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Abstract 

The effects of mesoscale confinement on the metamagnetic behavior of lithographically 

patterned FeRh structures are investigated via Kerr microscopy. Combining the temperature- 

and field-dependent magnetization reversal of individual sub-micron FeRh structures provides 

specific phase-transition characteristics of single mesoscale objects. Relaxation of the epitaxial 

strain caused by patterning lowers the metamagnetic phase transition temperature by more than 

15 K upon confining FeRh films below 500 nm in one lateral dimension. We also observe that 

the phase transition becomes highly asymmetric when comparing the cooling and heating 

cycles for 300-nm-wide FeRh structures. The investigation of FeRh under lateral confinement 

provides an interesting platform to explore emergent metamagnetic phenomena arising from 

the interplay of the structural, magnetic and electronic degrees of freedom at the mesoscopic 

length scale. 
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I. INTRODUCTION 

The chemically ordered (CsCl-type) FeRh-alloy close to equiatomic composition undergoes a 

first-order metamagnetic phase transition from antiferromagnetic (AF) to ferromagnetic (FM) 

order upon warming above room temperature (~370 K) [1-3]. In the low temperature phase, 

FeRh is a G-type antiferromagnet where Fe atoms carry a moment of ±3.3 μB, while Rh atoms 

possess a negligible magnetic moment. On the other hand, the local Fe and Rh moments in the 

FM phase are ferromagnetically coupled, amounting to 3.2 μB and 0.9 μB, respectively [4, 5] 

(see Figure 1). The AF-FM transition is accompanied by an isotropic lattice expansion (~0.6%) 

and a reduction in resistivity (~50%), possessing coupled structural, electronic and magnetic 

order parameters [6, 7]. For films the transition features a thermal hysteresis of around 10 K 

between the cooling and heating cycles and it can be controlled via multiple external driving 

forces, such as temperature, magnetic field [8], strain [9-11], electrical currents [12-14] or 

ultrafast optical pulses [15-17]. The versatility to trigger and control the transition, as well as 

the associated changes in magnetization, magnetoresistance and entropy make FeRh an 

interesting candidate for incorporation into novel magnetic recording [18] and spintronic [19] 

devices, as well as for active components of magnetic refrigerators [11, 20, 21]. Among other 

metallic materials that exhibit a similar AF to FM phase transition (such as doped CeFe2 

compounds [22]) the feature at which FeRh is prominent consists in that the phase transition 

occurs near room temperature.  

In FeRh thin films, the transition broadens due to disorder and heterogeneity, caused 

by elements such as local structure or stoichiometry variations. As different parts of the sample 

possess slightly different transition temperatures, AF and FM domains coexist while the sample 

progresses through the phase transformation, leading to the smearing out of the sharp transition. 

Along these lines, Ohtani and Hatakeyama discuss the role of crystallographic defects as well 

as Rh- and Fe-rich precipitates in the CsCl-type FeRh matrix, which cause the AF phase to be 

locally unstable [23, 24] and thus leading to an AF-to-FM transition that is more cooperative 

than the opposite FM-to-AF transformation [24, 25]. In case of highly ordered epitaxial thin 

films, some studies have observed modest signatures of asymmetry in the phase transition when 

comparing the cooling and heating cycles, in terms of phase separation and domain nucleation 

kinetics [26, 27].  

In contrast to the vast literature addressing properties of FeRh thin films, there are only 

few reports on patterned FeRh [12-14, 28, 29]. Uhlíř et al. [29] reported that patterning FeRh 
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films into stripes of mesoscale dimensions results in a dramatic enhancement of the phase 

transition asymmetry. Specifically, it was found that when tracking the resistance of sub-

micron-wide FeRh wires, a broad transition was observed upon heating, while a collective 

response featuring a transition in few abrupt jumps as well as suppression of the phase-

separated state appeared during cooling. The threshold stripe width at which this behavior 

emerges corresponds to the characteristic size of AF and FM phase domains during coexistence 

in thin films (~0.5 μm) [27]. The origin of this asymmetry was attributed to the fact that while 

long-range ferromagnetic order persists through regions of disorder, long-range 

antiferromagnetic order is easily disrupted by defects [29], for instance, crystallographic grain 

boundaries which constrain the AF domain size [30]. Thus, the exact character of the transition 

asymmetry in FeRh appears to depend on the combination of the structural and magnetic 

degrees of freedom, with the distinct effect of defects on the AF and FM order playing an 

important role at the mesoscale.  

