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1. Introduction

Materials with magnetic ordering that 
strongly couples with crystal structure and 
lattice distortion often have complex free-
energy landscapes with many possible 
local minima.[1–3] As a result, the mag-
netic properties of a ferromagnetic phase 
can be adjusted near its equilibrium state 
by external strain. For example, epitaxial 
strain has been imparted to ferromagnetic 
thin films through the pre-determined 
substrate in order to change Curie temper-
ature,[4–6] magnetization[7,8] and magnetic 
anisotropy.[9] To functionalize materials, 
the strain can be driven electrically using 
piezoelectric substrates enabling applica-
tions in spintronics and magnetic random 
access memory.[10,11] New opportunities 
arise when entirely different magnetic 
ground states present in the material’s 
free-energy landscape can be reached by 
straining. This enables, for example, the 

Materials with strong magnetostructural coupling have complex energy 
landscapes featuring multiple local ground states, thus making it possible 
to switch among distinct magnetic-electronic properties. However, these 
energy minima are rarely accessible by a mere application of an external 
stimuli to the system in equilibrium state. A ferromagnetic ground state, 
with Tc above room temperature, can be created in an initially paramag-
netic alloy by nonequilibrium nanostructuring. By a dealloying process, 
bulk chemically disordered FeRh alloys are transformed into a nanoporous 
structure with the topology of a few nanometer-sized ligaments and 
nodes. Magnetometry and Mössbauer spectroscopy reveal the coexistence 
of two magnetic ground states, a conventional low-temperature spin-glass 
and a hitherto-unknown robust ferromagnetic phase. The emergence of 
the ferromagnetic phase is validated by density functional theory calcula-
tions showing that local tetragonal distortion induced by surface stress 
favors ferromagnetic ordering. The study provides a means for reaching 
conventionally inaccessible magnetic states, resulting in a complete 
on/off ferromagnetic–paramagnetic switching over a broad temperature 
range.
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on/off switching between ferromagnetism and paramagnetism 
resulting in a complete change of magnetic properties over a 
broad temperature range. It has been reported that in perov-
skite oxides[12,13] and magnetic semiconductors,[14] an initially 
paramagnetic/diamagnetic ground state can be converted into 
a ferromagnetic ground state by epitaxial strain. However, these 
newly created ferromagnetic states usually have Curie tem-
peratures far below room temperature and/or small saturation 
magnetization. In this work, we have used non-equilibrium 
nanostructuring and resulting strain to create magnetically 
ordered ground states, especially with high ordering tempera-
tures, from an initially magnetically disordered material.

One candidate material to consider for toggling of magnetic 
ground states with stress is Fe–Rh alloy, which has strong 
magnetostructural coupling and consequently features rich 
free-energy landscape. The chemically ordered Fe1−xRhx alloy 
(0.48  <  x <  0.54) shows an antiferromagnetic (AFM)–ferromag-
netic (FM) transition when heated to ≈350 K, accompanied by 
≈1% lattice expansion.[15–19] The AFM–FM transition is highly 
sensitive to external stimuli such as pressure,[20] antisite dis-
order,[21] and charge transfer induced by optical excitation.[22] 
The AFM–FM transition temperature can be shifted by 25 K 
by electrically driven strain in FeRh/BaTiO3 heterostructure.[23] 
Moreover, the AFM–FM transition can be suppressed when B2 
FeRh is reduced to extremely small sizes (≈3 nm), pointing out 
the critical role of the surface at the nanoscale in stabilizing the 
ferromagnetic state.[24,25] On the other hand, chemically disor-
dered FeRh, which usually exist only at high temperatures in 
a paramagnetic state, has received little attention.[26–28] How-
ever, the presence of a low-temperature spin-glass ground state 
in nanocrystalline, chemically disordered FeRh points toward 
a strong competition between AFM and FM interactions.[29–31] 
One may expect that by nanostructuring, where surface effects 
and strain play essential roles, the balance between those com-
peting interactions can be tilted toward the emergence of a 
magnetically ordered state.

Here, we transformed the chemically disordered fcc FeRh 
alloy into a nanoporous (NP) structure made of solid struts 
(ligaments) and nodes by a highly dynamic, non-equilibrium 
dealloying process. In the dealloying process, the less noble 
element of an alloy, here Fe atoms, is selectively dissolved, 
while the noble Rh element with higher electronegativity 
remains to form a NP structure.[32–34] The NP structure arises 
from the spinodal decomposition of the vacancy-adatom solu-
tion through uphill diffusion at the alloy/electrolyte inter-
face. This dissolution/surface diffusion process is thus highly 
dynamic and far away from equilibrium, and can produce 
extremely small ligaments and nodes in a metastable state. 
Due to their small size, surface stress can induce very large 
strain in ligaments and nodes.[35,36] We have prepared the 
chemically disordered NP FeRh with ligament and node sizes 
of only 2–3  nm by the dealloying of FeRh alloys. Further-
more, by changing the dealloying potentials the fraction of 
the remaining Fe atoms can be tailored, which allows for the 
control of the composition of the resultant NP structure.[37] We 
discoveredtwo magnetic ground states coexist in NP FeRh—an 
expected low-temperature spin-glass and a hitherto-unknown 
robust ferromagnetic phase with Tc above room tempera-
ture. In the proposed theoretical model, the emergence of the 

ferromagnetic ground state can be attributed to the tetragonal 
strain induced by surface stress in the ligaments as verified by 
density functional theory calculations.

