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Abstract
In this work, low-temperature magnetic properties and magnetocaloric properties 
of Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) amorphous ribbons were investigated. It was 
found that the Curie temperature (TC) of the ribbons increases with Cu content from 
210 (for x = 0) to 218 K (for x = 0.4), and decreases to 214 K with the further of 1.0% 
Cu. The values of the maximum magnetic entropy change (− ΔSM)max were found to 
be 2.63, 2.75 and 2.88 J kg−1 K−1 for the Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) amor-
phous ribbons, respectively, under the field of 50 kOe. The corresponding refrig-
eration capacity (RC) values of the Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) amorphous 
ribbons are 114, 121 and 120 J kg−1, respectively. These values are comparable to 
those obtained for the previously studied ternary Fe-based amorphous alloys. These 
results demonstrate that an appropriate amount of Cu substitution can enhance the 
(− ΔSM)max and RC of Fe-based amorphous alloys. These Fe-based amorphous 
alloys are promising for application as low-temperature magnetic refrigerants and 
multi-functional materials.
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1  Introduction

Due to its great merits such as environmental friendliness and relatively high efficiency, 
magnetic refrigeration technology based on the magnetocaloric effect (MCE) has 
attracted intense research interest [1–3]. To date, several intermetallic compounds such 
as Gd–Si–Ge [4], La–Ca–Mn–O [5], Ni–Mn–Ga [6], La–Fe–Si [7], Mn–Fe–P–As [8], 
Ni–Mn–Sn [9] have been found to display a giant MCE due to their first-order mag-
neto-structural phase transitions. Unfortunately, these phase transitions are accompa-
nied by large thermal and magnetic hysteresis that reduces the operational frequency 
of the refrigeration applications based on these materials [10]. By contrast, soft mag-
netic materials are well known to show low hysteresis because irreversible entropy can 
be avoided during their magnetization and/or demagnetization. Therefore, the devel-
opment of magnetic refrigerants based on soft magnetic materials can also allow the 
replacement of superconducting magnets with permanent magnets for the generation 
of external magnetic fields [11]. Fe-based amorphous alloys are some of the most well-
known soft magnetic systems. Unlike crystalline materials in which the constituent 
atoms are at thermodynamic equilibrium, Fe-based amorphous alloys are metastable 
materials in far-from-equilibrium states [12] and show many properties that are desir-
able for magnetic refrigerants such as low cost, high electrical resistivity [13, 14], high 
corrosion resistance [15], tunability of the transition temperature by alloying [16], good 
mechanical properties [17] and negligible magnetic hysteresis.

Among the Fe-based amorphous alloys, Fe–Zr alloy ribbons have recently attracted 
much interest [18] because their ferromagnetic to paramagnetic (FM-PM) transition 
temperature (TC, Curie temperature) can be easily tuned to the desired temperature 
range through the doping of other elements while not affecting many of the favorable 
MCE properties of the Fe–Zr parent compound. Even though many studies have been 
performed on the Fe–Zr alloy ribbons doped with Ti, Cr, Mn, Sn, Co, Ni, Y and/or B 
[10, 19–25], no investigations of Cu-doped Fe–Zr materials have been reported. Since 
the magnetic and structural properties are strongly linked by the c/a lattice parameter 
ratio [26–28] and the density of the 3d electrons at the Fermi level [29], replacement 
of Fe by Cu should give rise to site- and element-specific changes in the electronic and 
magnetic properties of the Fe–Zr alloy.

In this work, we have fabricated Fe–Zr–Cu amorphous ribbon samples and inves-
tigated their magnetic and MCE properties at temperatures in the vicinity of the TC. 
The use of ternary magnetocaloric Fe-based amorphous alloys simplifies the study of 
the physics underlying the MCE in these materials. This work will also provide guid-
ance for further research on MCE of amorphous alloys that are promising magnetic 
refrigerants.