Further studies of meso- and nano-scale structures are needed in order to gain a better 

understanding of confinement effects in FeRh, which could ultimately lead to the discovery of 

emergent phenomena that are interesting for novel spintronic devices. In particular, the 

recovery of the abrupt phase transition upon mesoscale confinement of thin films could be 

beneficial for achieving a low-energy activation of the phase transition in FeRh. In this work, 

we study the metamagnetic behavior and magnetization reversal properties of mesoscale FeRh 

structures. The FeRh patterns investigated here possess square or rectangular geometry with 

characteristic sizes ranging from 0.3 μm to 20 μm. The structures were imaged by wide-field 

magneto-optical Kerr effect microscopy, which in spite of being restricted by the optical 

resolution limit, allows us to examine an array of several FeRh structures simultaneously. In 

fact, magneto-optics proved to be suitable for the study of nanostructures, both via wide-field 

microscopy [31, 32] and focused laser approaches [33-35]. While spatially resolved reflectivity 

and transmittance measurements have been recently employed for the study of the phase 

transition in FeRh films [36], Kerr microscopy offers the additional advantage of being 

sensitive to magnetization processes. This is useful to establish, for instance, how the shape-

induced magnetic anisotropy affects the magnetization reversal properties of FeRh. By tracking 

the temperature-dependent variation of the Kerr contrast across the transition, we 

systematically characterize the metamagnetic behavior of individual FeRh mesoscale 

structures. We observe that (i) structures confined to lateral sizes below one micron undergo a 

substantial variation of their transition temperature as a result of a strain relaxation process 
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resulting from patterning, and that (ii) the asymmetric phase transition, originally observed 

using resistivity measurements, is reproduced in magnetization for the narrowest FeRh 

rectangles. Our results contribute to understanding of the coexistence state of the AF and FM 

phases upon mesoscale confinement, which constitutes an interesting platform for potential 

memory or logic devices [37, 38]. 

 

II. EXPERIMENTAL DETAILS 

For the present study, 50-nm-thick epitaxial FeRh films were deposited onto single-crystal 

MgO (001) substrates from an equiatomic FeRh target, using a high vacuum chamber with a 

base pressure of 10−8 Torr. The substrates were preheated to 450°C prior to deposition and the 

same temperature was maintained during growth, which was done at an Ar pressure of 2.2 × 

10−3 Torr. Subsequently, the films were annealed at 800°C for 45 minutes in order to obtain the 

desired CsCl-type (B2 ordering) crystal structure, which leads to the presence of the AF to FM 

phase transition at ~370 K [8, 39-41]. A 2-nm-thick Pt protective capping layer was deposited 

on the FeRh films once they were cooled down to a temperature below 100°C. X-ray diffraction 

measurements confirmed the out-of-plane FeRh (001) preferential orientation as well as the 

achievement of in-plane epitaxy of the films with the MgO substrate, showing the same high 

texture level reported earlier [29]. To demonstrate the metamagnetic phase transition in our 

FeRh layers, Figure 2(a) displays the saturation magnetization vs. temperature loop for the film 

we patterned for this work, measured via vibrating sample magnetometry at an in-plane applied 

field of 1 T. The FeRh film shows a rather broad transition during both heating and cooling 

cycles (~40 K), together with a very low residual ferromagnetic fraction (~2%) at 320 K. The 

saturation magnetization of 1140 × 103 A/m at 400 K is in good agreement with previous studies 

on FeRh films [8, 27, 39].  

Mesoscale FeRh structures were fabricated from the source film by electron beam 

lithography using a negative resist (hydrogen silsesquioxane - HSQ) followed by ion etching 

in Ar plasma and cleaning the resist residuals by buffered oxide etch (hydrofluoric acid and 

ammonium fluoride). Figure 2(b) shows a scanning electron micrograph of FeRh rectangles 

and squares with lateral sizes between 0.3 and 20 μm. The chemical composition contrast of 

the FeRh structures and the MgO substrate was achieved by detecting back scattered electrons 
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(SEM-BSE). Figure 2(c) shows a magnified region of the micrograph in Figure 2(b), displaying 

the good quality of 20-μm-long stripes and squares with sub-micron lateral sizes. 

Magnetization properties of mesoscale FeRh structures were studied using a high-

resolution optical microscope with polarization analysis, by retrieving the magnetic domain 

contrast due to the magneto-optical Kerr effect. A fiber coupled light-emitting diode lamp 

providing a broad spectrum of wavelengths in the range of 450-700 nm was employed as the 

light source. The sample holder is equipped with a high-vacuum environment cryostat and an 

electromagnet, which allows performing Kerr microscopy at temperatures between 300-450 K 

with 1-K resolution and applied in-plane magnetic fields up to 150 mT. While special 

configurations of Kerr microscopy currently allow pushing the spatial resolution down to ~0.2 

μm, a resolution limit of around 0.5-1 μm is achieved with the microscope utilized here using 

a 50× objective. In fact, the need for an optical window due to the implementation of a cryostat 

does not allow achieving the highest spatial resolution in the present case. For a comprehensive 

review, see Ref. 32. However, it has been recently demonstrated that despite the resolution 

limitation, Kerr microscopy enables measuring magnetic hysteresis loops with a remarkable 

signal-to-noise ratio even from individual nanostructures with sub-100-nm lateral dimensions 

[31].  