2. Results and Discussion

2.1. Electrochemical Dealloying and Microstructural Overview  
of NP FeRh

NP FeRh samples were prepared by the electrochemical deal-
loying of the Fe85Rh15 alloy. The pristine alloys were obtained 
by repetitive arc melting of Fe and Rh wires (with purity > 
99.99%)  in Ar atmosphere, which were then annealed at 
1000 °C under argon atmosphere for four days to ensure com-
position homogeneity. X-ray diffraction shows the single-phase 
bcc structure, typical of bulk FeRh alloys at room temperature. 
We performed the electrochemical dealloying of the Fe85Rh15 
alloy in 1 m H2SO4 by applying different potentials to opti-
mize the process. The critical dealloying potential of Fe85Rh15 
was determined to be −0.440 V, above which the dealloying can 
proceed. Therefore, we used the potentials slightly more posi-
tive than −0.440 V to perform the dealloying. Figure 1A shows 
the evolution of the crystal structure of the Fe85Rh15 alloy at 
−0.425  V using in situ X-ray diffraction. As the dealloying 
started, the intensity of the bcc diffraction peaks decreased 
slowly. Meanwhile, another set of broad diffraction peaks 
started to appear after ≈7 h, which could be indexed with an fcc 
structure. After about 20 h, the intensity of the newly developed 
peaks remained unchanged, indicating the completeness of the 
dealloying process. Rietveld analysis shows that the average 
micro-strain and grain size that contribute to the peak broad-
ening are around 0.79% and 5(1) nm, respectively (Figure 1B). 
The micro-strain is about eight times that obtained in NP-Au 
(≈0.1%) with large ligaments (≈37  nm) and can be attributed 
to the much smaller ligaments in NP FeRh.[38] Moreover, the 
relative displacement between 111fcc and 200fcc peaks indicates 
the presence of stacking faults[39] and/or anistropic strain. By 
including stacking faults into the fitting procedure, its prob-
ability was refined to be around 6% (top plot in Figure  1B). 
However, even after accounting for grain size, micro-strain, and 
stacking faults, there is still some misfit between the measured 
and simulated XRD patterns, for instance, around the asym-
metric 311fcc peak (inset in Figure  1B). This suggests that the 
distortion of the fcc lattice is due to the surface-induced strain. 
We emphasize that Fe concentrations in NP FeRh can be varied 
from 65 at% to ≈20 at% by changing the dealloying potentials 
from −0.440 to −0.390 V, and −0.425 V was specifically chosen 
to obtain a nominal composition of Fe50Rh50 (Figure S1, Sup-
porting Information). All obtained NP samples prepared at dif-
ferent dealloying potentials show the fcc structure rather than 
the bcc one, verifying the stabilization of the chemically disor-
dered fcc structure in NP FeRh.

We studied the microstructure of NP-Fe50Rh50 by transmis-
sion electron microscopy (TEM). Figure 1C shows the typical 
NP structure consisting of bi-continuous ligaments and pores 
with sizes of only 2–3  nm (Figure  1C). The measured liga-
ment sizes agree with those determined by XRD results. It 
can be seen that the NP structure can be described by the 
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ligament-node topology, in which the ligaments are con-
nected by the nodes (schematic in Figure  1C). Selected-area 
electron diffraction (SAED) shows nearly continuous diffrac-
tion rings of the fcc structure, indicating randomly oriented 
nanosized grains. A close-up high-resolution TEM (HRTEM) 
image of a single ligament shows the lattice fringes origi-
nating exclusively from the fcc structure with twin bounda-
ries (Figure  1D). Energy-dispersive spectroscopy (EDS) map-
ping shows the homogeneous distribution of Fe and Rh 
atoms with the random composition fluctuation of a few 
atomic percent. No noticeable phase separation was observed 
(Figure S2, Supporting Information).

2.2. The Coexistence of Ferromagnetic and Spin-Glass Ground 
States in NP FeRh

We explored the magnetic properties of NP Fe50Rh50 by super-
conducting quantum interference device (SQUID) magnetom-
etry. As shown in Figure  2A, the magnetic hysteresis loops 

display the typical ferromagnetic behavior with apparent zero 
coercivity at 300 and 350 K. When the sample was cooled down 
to 5 K, the coercivity increased to ≈0.1 T. A temperature depend-
ence of coercivity shows that it only starts to appear between 
70 and 100 K and then increases with decreasing temperatures 
(Figure S3, Supporting Information), indicating a superpara-
magnetic blocking behavior of small ferromagnetic clusters 
below 100 K. Accordingly, the zero-field-cooled (ZFC) curve 
exhibits a peak at the blocking temperature of 87 K (referred to 
as Tb) (Figure 2B). AC susceptibility measurements reveal that 
Tb shifts to larger values at higher frequencies (Figure 2C). The 
dependence of the relaxation time (τ = 2π/f) on 1/Tb follows the 
Néel–Brown model[40]

ln / lna B 0τ τ( )= +E kT � (1)

with τ0 being time constant and k the Boltzmann constant. The 
best linear fit yields the anisotropy energy Ea= 1.4 × 10−20 J and 
τ0 = 8.6 × 10−10 s, confirming the superparamagnetic blocking 
process and ferromagnetic ordering in NP FeRh (Figure 2D).