2 � Experimental

Ingots with the nominal compositions of Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) were 
prepared by arc melting pure elements (99.99  wt%) in an argon atmosphere. To 
ensure homogeneity, every ingot was remelted five times. Amorphous ribbons with 
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width of approximately 1 mm and thickness of 30 μm were prepared by the single-
roller melt-spinning method with a surface speed of 40 m/s under argon atmosphere. 
The amorphous nature of the melt-spun ribbons was verified by X-ray diffraction 
(XRD, D8-Discover, Bruker) with Cu Kα radiation, and thermal analysis was per-
formed using a differential scanning calorimeter (DSC, 404 F3, Netsch) at a heating 
rate of 40 K/min. The temperature and field dependences of the DC magnetization 
were measured using the magnetic measurement component of a physical property 
measurement system (MPMS). The temperature dependence of the magnetization 
(M–T) was measured under a field of 0.02 T during the heating process from 10 to 
300 K. The isothermal magnetization (M–H) curves were measured at various tem-
peratures under a field of 5 T.

3 � Results and Discussion

The XRD patterns of Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) alloys are shown in Fig. 1a. 
Typical halo peaks characteristic of amorphous materials are observed for each of 
the samples with no obvious diffraction peaks of crystalline phases, indicating the 
amorphous nature of the fabricated Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) alloys. The 
DSC curves of these alloys are presented in Fig. 1b, and the observed exothermic 
peaks correspond to crystallization by heating. The onset temperatures of the crys-
tallization event (Tx) of the Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) alloys are 842, 830 
and 805 K, respectively, showing that Tx decreases with increasing Cu content. The 
Tx of Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) are much higher than the corresponding 
TC values (see below), indicating that these alloys are stable in the range of practi-
cal application temperatures. The DSC thermograms presented in Fig. 1b show two 
exothermic maxima at approximately 850 K and 900 K. The first peak is attributed 
to the crystallization of α-Fe, and the second peak is related to the formation of 
Fe3Zr [30].

Figure 2a shows the magnetic hysteresis loops of the Fe91−xZr9Cux (x = 0.0, 0.4 
and 1.0) amorphous alloys at 10 K. It is observed that Ms increases with increas-
ing Cu substitution, reaches the maximum value at x = 0.4, and then decreases 
with further Cu substitution. Among the investigated Fe-based amorphous alloys, 
the Fe90.6Zr9Cu0.4 alloy exhibits the highest Ms of 125 emu/g, in agreement with 
the previous report [25]. It is known that Ms is determined by the c/a lattice 
parameter ratio and the density of the 3d electrons at the Fermi level [29]. Since 
Cu has a positive heat of mixing with Fe atoms [31, 32], the Cu and Fe atoms 
would repel each other in the Cu-doped alloys, and so that an appropriate addi-
tion of Cu will promote the bonding of Fe–Fe pairs [33], and will lead to the 
increase in the number of the nearest-neighbor Fe atoms. According to Heisen-
berg theory [34], the atomic magnetic moment is assumed to depend on the num-
ber of the nearest-neighbor Fe atoms. Therefore, an appropriate Cu substitution 
(x = 0.4) for Fe can also increase the saturation magnetization [35]. With exces-
sive additions of 1.0% Cu, the effect of the reduction in the Fe concentration may 
become more dominant, resulting in the decrease in Ms. The results for the tem-
perature dependence of the magnetization (M–T) of the Fe91−xZr9Cux (x = 0.0, 0.4 
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Fig. 1   a XRD patterns of 
Fe91−xZr9Cux (x = 0.0, 0.4 and 
1.0) ribbons; b DSC heating 
curves of Fe91−xZr9Cux (x = 0.0, 
0.4 and 1.0) ribbons (Color 
figure online)
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Fig. 2   a Hysteresis loops of 
Fe91−xZr9Cux (x = 0.0, 0.4 and 
1.0) amorphous alloys at 10 K; 
b Temperature dependence of 
magnetization under a magnetic 
field of 200 Oe and at zero field. 
The inset displays the thermal 
derivative of the magnetization 
data as a function of tempera-
ture (Color figure online)
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and 1.0) amorphous alloys measured at an applied field of 200 Oe in the tempera-
ture range of 10–300 K are also presented in Fig. 2b. The Tc can be determined 
from the temperature at the minimum of the curve of dM/dT plotted versus T, 
and the obtained Tc values for Fe91−xZr9Cux were approximately 210, 218 and 
214  K for x = 0.0, 0.4 and 1.0, respectively. This is mainly due to the sensitiv-
ity of the Fe–Fe exchange interaction to the interatomic distance that gives rise 
to fluctuations in the magnitude and can also reverse the sign of the magnetic 
exchange integral [17]. An appropriate addition of Cu can promote the bonding 
of the Fe–Fe pairs and leads to the increase in the number of the nearest-neighbor 
Fe atoms. Thus, a substitution of a small amount of Fe with Cu (x = 0.4) leads to 
an increase in Tc. This result is similar to those obtained for other Fe-rich amor-
phous alloys with minor Cu additions [36]. It should be noted that as shown in 
Fig.  2b, the magnetization (M) decreases with temperatures decreasing below 
10 K. This is attributed to the fact that the higher Zr content in the present set of 
alloys enhances the ferromagnetic interaction [21] and spin-glass behavior [37].