Figure 2(d) exhibits a Kerr microscopy image retrieved at 400 K over a region with an 

area of 150 × 50 μm2, where a series of FeRh squares and rectangles shown by the SEM image 

in Figure 2(b) is contained. The Kerr micrograph is acquired at an applied field of 40 mT after 

subtracting the background at zero field. The FeRh structures can be discerned from the MgO 

substrate by the brighter grayscale contrast due to the magneto-optical Kerr effect. For each of 

the patterns in Figure 2(d), we have defined a rectangular region of interest (ROI), indicated 

by red or blue for squares or rectangles, respectively. These are defined to enclose each 

mesoscale structure and leaving a lateral space of ~1-2 μm on the sides. We have encoded each 

ROI by using the identifiers “S” and “R” for squares and rectangles, as well as a number 

indicating its feature size in microns. Thus, for instance, “S20” refers to a square with a 20-

μm-long side, while “R0.5” denotes a 20-μm-long and 0.5-μm-wide stripe [see Figure 2(d)]. 

An additional ROI with the identifier “BG” (background) is defined to obtain the Kerr signal 

originating from the etched region of the film, where only MgO remains. 

Magnetization reversal in individual structures is studied by sweeping the applied 

magnetic field at a constant temperature and evaluating the grayscale variation corresponding 
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to the magneto-optical signal inside each ROI. When investigating magnetization reversal 

across the metamagnetic phase transition, thermal effects cause mechanical drifts and 

refocusing is needed each time a different temperature is set. Thus, positioning of the depicted 

ROI map is corrected for each temperature step such that it matches the configuration 

established in Figure 2(d). For the experiments shown here, we have chosen the longitudinal 

Kerr geometry, in which the magnetic domain contrast varies according to the magnetization 

component in the vertical direction of the Kerr micrograph in Figure 2(d). The applied magnetic 

field was also defined along this direction, as illustrated by the arrow in the top right corner of 

Figure 2(d). The choice of this particular field orientation and Kerr sensitivity is based on the 

shape anisotropy of rectangular FeRh structures acquired upon patterning. 

 

III. RESULTS AND DISCUSSION 

A. Magnetization reversal behavior in the FM phase 

The magnetization reversal of individual mesoscale structures was initially investigated 

in the fully FM phase. Figure 3(a) displays sequential snapshots of the region previously shown 

in Figure 2(d) during magnetization reversal at 400 K, where the grayscale represents the 

magnetic domain contrast due to the longitudinal Kerr effect. For an applied field of 20 mT, 

the FeRh patterns show a brighter grayscale contrast than the background, indicating that they 

are uniformly magnetized. During the decreasing field branch, in the left panel of Figure 3(a), 

we observe domain nucleation occurring in the largest FeRh squares and rectangles at an 

applied field of −10 mT, while the narrower FeRh rectangles still preserve a uniform 

magnetization state. At an applied field of −12 mT, the few-micron-wide rectangular structures 

have generally reversed their magnetization, as shown by the darker grayscale perceived at 

their position, while many of the sub-micron rectangles still display a brighter domain contrast, 

i.e. they have not switched yet. At the last snapshot in the left panel of Figure 3(a), 

corresponding to −20 mT, all discernible FeRh structures in the image appear to have reversed 

their magnetization, as concluded from the uniform, dark domain contrast exhibited by the 

FeRh structures. Snapshots corresponding to the increasing field branch are also shown in the 

right panel of Figure 3(a), where the equivalent magnetization reversal behavior follows in the 

inverse direction. Apparently, the coercive field increases with decreasing the structure size, 

which is the expected behavior as the number of nucleation sites for magnetization reversal is 
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reduced [42]. It is worth noting that none of the sub-micron square structures is appreciable in 

the Kerr micrographs in Figure 3(a), while the domain contrast from the FeRh rectangles can 

be discerned, although substantially diminished, even for widths below one micron. 

We confirm the qualitative conclusions extracted from domain observation in Figure 3(a) 

by quantitatively evaluating the longitudinal Kerr signal 𝐼 within the ROIs defined for each 

FeRh mesoscale structure. Magnetic hysteresis loops for the FeRh square S20 as well as the 

rectangles R10, R1 and R0.4 are exhibited in Figure 3(b). All hysteresis loops shown here 

display a high signal-to-noise ratio, even for the structure R0.4, which consist of a 20-μm-long 

and 0.4-μm-wide rectangle. The specific applied field values for the snapshots shown in Figure 

3(a) are designated with triangular markers on top of the hysteresis loops in Figure 3(b), 

together with the specific snapshot numbers adjacent to the marker. The hysteresis loop 

features in Figure 3(b) confirm the magnetization reversal properties we have deduced from 

the Kerr micrographs in Figure 3(a). For instance, the structures S20 and R10 undergo reversal 

via magnetization rotation and domain nucleation, as intermediate magnetization states are 

apparent near the coercive field value. Opposite to this, the narrower rectangular structures R1 

and R0.4 are characterized by a square hysteresis loop and the absence of intermediate 

magnetization states, from which domain wall propagation can be identified as the main 

reversal mechanism. 