Adv. Mater. 2022, 2108793

Figure 1.  Microstructural overview of the chemically disordered nanoporous Fe50Rh50. A) Contour plot of in situ X-ray diffraction patterns during the 
dealloying of Fe85Rh15 alloy at −0.425 V, showing the bcc to fcc phase transformation. B) Rietveld fitting of the diffraction patterns before (①) and after 
dealloying (②). Inset shows an enlarged view of the fitting around 311 peak. The Au diffraction arises from the Au wires used for electrically connecting 
the FeRh sample. C) A bright-field TEM image showing NP structure with characteristic length scale of only 2–3 nm. The ligament-node topology of 
NP structure is schematically sketched by dashed lines and dots. (Inset) Corresponding selected area diffraction patterns verifying the fcc structure. 
D) A close-up HRTEM image of a single ligament and its Fourier transformation showing the fcc structure. The yellow arrows indicate twin boundaries.
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The field-cooled (FC) magnetization, however, displays 
another clear cusp at 40 K (referred to as Tf) and levels off at 
low temperatures (Figure  2B). Since in pure superparamag-
netic systems the FC magnetization can only increase with 
decreasing temperatures, the extra cusp observed in FC curve 
can only be attributed to another magnetic phase. Usually, the 
cusp and flattening of the FC magnetization below Tf is a sig-
nature of spin-glass freezing.[41,42] Moreover, we observed the 
completely different dependence of Tf and Tb on the external 
fields (Figure  2E). Tb decreases from 90 K at 5 mT to below 
5 K at 0.5 T (Figure 2F). This is due to the reduced anisotropic 
energy barrier under magnetic field (Ea in Equation 1). In con-
trast, Tf stays constant at 40 K from 50 mT to 0.1 T. At 0.5 T, the 
cusp in FC curve disappears, and the magnetization exhibits 
a kink at 40 K. At 2 T, the magnetization increases sharply at 
40 K (Figure 2E). This independence of Tf of the applied mag-
netic fields indicates a magnetic transition from a paramag-
netic to a spin-glass state below Tf (40 K). When cooled below 
Tf, the spins from the paramagnetic state freeze in random 
directions, reducing the magnetization. When the external 
magnetic field is large enough, the frozen spins are forced 
to rotate toward the field, which increases the magnetization 

sharply (Figure  2E). It is worthwhile to note that a magneti-
zation cusp usually also exists in the ZFC curve in a spin 
glass.[41,42] However, NP FeRh consists of both a spin-glass and 
a ferromagnetic/superparamagnetic phase. In this particular 
case, the Tb of superparamagnetic phase is higher than the Tf 
of spin-glass phase. Consequently, the ZFC spin-glass cusp is 
obscured by the much stronger increase of magnetization due 
to the de-blocking of ferromagnetic clusters. Altogether, the 
magnetometry results suggest the coexistence of two magnetic 
ground states, with Tb and Tf originating respectively from 
superparamagnetic blocking of ferromagnetic phases and the 
freezing of spin-glass phase.

Further, Mössbauer spectroscopy was used to cross-check the 
coexistence of the two magnetic phases. The site-specificity of 
Mössbauer spectroscopy reveals the Fe local magnetic environ-
ments in the spin-glass and ferromagnetic phases through the 
hyperfine field (Bhf) at the 57Fe nuclei. Each Fe atom belonging 
to one of the magnetic phases contributes a set of six absorp-
tion peaks (magnetic sextets) to the Mössbauer spectrum. The 
splitting of the magnetic sextet is proportional to Bhf, which is 
different for the two magnetic phases and thus enables their 
identification. Figure 3A shows that the spectrum at 13 K has 
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Figure 2.  Coexistence of spin-glass and robust ferromagnetic phase in NP Fe50Rh50. A) Magnetic hysteresis loops at 5 K, 300 K, and 350 K, respectively. 
(Inset) Enlarged view of the 1st and 4th quadrants in low-field regime showing the emergence of the large coercivity at 5 K. B) ZFC and FC magnetiza-
tion curves under 5 mT, showing the superparamagnetic blocking behavior in ZFC curve and the magnetization cusp in FC curve. C) The temperature 
dependence of the out-of-phase part of AC susceptibility at different frequencies (f), and D) a semilogarithmic plot of the relaxation time (2π/f) against 
1/Tb, which follows the Néel–Brown model (linear fit). The applied static and driving fields are 20 and 0.35 mT, respectively. E) The ZFC and FC curves 
under various magnetic fields and F) the corresponding plots of the Tb and Tf against the applied magnetic fields, showing the decrease of Tb and the 
invariance of Tf under larger fields.
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broad absorption peaks, indicating a broad distribution of Bhf. 
As shown in Figure  3B, the corresponding Bhf distribution 
clearly consists of two parts—one high-field part located at 
≈34 T and another low-field part at ≈11 T. These two parts are 
ascribed to the outer sextet (marked by purple lines) and the 
inner sextet (marked by red lines, only the 3rd and 4th lines vis-
ible as indicated by red arrows) in Figure 3A. The consequent 
assignment of the two Mössbauer sub-spectra to the two mag-
netic phases can be realized by analyzing their temperature evo-
lution. At 21 K, the Mössbauer spectrum remains unchanged. 
However, when the temperature was raised to 35 K, which is 
close to Tf, the 3rd and 4th lines of the inner sextet disappear 
and a singlet emerges at the center (Figure  3A). Accordingly, 
the low-field part of the Bhf distribution shifts to near zero value 
(Figure 3B). This observation indicates the magnetic transition 

