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Thermal properties of submicron wires of Pd-doped FeRh alloys are evaluated from measurements of transport properties around 

the first order antiferromagnetic to ferromagnetic phase transition. Recently, in a submicron wire of FeRh alloy, an asymmetric 

structure between heating and cooling processes was reported in the vicinity of the phase transition temperature. A system where finite-

size effects appear is expected to show different magnetic and thermal properties from those in bulk and thin film. However, thermal or 

magnetization measurements are difficult to perform on samples with such a tiny volume. Here, we demonstrate a quantitative 

evaluation of thermal properties in thin films and submicron wires of B2-ordered Pd-doped FeRh alloy grown on MgO (001). Resistivity 

measurements on a series of wires with different width reveal that the anomaly in the resistance change is enhanced in narrow wires. As 

the transport properties in submicron wires sensitively reflect those magnetic states, the entropy change and irreversible energy loss 

during the first order phase transition have been determined via resistance measurements. We find a larger energy loss in smaller 

samples where wider hysteresis loops appear in temperature-driven measurements. This method can be a probe to evaluate the finite-

size effect induced by a restricted magnetic domain nucleation process during the phase transition. 

Index Terms—FeRh alloys, first order phase transition, metamagnetic transition, thin films, submicron wires. 

I. INTRODUCTION 

HE FeRh ALLOY with B2 order shows a first order phase 

transition from an antiferromagnetic (AFM) to a 

ferromagnetic (FM) phase with rising temperature at around 

370 K [1]. This phase transition is accompanied by a large 

change in longitudinal and Hall resistivity [2]–[4], lattice 

constant [5] and entropy [6], [7]. The transition temperature is 

tunable around room temperature by a control of chemical 

composition [8], [9], so FeRh alloys are candidate materials 

for several applications such as heat-assisted magnetic 

recording [10], [11], AFM memories [12], [13], and 

memristor devices [14]. 

Recently, asymmetric behavior around the AFM – FM 

phase transition of FeRh alloys has been reported on some 

tiny sample structures, such as ultra-thin films with an island-

like morphology [15] and nanoparticles [16]. Remarkably, a 

discontinuous and asymmetric resistance change around the 

phase transition was reported in submicron wires of FeRh 

alloy [17], [18]. This anomalous behavior is caused by 

suppression of the nucleation process of antiferromagnetic 

domains during the cooling process [18], which is also 

expected to make a significant difference to the thermal 

properties. Evaluation of thermal quantities would enable a 

quantitative characterization of finite-size effects around the 

phase transition. However, it is difficult to conduct volume-

sensitive thermal or magnetization measurements on such 

small volume samples. 

In FeRh alloys, it is possible to estimate those thermal 

properties indirectly around the metamagnetic phase transition. 

The transition temperature is suppressed under the application 

of external magnetic field because of the reduction of the free 

energy of the FM phase [19]. This transition temperature 

suppression by an external field enables the derivation of some  

thermodynamic parameters from magnetization measurements 

[20], [21], which gives consistent results with thermal 

measurements [2], [7]. From these reports, it is known that 

both a bulk specimen and a thin film of FeRh exhibit similar 

transition temperatures and entropy changes. 

Here, we performed resistivity measurements of submicron 

wires of FeRh as a function of temperature and external 

magnetic field. As the resistance change in a submicron 

specimen reflected local magnetic states, difference in entropy 

between the two phases and energy loss due to temperature 

hysteresis were estimated from electrical transport 

measurements. 

II. EXPERIMENTAL TECHNIQUE 

Films of Pd-doped FeRh alloys were prepared by DC 

magnetron sputtering from an Fe47Rh50Pd3 alloy target. 60 nm 

thick films were grown on top of MgO (001) substrates at 

600°C and annealed in situ at 700°C for 1 hour after the 

deposition. In order to improve the chemical ordering of the 

alloy, the films were annealed again in vacuum at 800°C for 2 

hours. X-ray diffraction patterns of the film after the thermal 

treatments revealed B2-ordered chemical structure and FeRhPd 

(001) orientation on MgO (001). 

Magnetization measurements of FeRhPd films were 

performed in a superconducting quantum interference device 

magnetometer in a temperature range from 100 to 340 K under 

in-plane external magnetic field. Submicron wires were 

fabricated by a combination of electron beam lithography and 

Ar ion milling. 150 nm thick Cu electrodes were patterned on 

top of the wires and deposited by electron beam evaporation. 

Four- or two-terminal resistance measurements using a 

Quantum Design PPMS were performed with an excitation 

current of 500 nA, which is small enough to avoid the 

transition to the high-temperature phase activated by Joule 

T 
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heating effect onto the small volume specimen [13], [22]. 