In order to give further evidence that the FeRh structures are fully ferromagnetic at 400 

K, Figure 4(a) displays the magnetic domain contrast at 400 K, which is obtained by subtracting 

the Kerr micrographs at opposite applied fields of ±40 mT. Apparently the areas of the 

rectangles and squares with feature sizes of 1 μm and above are completely defined by their 

magnetic domain contrast. In the top-right part of Figure 4(a) we recognize the magnetic 

domain contrast arising from the rectangles of sub-micron width, although the spatially 

resolved signal is manifestly smeared out due to the fact that we are reaching the resolution 

limit of the microscope. However, we are not able to retrieve any detectable magnetic domain 

contrast from the sub-micron squares located in the bottom-right part of Figure 4(a). 

The detection limit for FeRh squares and rectangles at 400 K is quantified from the 

magnetic hysteresis loops. Figures 4(b)-(d) exhibit hysteresis loops for the squares S5, S1 and 

S0.8. While S5 displays a well-marked hysteresis loop, the variation of the Kerr signal 𝐼 arising 

from S1 upon sweeping the field is minimal, being completely lost for the S0.8 structure. This 

is in accordance with the magnetic resolution limit for Kerr microscopy under the conditions 
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utilized here [32]. On the other hand, hysteresis loops with a relatively good signal-to-noise 

ratio are obtained for rectangles with widths down to 0.3 μm, which is the minimum size 

considered in this study. Figures 4(e)-(g) contain the field-dependent Kerr signal 𝐼 arising from 

the FeRh rectangles R4, R0.7 and R0.3, which all display square-shaped loops. As the relative 

scale of the Kerr signal for each of the plotted loops is kept, narrower rectangles demonstrate 

a corresponding reduction in the signal amplitude. The Kerr signal arising from the area of the 

sample denoted as BG, where no FeRh is present, is shown for comparison on top of the S5 

data in Figure 4(b), displaying no substantial field-dependent variations. 

The magnetic hysteresis loops of rectangular FeRh structures shown in Figures 3 and 4 

exhibit a monotonic increase of the coercive field 𝜇 𝐻  upon reducing their width. The 

comprehensive coercive field dependence on the size of FeRh rectangles as well as squares 

down to 1 μm is shown in Figure 4(h). While the 𝜇 𝐻  vs. size dependence does not exhibit 

any clear trend for FeRh squares, coercive field of rectangular structures increases from about 

10 mT to 27 mT when the width is reduced from 10 μm to 0.3 μm. Along the same lines, the 

inset in Figure 4(h) shows the 𝜇 𝐻  data for the FeRh rectangles as a function of the aspect 

ratio (AR), where a clear linear trend is observed. We notice that such an increase of the 

coercive field occurs in a very similar fashion in patterned magnetic materials with elongated 

shape, such as permalloy [43, 44] or polycrystalline Co [31], at least in the regime AR > 2, 

which is our case here. 

Such a coercivity increase with increasing the AR can be explained in terms of the uniaxial 

magnetic shape anisotropy acquired upon patterning FeRh into elongated structures, given that 

magnetostatic interactions become relevant during magnetization reversal. Other effects 

influencing the coercivity increase are not expected to play an important role: (i) the in-plane 

four-fold magnetocrystalline anisotropy of FeRh thin films should be negligible [39], and (ii) 

dipolar magnetic fields arising from neighboring patterns are insignificant as well, given that 

the structures are separated by a minimum distance of 3 μm. 

 

B. Magnetization reversal behavior across the metamagnetic phase transition 

After characterizing the magnetization reversal and the Kerr signal level of mesoscale 

FeRh structures in the FM phase, we focus on the magnetization reversal across the AF-FM 

phase transition. In order to study the effect of confinement via Kerr microscopy, we focus on 
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rectangular structures, in which one lateral dimension is substantially decreased while still 

keeping a reasonable signal-to-noise ratio. Figure 5(a) shows exemplary hysteresis loops for 

the rectangles R4, R1 and R0.3, acquired at different temperatures during the cooling cycle. 