from a spin-glass to a paramagnetic state at 35 K, consistent 
with the magnetometry results (Figure 2). In contrast, the inten-
sity of the ferromagnetic sextet remains unchanged at 35 K  
and only starts to decrease from 100 K, close to the blocking 
temperature (TB). At 300 K, the intensity of the ferromagnetic 
sextet decreases significantly due to the superparamagnetic 
transition. It should be noted that at 300 K both the spin-glass 
phase and the superparamagnetic phase contribute to the 
intensity of the singlet peak.

The ferromagnetic phase and the spin-glass phase can be 
clearly demonstrated by the temperature dependence of their 
averaged hyperfine field <Bhf>, which are calculated from 
the Bhf distribution by <Bhf>  = ( )d / ( )dhf hf hf hf hf∫ ∫B P B B P B B  in 
respective regions (Figure 3B). Figure 3C shows that the <Bhf> 
of ferromagnetic phase remains nearly constant (≈35 T) across 
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Figure 3.  Site-specific Mössbauer spectra of NP Fe50Rh50 at different temperatures. A) Experimental spectra (black circles) at different temperatures 
and their best fitting using the distribution of hyperfine fields (Bhf) and the paramagnetic singlet (only for 100 and 300 K). B) The corresponding Bhf 
distribution consisting of two clearly separated broad parts, with the low-field part corresponding to the spin-glass phase (marked by the red dash-
dotted lines) and the high-field part corresponding to ferromagnetic phase (marked by the blue dashed lines). The black arrows in (A) denote the 3rd 
line of the spin-glass phase. C) The temperature dependence of the averaged <Bhf> in the ferromagnetic and spin-glass phases. Note that the <Bhf> 
values of the ferromagnetic phase remain nearly constant at ≈34 T up to 300 K, and that the <Bhf> values of the spin-glass phase decrease drastically 
with increasing temperature and drop to zero values at 35 K. The <Bhf> of NP Fe65Rh35 is also included for comparison. D) The field dependence of 
the angle <θ> between the γ-rays and local Fe spins obtained from in-field Mössbauer spectra. The <θ> in the ferromagnetic phase decreases sharply 
under higher magnetic fields while that of the spin-glass phase remains constant.
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the whole temperature range to 300 K, evidencing the robust 
ferromagnetic ordering. On the contrary, the <Bhf> of the spin 
glass decreases sharply at low temperatures and disappears at 
35 K, evidencing the magnetic transition to the paramagnetic 
state.

The actual spin configurations of these two phases were 
analyzed by in-field Mössbauer spectroscopy (Figure S4, 
Supporting Information). The Mössbauer spectroscopy 
carried out in the external field allows for extracting infor-
mation about the Fe spin orientations with respect to the 
γ-rays and external field directions. The average angle θ 
between local Fe spins and incident γ-rays is described by 
cos2θ = (4 − A23)/(4 + A23) with A23 being the line intensity 
ratio (I2/I3). Thus, A23 has extreme values of 0 and 4 for 
θ  = 0° and 90°, and an isotropic distribution of local spins 
yields an effective θ of ca. 54°. Figure 3D shows that under 
50 mT the ferromagnetic phase exhibits the angle θ  ≈ 78°. 
This indicates a preferential in-plane spin alignment due 
to the dominant shape anisotropy in NP FeRh with a thin-
sheet shape (Figure S1, Supporting Information), again con-
firming the ferromagnetic ordering. Under higher fields, 
the angle decreases drastically as the spins of ferromag-
netic phase rotates toward the external field. By contrast, 

the spin-glass phase shows a preferred out-of-plane orienta-
tion (θ  ≈ 38°) at 50 mT, matching the results observed in 
other spin glasses.[43] Furthermore, the spin direction is 
resistant to larger magnetic fields and stays at around 40°, 
reflecting the rigidity of frozen spins in the spin glass. Thus, 
the magnetometry and Mössbauer results consistently reveal 
the coexistence of the spin-glass and ferromagnetic ground 
states in chemically disordered NP FeRh.