III. RESULTS AND DISCUSSION 

A. Magnetization and Entropy Change in Unpatterned 
Films 

3  
Fig. 1 (a) shows a temperature loop of magnetization on an 

d T  M  
FeRhPd film with application of an in-plane magnetic field of 

t r   
0.1 T. The magnetization exhibited a saturated value  

dH S 

0 ext 

of in high-temperature FM phase and 

disappeared in low-temperature AFM phase. Residual 

magnetization originating from the vicinity of interface was 

1.1×104 A∙m-1 below transition temperature. Because of the 

elemental substitution effect due to a Pd doping [9], the phase 

transition temperature of FeRhPd films was decreased to 

around room temperature whereas that of an equiatomic FeRh 

alloy is around 370 K [1]. As the M – T trace makes a 

temperature hysteresis loop on heating and cooling arms, two 

transition temperatures can be determined corresponding to the 

two arms. Here we define transition temperatures TAFM-FM and 

TFM-AFM as temperatures where the maximum points of the first 

derivative of M – T curves appears on heating and cooling 

processes, respectively. Under an external magnetic field of 0.1 

T, TAFM-FM was 297.7 K and TFM-AFM was 276.9 K. 

The magnetization of the unpatterned FeRhPd film was 

measured with sweeping temperature under a series of 

constant in-plane magnetic fields between 0.05 and 1.5 T. 
TAFM-FM and

 TFM-AFM were plotted against the applied in-plane 
dT tr / ( dH ext ) 16 K 

magnetic field in Fig. 1 (b). The width of a temperature  

hysteresis loop was constant in different external magnetic 

fields, which is consistent with previous reports [20], [23]. 

Both of two transition temperatures showed linear decreases 

against an application of external magnetic field with a slope 

of . As this linear decrease is caused by a decrease in FM 

phase free energy, the released entropy accompanying the 

phase transition can be estimated as [20]  

(1) 

Here Ttr is an averaged transition temperature of TAFM-FM and TFM-

AFM, ΔM is change in magnetization during the transition, and ΔS 

is the entropy change between FM and AFM phases. For our 

experimentally determined values of the slope and magnetization, 

the entropy change in the film was estimated to 

be , which is comparable to the 

reported values for a bulk specimen [2] ( ) 

and a thin film [20] ( ). 

submicron wire has a difficulty on volume-sensitive 

magnetization measurements. In this section, ΔS in the 

patterned wire is characterized through electrical transport 

measurements. 
Four-terminal resistance measurement was performed on a 

270 nm wide wire with sweeping temperature or in-plane 
3 

magnetic field as shown in Fig. 2. The inset of Fig. 2 exhibits 

a SEM image of the wire specimen and attached Cu 

electrodes. The temperature-driven measurement showed the 

phase transition at around 280 K, whereas the film specimen 

before fabrication exhibited a higher transition temperature 

around 295 K. This decrease in the transition temperature was 

seen in all submicron wires of different widths, so it could be 

influenced by the fabrication process such as Ar ion milling. 

Both of R – T and R – B traces showed quite similar hysteresis 

shape including large discontinuous resistance changes during 

the transition from FM to AFM phase, which is a 

characteristic behavior in submicron wires [18]. This 

asymmetry is caused by a suppression of the nucleation 

process of AFM domains. The similarity in the field- and 

temperature-driven transport measurements indicates that, 

even in submicron wires, those thermal properties can be 

represented as a linear function of temperature and external 

magnetic field in the vicinity of AFM – FM phase transition. 

The largest resistance change during the transition from FM 
to AFM phase occurred at 0 T and 256.6 K in a temperature-
driven measurement, and at 240.0 K and 1.46 T in a field
driven measurement. As the traces showed 60.7% of total 
1 

resistance change at both the two points, we assumed the 

transition volume is same on these points. Then, ΔS could be 

derived from the evaluation of released energy accompanied 

with the transition. 

FIG. 2 HERE 

The latent heat exported during the transition from the 

high-temperature to the low-temperature phase is TΔS. 

Under an external magnetic field H, the Zeeman energy term 

μ0HΔM also contributes to the energy release during the 

phase transition. The sum of the latent heat TΔS and Zeeman 

energy term μ0HΔM represents the total exported energy 

during the temperature- or field-driven phase transition. 

Under the assumption that the released energy is equivalent 

in both temperature- and field-driven measurements at the 

two points referred to, entropy change in the wire is derived 

as . This value is smaller than the  

one estimated in the same film before fabrication 

FIG. 1 HERE ( ). This difference may be related to 

B. Resistance and Entropy Change in Submicron Wires 

The entropy change ΔS accompanied with AFM – FM 

phase transition was determined via magnetization 

measurements of the unpatterned FeRhPd film whereas a  

the change in transition temperature of submicron wires. 

Kushwaha et al. reported a large sensitivity to an external 

field, , on Pd-doped FeRh films 

which exhibit phase transition around 200 K [23]. This would 

suggest a tendency that differences of entropy between AFM 

and FM phases are smaller when the transition occurs at lower 
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 , 

temperatures. 

C. Evaluation of Energy Loss 

Because both the unpatterned film and submicron wires 

showed closed hysteresis loops with sweeping temperature, 

there exists a finite irreversible energy loss Q‟ around the 

AFM – FM phase transition for each specimen. As the energy 

loss is characterized by the temperature hysteresis loop, it can 

be a quantitative index for representing the size of the finite-

size effect. Q‟ is equal to the integrated entropy around a 

temperature hysteresis loop, so it can be calculated from M – T 

plot: 

(2) 

Here we used eq. (1) and assumed ΔS is not temperature 

dependent in the vicinity of transition temperature. From the 

calculation of the M - T hysteresis area of the unpatterned film 

shown in Fig. 1 (a), we obtained . 