For the loops shown here, we have scaled the Kerr signal variation 𝛥𝐼 for each structure size 

to the normalized Kerr signal of magnetization saturation at 390 K. In such a way, the evolution 

of the Kerr signal amplitude can be followed for subsequent temperatures. For instance, we 

observe that the data at 378 K show a slight reduction of the Kerr signal for the structure R4, 

while R1 and R0.3 keep the same signal amplitude as that retrieved at 390 K upon sweeping 

the field. As the temperature is further lowered down, at 366 K the signal reduction for R4 is 

more evident, while only a slight reduction can be observed for R1. In contrast, R0.3 still shows 

the same Kerr contrast amplitude in magnetic saturation as the loop retrieved at 390 K. In fact, 

a similar amplitude level is kept for R0.3 until the temperature drops below 360 K [see Figure 

5(a)]. 

This indicates that the rectangular structures of different sizes undergo the FM-to-AF 

transition at different temperatures, with the transition generally starting at lower temperatures 

for narrower rectangles. The additional hysteresis loops in Figure 5(a) display how the Kerr 

contrast continues diminishing upon decreasing the temperature to the point that any hysteresis 

loop becomes undetectable at a temperature of 340 K. Magnetic hysteresis loops for the same 

FeRh structures during the heating cycle, showing the inverse path of the transition from the 

AF-to-FM phase, are shown in Figure 5(b). At 340 K, no detectable Kerr contrast is found upon 

sweeping the applied magnetic field and the magnetic hysteresis loop first appears once a 

temperature of 360 K is reached. The Kerr contrast amplitude seems to grow earlier for the 

R0.3 rectangle, following the trend found for cooling in which the narrower rectangles undergo 

the phase transition at lower temperatures. 

Characterization of the phase transition features of each individual structure was done by 

quantifying the temperature-dependent Kerr contrast ∆𝐼 in magnetic saturation, which is 

plotted in Figures 6(a)-(c) for the structures R4, R1 and R0.3. The value ∆𝐼 has been scaled 

here with respect to the maximum Kerr contrast ∆𝐼  for each structure, such that a ∆𝐼/∆𝐼  

value of 0 or 1 would indicate a completely AF or FM phase, respectively. The data in Figure 

6 allows us to directly follow the magnetization vs. temperature behavior for each mesoscale 

FeRh rectangle in great detail during both the cooling and heating cycles. Metamagnetic 

behavior in mesoscale FeRh structures has only been studied, so far, via transport 
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measurements [12-14, 29] or resonant scattering of polarized x-rays [28]. In Figures 6(a)-(c), 

we have also represented the magnetization vs. temperature hysteresis loop of the source FeRh 

film (dashed lines) together with the Kerr microscopy data, from which it is evident that the 

phase transition of the film is significantly broader when compared to mesoscale structures. 

This results from the variations of the transition temperature within the film, as we average a 

large area (5 × 5 mm2) with slightly varying stoichiometry or density of structural defects. In 

contrast, when confining the film into structures with an area of ~1-100 μm2, we can assume 

that the distribution of locally varying structural properties narrows down considerably, such 

that a sharper phase transition occurs generally in patterned FeRh structures.  

Furthermore, we can find a number of differences in the metamagnetic behavior of FeRh 

rectangles with varying widths. For instance, a lower transition temperature is observed for 

narrower wires both during the cooling and heating cycles, in line with the conclusions we 

made from the observations in Figure 5. We associate this noticeable reduction of the transition 

temperature with a strain relaxation process introduced by patterning. It is well known that 

FeRh thin films grown on MgO feature a compressive in-plane strain, causing an increase of 

the transition temperature when compared to unstrained, bulk FeRh [8, 39]. Upon patterning, 

an increase of the surface-to-volume ratio occurs in the FeRh structure, allowing the lattice to 

relax in the lateral directions and bringing an associated decrease of the transition temperature 

with it. While the transition temperature dependence of FeRh on its strain state is well known, 

a shift of its value upon patterning of strained films into mesoscale structures had not been 

observed so far. 

In order to study quantitatively the variation of the transition temperature dependent on 

the FeRh rectangle size, we have fitted the temperature-dependent Kerr contrast to the 

following sigmoid function 

𝛥𝐼

𝛥𝐼
= 𝐴

1

2
+

1

𝜋
arctan 𝜋

𝑇 − 𝑇

𝑤
 + 𝐵 

(1), 

where the index 𝑖 refers to either the FM-AF (cooling) or AF-FM (heating) transition, with 𝑇  

being the transition temperature fit parameter. Additionally, we introduce 𝑤  as a parameter 

related to the transition width, while 𝐴 and 𝐵 are fit parameters that slightly deviate from 1 and 

0, respectively, in order to facilitate the fitting process. From the fits to the data, we have 



 
10 

 

obtained transition temperatures for the structures R4, R1 and R0.3 during cooling, which are 

366.5 ± 0.3 K, 362.6 ± 0.5 K and 353.7 ± 0.4 K, respectively. The transition temperatures 

during heating are 386.6 ± 0.6 K, 381.7 ± 1.6 K and 369.8 ± 1.0 K (see Figure 6).  