The coexistence of the spin-glass and ferromagnetic phases 
has also been observed in NP FeRh with high Fe concentrations 
of 65 at%. At 13 K, Mössbauer spectroscopy of NP Fe65Rh35 
shows the well-developed magnetic sextet with higher intensity 
compared with NP Fe50Rh50 (Figure  4A). The corresponding 
Bhf distribution consists of two separated parts, one located at 
≈35 T and another part at ≈13 T, which resemble those observed 
in NP Fe50Rh50 (Figure  4B). When heated to 35 K, a singlet 
appears at the center of the spectrum, and the lower part 
of Bhf distribution shifts to near zero value (Figure  4A). This 
again confirms the spin-glass–paramagnetic transition. In con-
trast, the intensity of the ferromagnetic sextet remains almost 
unchanged at 35 K. Further increasing the temperature to 
300 K reduces the intensity of ferromagnetic sextet. Noticeably, 
NP Fe65Rh35 has a much larger fraction of ferromagnetic phase 
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Figure 4.  Site-specific Mössbauer spectra of NP Fe65Rh35 at different temperatures. A) Experimental spectra (black circles) at different temperatures 
and their best fitting using the distribution of hyperfine field (Bhf) and a paramagnetic singlet. B) The corresponding Bhf distribution consisting of two 
separated broad parts, which are ascribed to the spin-glass (marked by the red dash-dotted lines) and the ferromagnetic phase (marked by the blue 
dashed lines), respectively. The black arrows in (A) denote the 3rd line of the spin-glass phase. C) The fraction of ferromagnetic phase in NP Fe65Rh35 
and Fe50Rh50 at different temperatures.
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(69%) than in NP Fe50Rh50 (45%) as summarized in Figure 4C. 
Figure 3C, compares the <Bhf> values of NP Fe65Rh35 and NP 
Fe50Rh50, which exhibit almost the same values and the tem-
perature dependence.

The combined magnetometry and Mössbauer results reveal 
the emergence of the ferromagnetic ground state in the chemi-
cally disordered fcc NP FeRh. When the temperature is below 
Tb, NP FeRh exhibits the ferromagnetic behavior with the large 
coercivity in hysteresis loops and clear magnetic sextets in 
Mössbauer spectrum. Above Tb, the ferromagnetic phase turns 
into superparamagnetic state due to extremely small ligament 
sizes. To estimate the lower range of the Curie temperature, 
we take into consideration that the superparamagnetic state is 
a result of the collective fluctuations of the ferromagnetically 
ordered single domains and can only occur below the bulk 
Curie temperature (for the same composition). The presence 
of the superparamagnetic state at 350 K (Figure 2A) thus indi-
cates that the Curie temperature of the ferromagnetic ground 
state is above room temperature. In addition, the saturation 
magnetization of NP Fe50Rh50 at 6 T decreases monotoni-
cally from 5 to 390 K without any indication of the transition 
to the paramagnetic state, further confirming the Curie tem-
perature above room temperature (Figure S5, Supporting 
Information). It is worth noting that the ferromagnetic phase 
can actually be stabilized at room temperature as seen for the  
NP Fe65Rh35 where the ferromagnetic sextet is clearly visible at 
300 K (Figure 4A).

2.3. DFT Calculations Revealing the Effect of Strain on Magnetic 
Ground States

The identified spin-glass phase can be interpreted as that 
observed in bulk nanocrystalline fcc FeRh prepared by rapid 
quenching[29] and ball milling.[30,31] Those materials show 
almost the same Bhf distribution, with <Bhf> decreasing from 
18 T at 26 at% Fe to 10 T at 65 at% Fe.[30] The large range of Bhf 
distribution is attributed to the different numbers of the nearest 
Fe neighbors surrounding 57Fe. However, no ferromagnetic 
phase in these materials has been detected so far. To evaluate 
the influence of the Fe composition on <Bhf> in the spin glass, 
we performed density functional theory (DFT) calculations 
using the spin-polarized relativistic Korringa–Kohn–Rostoker  
(SPR-KKR) method.[44,45] A spin glass lacks translational sym-
metry and long-range periodic ordering. It has a myriad of 
nearly degenerate magnetic ground states, posing challenges 
for ab initio description of its spin configuration. Thus, we 
focused on incorporating the vanishing Rh moment in the 
description of band structure and approximated the random 
spin orientation by the disordered local moment (DLM) model, 
wherein each site of the fcc structure is occupied concurrently 
with collinear spin-up and spin-down Fe atoms.[46] Figure  5A 
shows that the calculated Bhf values decrease from 20 to 10 T 
with increasing Fe concentrations, which matches the meas-
ured <Bhf> in our NP FeRh and the large range of Bhf distribu-
tion. More importantly, the largest Bhf in the spin glass can only 