Together with careful investigations of M(T), we also measured the M(H) curves 
at the temperatures in the vicinity of TC, as shown in Fig. 3a–c for the Fe91−xZr9Cux 
samples with x = 0.0, 0.4 and 1.0, respectively. Similar to the M(T) data, it was found 
that increasing temperature reduces M. At a given temperature, M increases gradu-
ally with increasing magnetic field H, with a rapid rise in M observed at H < 15 kOe. 
Notably, the M in the FM region does not reach saturation even at magnetic fields as 
high as 50 kOe. Similar results were also observed in many other amorphous alloys 
[21, 38, 39]. Due to the competition between the thermal disorder and the exchange 
interactions favoring magnetic order, the FM nonlinear M(H) curves become linear 
when the sample enters the PM region. This magnetic phase separation is observed 
more clearly when M2 is plotted versus H/M in Arrott plots [40]. The nonlinear parts 
in the low-field region at the temperatures below and above TC are driven towards 
two opposite directions, as shown in Fig.  3d–f, revealing the FM-PM separation. 
According to the mean-field theory for long-range FM order [25], the M2 versus 
H/M isotherms for a system with long-range FM order give a set of straight lines 
passing through the origin in the vicinity of TC. Thus, the absence of the linearity 
suggests the existence of a short-range FM order in the alloy ribbons. Additionally, 
it is observed that the plots of H/M versus M2 (not shown) exhibit positive curva-
tures in the vicinity of TC, revealing that the samples undergo a second-order mag-
netic phase transition [41, 42].

Based on the results derived from M-T curves, the isothermal magnetization 
curves (M–H) were measured near the Tc. The magnetic entropy change (ΔSM) as a 
function of temperature is used to characterize the MCE of a magnetic material and 
can be calculated from the M–H curves using the Maxwell relation given by [43]:

where µ0 is the permeability of vacuum and Hmax is the maximum applied field. The 
magnetic field with maximal value of 5 T was used in our experiments. To derive 

(1)ΔSM = �0

Hmax

∫
0

(
�M

�T

)

H

dH
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the temperature dependence of ΔSM, the integral was evaluated numerically accord-
ing to

Using the isothermal M–H curves obtained at various temperatures, we eval-
uated the ΔSM associated with H variations according to Eq.  (2). Figure  4a–c 
shows the temperature dependence of the − ΔSM(T) for the H fields of up to 50 
kOe. It is observed that each − ΔSM(T) curve has a maximum value − ΔSmax in 