Apart from the shift in the transition temperature, we also observe differences in the 

transition character. While the transition during heating occurs gradually for all the structures 

in Figure 6, a different behavior is seen during cooling. In particular, the structures R4 and R1 

display a broad transition during cooling, suggesting that AF and FM domains coexist over a 

range of around 20 K [Figures 6(a) and (b)]. However, the transition during cooling becomes 

very sharp for R0.3 [Figure 6(c)], happening in just few abrupt jumps. While our temperature 

resolution of 2 K does not allow checking for all intermediate states across the transition, the 

data in Figure 6(c) suggests that the coexistence of AF and FM phases is largely suppressed 

and limited to a temperature span of a few K. This asymmetric behavior is very similar to the 

one we found earlier while tracking the resistance of sub-micron FeRh wires across the 

metamagnetic transition [29]. These current results confirm that the previous findings were not 

related to the current used to probe the transition. It was argued that this asymmetry arises from 

the different role of AF and FM order at the mesoscale. In the low-temperature phase, agents 

such as crystallographic defects or slight stoichiometry variations compromise the long-range 

AF order, which is known to be shorter or equal to the measured structural coherence length 

[30, 45]. Thus, when the system progresses through the AF-FM transition, uncorrelated AF 

portions undergo the phase change to the FM state at different stages, resulting in a gradual 

transition. Opposite to this, the FM order is not nearly as susceptible to defects such as 

crystallographic disorder and can persist even across crystallographic grain boundaries. This 

causes that when FeRh is confined into mesoscopic structures, the FM interactions are strong 

enough to stabilize the system and favor the collective transition over mesoscopic areas, hence 

suppressing the phase coexistence and recovering the abrupt nature of the first-order phase 

transition. Our Kerr microscopy results confirm that the asymmetry in mesoscale confined 

FeRh is present when exploring the magnetic order parameter as well, in addition to electronic 

order parameters such as resistivity [29]. The recovery of the abrupt transition during cooling 

may be beneficial for achieving a low-energy switching mechanism between FM and AF 

phases, where both magnetization and resistivity properties could be jointly utilized. While 

magnetic, electronic and structural degrees of freedom are in principle commensurate in FeRh 

[46], it is important to investigate whether these properties respond simultaneously across the 

transition at small length scales or very short time scales. 
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The dependence of the fit parameters extracted from Eq. (1) on the FeRh structure size is 

shown in Figure 7. Figure 7(a) displays the transition temperatures 𝑇  and 𝑇 , which 

stay approximately constant until a width below one micron is reached. Upon further FeRh 

structure size reduction, a strong monotonic decrease of both 𝑇  and 𝑇  is observed. 

The transition temperatures of the FeRh rectangle with a width of 0.3 μm are 15-20 K lower 

than for the rectangles with widths larger than one micron, as a result of the previously 

mentioned strain relaxation process introduced upon patterning. From our systematic study, we 

see that this effect becomes important upon patterning FeRh into structures with lateral sizes 

below one micron, as clearly seen in Figure 7(a). The phase transition temperature reduction 

introduced upon patterning is comparable to the effect of an applied magnetic field as large as 

2 T [8]. 

In addition, the fitted transition widths 𝑤  and 𝑤  are shown in Figure 7(b). We 

observe that the temperature span of the transition for most mesoscale FeRh rectangles lies 

below the transition width of the source film. We also notice that the width of the transition 

during cooling is, in general, lower than that during heating, even before the transition character 

clearly changes to abrupt jumps. However, the large error bars in the determined 𝑤  and 

𝑤  parameters do not allow to establish a clear trend. Finally, Figure 7(c) displays the 

temperature hysteresis ∆𝑇 = 𝑇 − 𝑇  associated with the metamagnetic phase 

transition. The thermal hysteresis stays within the range of 20-25 K for the wider FeRh 

rectangles, while few sub-micron structures feature ∆𝑇 values below 15 K. 

 

C. Temperature dependence of the coercive field in mesoscale FeRh rectangles 

Apart from the temperature-dependent variation of the Kerr contrast, the hysteresis loop 

measurements shown in Figure 5 for FeRh mesoscale structures display additional features that 

can be associated with the occurrence of the metamagnetic phase transition. We have plotted 

the temperature-dependent coercive field 𝜇 𝐻  retrieved from the magnetic hysteresis loops 

for the structures R1 and R0.3 in Figs. 8(a) and 8(b), respectively. We observe that upon 

cooling, the coercive field increases in both cases. This increase, however, begins at a 

temperature of about 380 K in the case of R1, while coercivity remains constant for the 

structure R0.3 down to 360 K, increasing its value only below this temperature, where the FM 

content starts to decrease. During the heating cycle, the coercive field is reduced for increasing 
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temperature. The coercive field trends during cooling and heating are shifted in temperature by 

a value corresponding to the thermal hysteresis of magnetization. In fact, when plotting the 

coercive field value 𝜇 𝐻  vs. the corresponding relative FM fraction in the insets of Figures 

8(a) and 8(b), a correlation between these two quantities is apparent, with the data from the 

cooling and heating cycles lying on top of each other. 