Adv. Mater. 2022, 2108793

Figure 5.  Effect of tetragonal strain on the emergence of ferromagnetic ordering from the spin-glass state by DFT calculations. A) The calculated Bhf 
as a function of Fe concentrations in the spin-glass phase. For comparison, the <Bhf> values of NP FeRh, nanocrystalline FeRh and γ-Fe are included. 
B) Schematic illustration of the different strain states in the ligament-node topology of NP structure. Surface stress induces respective anisotropic strain 
and isotropic strain in the ligaments and nodes due to their different shapes. C) Illustration of the fcc structure and its tetragonal distortion due to the 
anisotropic strain in the ligaments. D) The effect of the tetragonal distortion on the competing antiferromagnetic and ferromagnetic states, showing 
the favored ferromagnetic coupling by tetragonal distortion.
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reach up to ≈20 T, which corresponds to the extremely dilute Fe 
atoms embedded in Rh matrix. On the other hand, bulk fcc Fe 
is paramagnetic with the low Bhf below 10 T.[47,48] In addition, 
no noticeable element segregation and phase separation were 
observed (Figure S2, Supporting Information). Hence, the ele-
ment segregation cannot be regarded as the origin of the fer-
romagnetic phase with its characteristic hyperfine field of 34 T.

The emergence of the ferromagnetic ground state in NP 
FeRh rather than in bulk nanocrystalline FeRh points to the 
decisive role of the surface in changing the magnetic ground 
state of FeRh. As shown by XRD data, there exists a large 
strain and lattice distortion in NP FeRh. According to a gen-
eralized capillary equation, surface stress can induce a large 
stress inside a solid by <ΔP>V  = (2/3)α<f>S where ΔP is the 
hydrostatic component of the stress tensor and f is the scalar 
surface stress (1/2 tr f) and α the surface-to-volume ratio.[35,36] 
Consequently, the surface stress-induced internal stress and 
strain in NP metals can be significant due to the extremely 
large surface-to-volume ratio, as evidenced by spontaneous 
dimensional change[49] and tension–compression asymmetry[50] 
in NP metals. Most importantly, the strain becomes anisotropic 
when the shape of a solid is not spherical.[38,39] For a cylindrical 
shape, the anisotropic strains are

1
and

3 1
2

δ ν α δ ν α= − = −l

l Y
f

r

r Y
f � (2)

along the axial and radial directions, respectively, in which ν is 
the Poisson’s ratio and Y the Young’s modulus. As denoted in 
Figure  1C and schematically illustrated in Figure  5B, the NP 
structure can be approximated by a topology of cylindrical liga-
ments connected by spherical nodes.[51] Continuum mechanics 
predicts that the nodes experience an isotropic strain, whereas 
the elongated ligaments an anisotropic strain, which would 
lead to a tetragonal distortion of the fcc structure in NP FeRh 
(Figure 5C).[36] Yet, due to significant peak broadening and the 
overlapping grains associated with extremely small ligaments, it 
is challenging to accurately measure the tetragonal distortion in 
NP FeRh from XRD and TEM results although the asymmetric 
311fcc peak suggests its existence (Figure 1A,B). However, in NP 
Au with large ligaments (≈20  nm), local detection technique 
such as nanobeam diffraction directly observed the tetragonal 
distortion (|(c/a) − 1|) with a value of ≈5%.[52] Hence, the theo-
retical analysis and the experimental results both indicate the 
surface-induced tetragonal distortion and isotropic strain in 
the ligaments and nodes of NP-FeRh, respectively, which may 
account for the coexistence of two magnetic ground states.

Generally, in spin glasses the strong competition between 
AFM and FM exchange interactions is essential for the frus-
tration of exchange interactions. To probe the origin of the 
ferromagnetic ground state, we thus calculated the energy 
difference between the AFM and FM states by DFT as a func-
tion of strain, based on AFM   γ-Fe.[53] Figure  5D shows that 
the energy of AFM state is slightly smaller than that of FM 
state, verifying the AFM ground state. However, the energy 
differences are very small, only ≈6 meV per atom in Fe50Rh50, 
which testifies to the strong competition between AFM and FM 
interactions. The strong AFM–FM competition, together with 
the disordered occupation of Fe sites in the fcc lattice, another 

essential ingredient of a spin glass, induces the frustration of 
spin ordering as usually observed in other spin glasses.[41,54] 
However, the energy difference becomes smaller when tetrag-
onal distortion is exerted, which eventually favors ferromag-
netic ordering and triggers the spin-glass–ferromagnetism 
transition. Moreover, for higher Fe composition, a smaller 
tetragonal distortion is required for inducing the magnetic 
transition. This agrees with the larger fraction of ferromagnetic 
phase in NP Fe65Rh35 compared to NP Fe50Rh50 (Figure  4C). 
On the contrary, under isotropic strain the energy of AFM state 
is always smaller than that of ferromagnetic state, and thereby 
the spin-glass state remains unchanged (Figure S6, Supporting 
Information). Therefore, the DFT results show that the tetrag-
onal distortion in the ligaments induces the ferromagnetism, 
whereas the nodes with isotropic strain retains the spin-glass 
state as in nanocrystalline FeRh prepared by rapid quenching[29] 
and ball-milling.[30,31] Consequently, the ferromagnetic liga-
ments are decoupled by the spin-glass nodes, explaining why 
NP FeRh as a bulk sample exhibits superparamagnetism. It is 
interesting to note that the tetragonal distortion-induced ferro-
magnetic phase is analogous to that observed in ultrathin  γ-Fe 
film deposited on Cu and Cu–Au substrate. Its magnetic states 
transforms from the bulk-like AFM state to the ferromagnetic 
state as the film is expanded in plane by the substrate.[47,48]

