Huskisson, D.; Kinane, C.J.; Haigh, S.J.; Hrkac, G.; Thomson, T. Substrate Induced Strain Field in FeRh

Epilayers Grown on Single Crystal MgO (001) Substrates. Sci. Rep. 2017, 7, 44397. [CrossRef] [PubMed]
20. Barua, R.; Jiménez-Villacorta, F.; Lewis, L.H. Predicting magnetostructural trends in FeRh-based ternary systems. Appl. Phys. Lett.

2013, 103, 102407. [CrossRef]
21. Bennett, S.P.; Ambaye, H.; Lee, H.; LeClair, P.; Mankey, G.J.; Lauter, V. Direct Evidence of Anomalous Interfacial Magnetization in

Metamagnetic Pd doped FeRh Thin Films. Sci. Rep. 2015, 5, 9142. [CrossRef]
22. Urban, C.; Bennett, S.P.; Schuller, I.K. Hydrostatic pressure mapping of barium titanate phase transitions with quenched FeRh.

Sci. Rep. 2020, 10, 6312. [CrossRef]

http://doi.org/10.1126/science.aba3758
http://doi.org/10.1038/d41586-018-06610-y
http://doi.org/10.1002/adma.201302511
http://doi.org/10.1109/TCSI.2021.3061973
http://doi.org/10.1038/s41586-020-1942-4
http://doi.org/10.1103/PhysRevLett.110.056601
http://www.ncbi.nlm.nih.gov/pubmed/23414038
http://doi.org/10.1038/s41467-021-21316-y
http://doi.org/10.1063/1.4896500
http://doi.org/10.1038/s41928-020-00478-5
http://doi.org/10.1063/1.1728721
http://doi.org/10.1063/1.1708527
http://doi.org/10.1063/1.1709570
http://doi.org/10.1063/1.4794980
http://doi.org/10.1038/s41598-018-20101-0
http://www.ncbi.nlm.nih.gov/pubmed/29379069
http://doi.org/10.1103/PhysRevB.82.184418
http://doi.org/10.1038/nnano.2016.18
http://doi.org/10.1038/s41567-018-0051-x
http://doi.org/10.1103/RevModPhys.90.015005
http://doi.org/10.1038/srep44397
http://www.ncbi.nlm.nih.gov/pubmed/28401915
http://doi.org/10.1063/1.4820583
http://doi.org/10.1038/srep09142
http://doi.org/10.1038/s41598-020-63358-0


Coatings 2021, 11, 661 8 of 8

23. Cress, C.D.; Wickramaratne, D.; Rosenberger, M.R.; Hennighausen, Z.; Callahan, P.G.; LaGasse, S.W.; Bernstein, N.; van’t Erve,
O.M.; Jonker, B.T.; Qadri, S.B.; et al. Direct-Write of Nanoscale Domains with Tunable Metamagnetic Order in FeRh Thin Films.
ACS Appl. Mater. Interfaces 2021, 13, 836–847. [CrossRef]

24. Bennett, S.P.; Herklotz, A.; Cress, C.D.; Ievlev, A.; Rouleau, C.M.; Mazin, I.I.; Lauter, V. Magnetic order multilayering in FeRh thin
films by the He-ion irradiation. Mater. Res. Lett. 2018, 6, 106–112. [CrossRef]

25. Heidarian, A.; Bali, R.; Grenzer, J.; Wilhelm, R.A.; Heller, R.; Yildirim, O.; Lindner, J.; Potzger, K. Tuning the antiferromagnetic to
ferromagnetic phase transition in FeRh thin films by means of low-energy/low fluence ion irradiation. Nucl. Instrum. Methods
Phys. Res. Sect. B Beam Interact. Mater. Atoms 2015, 358, 251–254. [CrossRef]
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