This coercivity increase can be caused by several factors. For instance, it is clear that the 

temperature variation influences the role of thermally activated processes during magnetization 

reversal. Upon decreasing the temperature, the probability for magnetization switching to occur 

at lower applied fields is diminished, such that an increase in the coercive field can be expected. 

However, this explanation alone cannot account for the two-to-three-fold increase of coercivity 

across the transition, or the discrepancy in the coercive field during heating and cooling. In 

addition, the substantially different onset temperature at which the coercive field is modified 

for the structures R1 and R0.3 clearly suggests that this modification is primarily linked to the 

occurrence of the phase transition. This is supported by the correlation between the coercive 

field value and the relative AF (or FM) fraction of the system [see the insets in Figures 8(a) 

and (b)]. We believe that there are two major reasons for the coercivity increase, which are 

related to the coexistence of AF and FM domains. On one hand, the presence of intermixed AF 

and FM phases implies that in order to achieve reversal of the FM phase, applied magnetic 

field has to be increased in order to balance the loss in Zeeman energy due to the reduction in 

saturation magnetization. This mechanism can be compared, for instance, to the increase in 

coercivity that is observed upon approaching the stoichiometric compensation point in 

sperimagnetic rare-earth transition metal alloys [47]. On the other hand, one also has to take 

into account the exchange interactions between the AF and FM phases. We can presume that 

at an AF/FM domain boundary, the FM spins will locally acquire a randomly oriented 

preferential magnetization axis, as a result of the interaction with the adjacent AF spins. A 

prominent increase of the coercive field was also reported, for instance, in epitaxial Fe films 

grown onto single-crystalline Cu(100), which showed a thickness dependent peak of coervivity 

associated with the coexistence of ferromagnetic and antiferromagnetic fcc phases of Fe [48]. 

This contributes to the modification of magnetic anisotropy at the microscale, introducing an 

effective magnetic disorder into the system [49]. Besides the coercivity increase, the latter 

argument would also explain why the hysteresis loop shape undergoes a qualitative change 

through the transition, going from a sharp reversal in the fully FM phase to a smooth, gradual 

reversal as the FM content decreases (see Figure 5). 
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IV. CONCLUSIONS AND OUTLOOK  

In summary, we have investigated the metamagnetic behavior of FeRh films upon mesoscale 

confinement. We have characterized the temperature-dependent magnetization reversal 

properties of lithographically patterned FeRh structures with lateral sizes down to 0.3 μm using 

magneto-optical Kerr microscopy. We have focused primarily on rectangular FeRh structures 

due to the possibility of reducing one lateral dimension to the sub-micron scale while still 

keeping a good signal-to-noise ratio. Another advantage is the conceptually simpler 

magnetization reversal of elongated structures, featuring shape-induced uniaxial magnetic 

anisotropy. Following the magnetization vs. temperature dependence of individual FeRh 

structures across the transition, the transition temperature of individual structures was 

determined. The systematic study revealed that confining epitaxial FeRh films into lateral sizes 

below one micron brings a substantial decrease of the transition temperature by about 15-20 K. 

We argue that this is a result of the strain relaxation process introduced upon patterning, given 

the increased surface-to-volume ratio of the mesoscale structure. We have also observed that 

for confinement lengths below 0.5 μm, the transition becomes very sharp during the cooling 

cycle, as a result of the different role of AF and FM order in the presence of disorder such as 

crystallographic defects. This recovery of the abrupt character of the first-order transition and 

the suppression of phase separation could lead to efficient routes to control the AF or FM order 

in FeRh-based devices with low-energy external driving forces. For instance, the combination 

of shape anisotropy as well as the strain-control of the out-of-plane magnetocrystalline 

anisotropy [39] could constitute useful ingredients for achieving novel and efficient device 

functionalities based on the metamagnetic behavior of FeRh. While in principle Kerr 

microscopy allows spatially resolved imaging of the AF and FM phases, the optical resolution 

limit only permits to gain coarse details of processes such as domain nucleation and growth. 

For a comprehensive AF/FM domain study across the first-order phase transition, scanning 

probe techniques [50] or x-ray microscopy [27] may prove useful to gain further insight on 

confinement effects in the metamagnetic behavior of FeRh. 
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Figure 1 

 

Figure 1: Schematic representation of the structure and magnetic moment configuration across 

the metamagnetic phase transition in FeRh. In the FM phase, both Fe and Rh have 

ferromagnetically coupled ordered moments, whereas in the AF phase only the Fe atoms 

display magnetic moments that are antiferromagnetically coupled with their nearest neighbors 

(G-type antiferromagnetism). The magnetic moments per atom are indicated for each phase. 