3. Conclusion

We stabilized the chemically disordered fcc FeRh in a nano-
porous structure with a topology of a few nanometer-sized 
ligaments and nodes by a highly dynamic, non-equilibrium 
dealloying process. The combined structural, magnetometry 
and Mössbauer spectroscopy studies reveal the emergence 
of a previously unknown robust ferromagnetic phase with Tc 
above room temperature as opposed to the conventional low-
temperature spin glass. A model, supported by the DFT cal-
culations, is proposed where the ferromagnetic ground state 
originates from the surface stress-induced tetragonal distor-
tion in the elongated ligaments. This distortion favors the fer-
romagnetic rather than antiferromagnetic coupling among the 
local Fe spins. Our study thus demonstrates that a ferromag-
netic ground state with Tc well above room temperature can 
be created from an initially magnetically disordered one. From 
the practical point of view, this ability to switch between the 
two distinct magnetic ground states by anisotropic strain will 
enable a complete control of magnetic properties over a wide 
temperature range. These findings may inspire further search 
for, so far, hidden magnetic phases in magnetic materials with 
strong magnetostructural coupling. In nanoporous FeRh, the 
ferromagnetic ground state turns into superparamagnetic state 
above blocking temperatures due to the extremely small liga-
ments/nodes. To utilize and stabilize the newly discovered fer-
romagnetism at room temperature, novel composite devices 
may be envisioned based on the heterostructure consisting of 
chemically disordered FeRh thin film and a pre-determined 
substrate that provides the tetragonal distortion. For instance, 
a complete ferromagnetic–paramagnetic transition may be 
induced by the voltage-driven strain when combined with a 
piezoelectric substrate.

Adv. Mater. 2022, 2108793
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4. Experimental Section
Preparation of Nanoporous FeRh and the Electrochemical Setup: Parent 

alloys with nominal composition of Fe85Rh15 (with atomic percentage) 
were prepared by repetitive arc melting of Fe and Rh wires (with purity > 
99.99%) in Ar atmosphere. The alloy ingots were homogenized at 850 °C 
for 4 days in quartz tube filled with argon. Then, the alloy ingot was 
compressed, rolled into thin sheets with a thickness of ≈0.2  mm and 
cut into millimeter-sized samples. All samples were annealed at 850 °C 
for 1 h for the recovery prior to dealloying. Electrochemical dealloying 
was carried out in 1 m H2SO4 in a three-electrode electrochemical cell 
under potentiostatic control (AUTOLAB PGSTAT302N). The working, 
counter, and reference electrodes were the Fe85Rh15 alloy, the Pt wires 
and a pseudo Ag/AgCl electrode, respectively. The potential of the peuso 
Ag/AgCl electrode is 0.300 ± 0.002  V  more positive than the standard 
Hg/HgO (1 m KOH) electrode, and for comparison, all the voltages 
in the paper were converted to the Hg/HgO scale. Sulfuric acid with 
guaranteed reagent grade (Sigma-Aldrich) and ultrapure water with 
a resistance of 18.2 MΩ (Milli Q Advantage A10) were used for the 
preparation of the electrolyte solutions.

Linear anodic polarization was first performed to identify the 
potential where the anodic current starts to rise exponentially and 
then chronoamperometric measurements were performed to precisely 
determine the critical dealloying potential, only above which the 
dealloying can continue. To control the composition of the as-dealloyed 
nanoporous FeRh, the dealloying potentials of −0.440  V (just 3  mV 
above the critical dealloying potential), −0.430, −0.425, −0.410, −0.390, 
and −0.20  V were used for the dealloying. Note that the as-prepared 
nanoporous FeRh was extremely prone to the oxidation, and it burned 
within one minutes when exposed to the air. Therefore, the as-prepared 
nanoporous FeRh samples were cleaned and kept in a dilute H2SO4 
before microstructural characterization.