Though it is difficult to measure the magnetization of a 

sample with a tiny volume, estimation of the FM volume ratio 

in a submicron wire is possible from electrical transport 

measurements. In a small range of temperature around the 

phase transition, resistivity in AFM or FM phase can be 

approximated to be a linear function of temperature. As the 

width of submicron wires are comparable to the size of 

magnetic domains observed on films of FeRh alloys [24], [25], 

we assumed AFM and FM domains in wire structures are 

aligned along the longitudinal direction of the wire. Under this 

assumption, sample resistance R (T) can be represented by a 

linear combination of the resistances in two phases as follows: 

. (3) 

Here x is a volume ratio of FM domains in the wire sample, 

RFM (T) and RAFM (T) are wire resistances where all volume of 

the sample exhibits FM and AFM phases, respectively. They 

are extrapolated from R – T traces above and below the 

temperature hysteresis. 

Temperature-driven resistance measurements without 

external magnetic field were performed on wires with 

different widths of 270 nm, 660 nm, and 1160 nm. From X-

ray magnetic circular dichroism and photoemission electron 

microscopy measurements on FeRh films, the typical domain 

size around the transition temperature was revealed to be 

about 550 nm for FM domains and 300 nm or less for AFM 

domains [25]. In this range of wire sizes, it is expected to 

exhibit some difference due to finite-size effects. Fig. 3 

shows the estimated FM volume ratio against temperature for 

each wire. The anomaly in the resistance change was 

enhanced in the small wires. The symmetric and continuous 

change in resistance of the widest one would suggest a 

disappearance of finite-size effects. 

FIG. 3 HERE 

As the FM volume ratio x is equivalent to  

energy loss can be represented as in 

submicron wires. Here we assumed the decrease in entropy 

change was originated from a shift in transition temperature. 

As the transition temperatures are same in the three wires, a 

value of ΔS estimated in 270 nm wide wire, 113 

, was used for all wires. We finally obtained 

energy loss of 3.39 J∙cm-3, 3.31 J∙cm-3, and 3.08 J∙cm-3 for the 

wires with a width of 270, 660, and 1160 nm. Even the 

entropy change in wires is smaller than that of unpatterned 

film, energy loss around the AFM – FM transition was larger 

than in the film. It also showed a  

tendency that energy loss was larger in a smaller specimen due 

to its wider hysteresis width. As the asymmetry in hysteresis 

loop is thought to be caused by the domain nucleation process, 

this result would be an evidence to show the contribution of 

magnetic domain structures across the phase transition to the 

macroscopic energy loss. 

IV. CONCLUSION 

In this work, we performed electrical transport 

measurements on submicron wires of Pd-doped FeRh alloys. 

As the resistance on a submicron specimen reflects local 

magnetic states, entropy change ΔS and hysteresis energy loss 

Q‟ were estimated from electrical measurements. ΔS in a 

submicron wire was , which was 

smaller than that in the unpatterned  

film, . This decrease in the entropy  

change would be related to the lower transition temperature in 

wires. In a comparison of temperature-driven resistance 

changes in a series of wires of different sizes, the anomalous 

asymmetry in hysteresis loop was found to be enhanced in the 

smallest wire. We also found a change in the irreversible 

energy loss between the submicron wires and the film. The 

energy loss was enlarged in a smaller sample, which suggests 

that the finite-size effect, probably a change in magnetic 

domain structures across the phase transition, appears in a 

macroscopic property. We demonstrated a quantitative 

evaluation of an influence of domain nucleation process to the 

magnetic states in submicron wires by simple electrical 
M ( T ) M 

measurements. 
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Fig. 1. (a) Temperature-driven hysteresis loop of magnetization of the 

unpatterned FeRhPd/MgO (001) film under an in-plane external magnetic 

field of 0.1 T. (b) Phase transition temperatures against external magnetic 

field. Transition temperatures were determined by peak positions of 

against temperature under a constant external magnetic field. 

Transition temperatures during heating (TAFM-FM, open symbols) and cooling (TFM-

AFM, closed symbols) processes are shown. Lines of best fit (solid lines) 

have the same slope of . 

 

Fig. 2. Resistance measurements on a submicron wire of FeRhPd/MgO (001) 
as a function of temperature (black, closed square symbols) and in-plane 
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magnetic field (blue, open circle symbols). The temperature-driven hysteresis 

loop was measured without applying a magnetic field and the field-driven one 

was done at a constant temperature of 240.0 K. Red arrows shows the sweep 

direction of temperature and magnetic field. The inset shows a SEM image of 

the wire. 

 

Fig. 3. Ferromagnetic (FM) phase volume ratio of submicron wires of 

FeRhPd/MgO (001) against temperature. FM phase volume ratio on each wire 

was calculated from four-terminal resistance measurement on 270 nm wide 

wire and two-terminal resistance measurements on 660 nm and 1160 nm wide 

ones. All measurements were performed without an external magnetic field. 