 

  



 

Figure 2 

 

 

Figure 2: (a) Magnetization vs. temperature for the 50-nm-thick source film patterned into 

the mesoscale FeRh structures, measured under an in-plane applied field of 1 T. (b) Scanning 

electron micrograph of an array of mesoscale FeRh rectangles and squares with lateral sizes 

between 0.3 and 20 μm. The area limited by the dashed lines in (b) is shown under a larger 

magnification in (c), which exhibits well-defined 20-μm-long stripes as well as square 

structures with sizes between 0.3 and 0.9 μm. (d) Kerr microscopy image (𝑇 = 400 K, 𝜇 𝐻 = 

40 mT) over an area of 150 × 50 μm2 of the same FeRh squares and rectangles shown in (b). 

Individual structures are delimited by a rectangular region of interest (ROI), within which the 

longitudinal Kerr contrast during magnetization reversal is evaluated. The green arrow in the 

right indicates the direction of the applied magnetic field, defined along the long axis of the 

rectangular structures. The ROIs for squares and rectangles are depicted as red and blue, 

respectively. In the left part of the image, a yellow rectangle of an area of 15 × 40 μm2 is 

defined on the MgO substrate at the etched part of the film, in order to obtain the background 

(BG) signal. 

 

  



 

Figure 3 

 

 

Figure 3: (a) Kerr microscopy snapshots of mesoscale FeRh squares and rectangles acquired 

at 400 K and different applied magnetic field values during magnetization reversal, both for 

decreasing (left panel) and increasing (right panel) field branches. The grayscale represents 

the magnetization component along the vertical direction. (b) Magnetization hysteresis loops 

for the FeRh structures S20, R10, R1 and R0.4, obtained by evaluating the grayscale signal I 

variation within their respective region of interest. The field values corresponding to the 

snapshots in (a) are indicated in the hysteresis loops by the snapshot number as well as by left-

pointing or right-pointing triangle markers (for decreasing or increasing field branches, 

respectively). 

 

 

  



 

Figure 4 

 

Figure 4: (a) Magnetic domain contrast at 400 K obtained by comparing Kerr micrographs at 

opposite applied magnetic fields of ±40 mT. Below, magnetic hysteresis loops at 400 K for the 

FeRh squares (b) S5, (c) S1 and (d) S0.8, as well as for the rectangles (e) R4, (f) R0.7 and (g) 

R0.3. The field-dependent Kerr signal 𝐼 arising from the background is plotted in (b) for 

reference. (h) Experimentally determined coercive field values 𝜇 𝐻  at 400 K vs. the 

characteristic size of rectangular and square FeRh structures. The inset shows 𝜇 𝐻  

dependence on the aspect ratio (AR) of the rectangular structures. The red solid line is a linear 

fit to the experimental data. 

 

 

 

  



 

Figure 5 

 

 

Figure 5: Temperature-dependent magnetic hysteresis loops measured for the FeRh rectangles 

R4, R1 and R0.3 at selected temperatures during the (a) cooling and (b) heating thermal cycles. 

For each structure investigated, the relative change in the Kerr signal ∆𝐼 is scaled to the 

normalized Kerr signal level of the magnetization saturation at 390 K. 

 

  



 

Figure 6 

 

 

Figure 6: Temperature-dependent variations of the Kerr contrast in magnetic saturation for 

individual 20-μm-long FeRh rectangles with widths of (a) 4 μm, (b) 1μm and (c) 0.3 μm. Data 

are shown for both the cooling (blue circles) and heating (red squares) cycles across the phase 

transition. The vibrating sample magnetometry data of the original FeRh film were normalized 

and corrected for the temperature offset −8 K/T due to the applied magnetic field (indicated by 

the dashed line). The vertical dotted lines indicate the transition temperatures obtained by 

fitting the data to Eq. (1). 

 

 

 

  



 

Figure 7 

 

 

Figure 7: (a) Metamagnetic phase transition temperatures 𝑇 , 𝑇 , (b) transition 

widths 𝑤 , 𝑤  and (c) temperature hysteresis 𝛥𝑇 for individual mesoscale FeRh 

rectangles with widths in the range of 0.3-10 μm. The horizontal dotted lines indicate the phase 

transition features of the source FeRh film, as extracted from vibrating sample magnetometry 

data. 

 

 

 

 

  



 

Figure 8 

 

 

 

Figure 8: Temperature dependence of the coercive field 𝜇 𝐻  for the rectangular FeRh 

structures (a) R1 and (b) R0.3, during the heating and cooling cycles. The inset in (a) and (b) 

show 𝜇 𝐻  vs. ∆𝐼/∆𝐼  (or the relative FM fraction) during heating and cooling. The vertical 

dotted lines indicate the FM-AF and AF-FM transition temperatures as extracted from Eq. (1). 
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