In Situ XRD Measurements and Microstructure Characterization: 
The crystal structure of the Fe85Rh15 alloy during the electrochemical 
dealloying was monitored using in situ XRD with a parallel beam 
laboratory rotating anode diffractometer (Mo Kα1,2 radiation) in 
transmission geometry. The transmission geometry allows the detection 
of the entire volume of the sample (thickness ≈ 0.1 mm). In this setup, 
the Fe85Rh15 alloy, as the working electrode, was wired by gold wires 
and attached to a glass plate (thickness ≈ 0.1  mm), which was later 
immersed in the 1 m H2SO4 electrolyte in plastic bags. The counter 
and reference electrodes were the Pt wire and the pseudo Ag/AgCl 
electrode, respectively. Diffraction patterns were collected every 10 min 
with a Pilatus 300K-W area detector. The standard reference material 
NIST SRM660b LaB6 powder was used for the detector calibration and 
the determination of the instrumental resolution. The 2D diffraction 
images were integrated using the pyFAI[55] software and analyzed with 
the Rietveld method (TOPAS V6). An isotropic size-strain model based 
on a double-Voigt approach was used to describe the line broadening. 
Due to the discrepancy of describing the diffraction profiles of the 111fcc 
and 200fcc peaks, the microstructural structural model was extended 
to account for the existence stacking disorder.[36] This model is based 
on DIFFaX like simulations of different stacking sequences describing 
different types of microstructural features like intrinsic stacking faults 
and twinning and adapted from ref. [56] implemented in TOPAS macro 
language.

The microstructure of the as-prepared sample was characterized 
using a field-emission scanning electron microscope equipped with 
energy-dispersive X-ray spectroscopy (Zeiss Ultra 600), and using a 
transmission electron microscope (FEI Titan 80-300) with EDS. In order 
to avoid oxidation during sample transfer, the as-prepared sample was 
transferred into the scanning electron microscope chamber immediately 
after moved out from the dilute H2SO4 electrolyte for scanning electron 
microscopy (SEM) observation. At least 30 different positions under 
SEM were measured to get an average of the composition.

For the preparation of the TEM samples, the as-prepared samples 
were transferred into the glove box and ground to fine powders. A small 
amount of powders were then attached to a Cu grid covered with carbon 

film for further TEM observations. Afterward, the Cu grid was amounted 
to the TEM sample holder, and then transferred to TEM for further 
characterization using a vacuum transfer hold (Themis 300). Each data 
of mean ligament size was obtained by measuring at least 30 individual 
ligaments. EDS mapping was used to examine the distribution of Fe and 
Rh in the ligaments, and the size resolution is less than 2 nm.

Magnetometry and Mössbauer Measurements: Magnetic measurements 
were performed in a superconducting quantum interference device 
(SQUID, MPMS3) with applied magnetic field parallel to the surface 
of the as-prepared nanoporous samples. Temperature dependent 
magnetization measurements were performed following the usual zero-
field cooled (ZFC) and field-cooled (FC) protocols: the sample was first 
cooled down from 350 to 5 K in zero magnetic field, and then a static 
magnetic field was applied. During warming up from 5 to 350 K the ZFC 
magnetization was measured, and FC magnetization was measured 
during further cooling down from 350 to 5 K. Alternating current 
(AC) susceptibility measurements were performed in the frequency 
range from ≈1 to 1000 Hz as a function of temperatures near the peak 
temperature in ZFC curve. The applied static field is 0.2 mT, and the 
driving field is 0.35 mT.

To gain insight into the magnetic environment of the 57Fe atoms, 
Mössbauer spectra with a 57Co:Rh source were acquired in transmission 
geometry at various temperatures using a triangular sweep of the velocity 
scale. Zero-field spectra were measured at KIT, and in-field spectra were 
collected at at Universität Duisburg-Essen. The incidence of the γ-rays 
was perpendicular to the sample surface, and during the measurements, 
the samples were protected under He. The velocity of the spectrometer 
was calibrated with a a-Fe foil reference sample at room temperature. 
The effective thickness of the nanoporous FeRh was optimized to 
improve the absorption line resolution (10–20 mg cm−2). The Mössbauer 
patterns were simulated by superimposing 40 elementary Lorentzian 
sextets with 0.30  mm line width, which covers a range of 60 T. Each 
point in the probability distribution was assumed to be proportional to 
the relative intensity of the corresponding sextet.

DFT Calculations: To rationalize the coexistence of the spin-glass phase 
and robust ferromagnetic phase within the same fcc phase structure we 
performed density functional theory (DFT) calculations using the spin 
polarized relativistic KKR (SPR-KKR) program.[41] The chemical disorder 
is treated within the coherent potential approximation,[57] and we 
adopted a scalar-relativistic spin-polarized approach and the Perdew–
Burke–Ernzerhof (PBE) function.[45] The angular-moment cut-off was 
set to l  = 3 and the convergence testing showed little dependence of 
Bhf on higher cut-off values. For the hyperfine calculations we adopted 
a k-point density of NKTAB = 4000 to ensure good convergence and 
450 was used when finding the volume minima of each structure. To 
describe the absence of long-range magnetic ordering, we employed the 
disordered local moment (DLM) approach.[46] The DLM state consists of 
atomic sites occupied with two Fe species, one with spin up and another 
with spin down, thus describing a paramagnetic or spin-glass state. To 
elucidate the origin of robust ferromagnetic ordering in nanoporous 
FeRh NPs, we examined the competing AFM and FM interactions in fcc 
FeRh. To that end, we compared the energies of the FM and AFM states, 
based on the AFM ground state of fcc Fe[53] as a function of volume and 
tetragonal strain at different compositions.
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