(2)ΔSM(Ti,H) =
∫ H

0
M(T

i
,H)dH − ∫ H

0
M(T

i+1,H)dH

T
i
− T

i+1
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Fig. 3   a–c M(H) and d–f M2 versus H/M curves for Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) at a temperature 
close to Tc (Color figure online)
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the vicinity of the FM–PM transition temperature Tc and that an increase in H 
enhances − ΔSM and − ΔSmax. For H = 10 kOe, the − ΔSmax. values were approxi-
mately 0.74, 0.75, and 0.80 J kg−1 K−1 for the Fe91−xZr9Cux alloys with x = 0.0, 
0.4 and 1.0, respectively. For H = 50 kOe, these values increased up to 2.63, 
2.75, and 2.88 J kg−1 K−1, respectively. The temperatures (Tpk) at which the peak 
entropy change values (− ΔSM

pk) are obtained are close to the Tc because of the 
nature of second-order phase transition.

Refrigerant capacity (RC) is another important parameter that characterizes 
the refrigerant efficiency of the material. Here, we estimated the RC value as the 
product of the peak entropy change and the full width at half maximum of the 
peak [44]:

Fig. 4   − ΔSM(T) curves for the 
Fe91−xZr9Cux amorphous alloy 
samples (a x = 0.0, b x = 0.4, 
and c x = 1.0) at H field ranging 
from 10 to 50 kOe (Color figure 
online)
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where δTFWHM is defined as the temperature interval of the full width at half maxi-
mum of − ΔSM. Figure 5 shows the results of the examination of the RC dependence 
on H for the alloy ribbons. It is observed that the RC values of the Fe91−xZr9Cux 
amorphous alloys with x = 0.0, 0.4 and 1.0 were approximately 114, 121, and 
120 J kg−1 under H of 20 kOe, and were 250, 264, and 261 J kg−1 under H of 50 
kOe, respectively. Thus, RC increases with increasing H, while at a given field, the 
RC values first increase with increasing Cu substitution, and then decrease with fur-
ther Cu substitution. It is clear that the values of Tc, RC, and ΔSM can be tuned by 
the change in the Cu content of the Fe–Zr alloy ribbons. Table 1 presents the com-
parison of the Tc, RC, and (− ΔSM)max values of the samples produced in this work 
with the results obtained for the Fe-based alloys in previous studies reported in the 
literature.

For a better evaluation and comparison of the obtained experimental results to the 
literature, theoretical analysis is necessary to understand the dependence of the max-
imum magnetic entropy change on the magnetic field strength. It has been shown 
that the relationship between the magnetic field and the magnetic entropy change is 
described by a power law in the magnetic field strength [51]:

The values of the “n” parameter and the correlation coefficients for the data 
obtained for the samples studied in this work were calculated by comparing the 
experimentally obtained data to the fitted data. The ||

|
ΔS

pk

M

||
|
 values of the Fe91−xZr9Cux 

(x = 0.0, 0.4 and 1.0) ribbons were fitted in the magnetic field strength range of 0–50 
kOe using Eq. (4), and as shown in Fig. 6, the experimental data were found to be in 
a good agreement with fitted data. The “n” value predicted by mean-field theory is 
approximately 2/3 [52], while it is observed from Fig. 6 that the values of the “n” 
exponent for the Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) ribbons were 0.77, 0.80, and 
0.79, respectively. The deviation of these values from the expected mean-field 

(3)RCFWHM = −ΔS
pk

M
× �TFWHM

(4)
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Fig. 5   Field dependence of the 
RC for Fe91−xZr9Cux (x = 0.0, 
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(Color figure online)
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Table 1   Curie temperature, and magnetic entropy changes under applied fields of 1.5 T and 5 T, and the 
refrigerant capacity under applied fields of 2 T and 5 T for the present and typical reported ternary Fe-
based amorphous alloys

Compositions (at.%) TC (K) − ΔSM (J kg−1 K) RCFWHM (J kg−1) References

1.5 T 5 T 2 T 5 T

Fe91Zr9 210 – 2.63 114 250 This work
Fe90.6Zr9Cu0.4 218 – 2.75 121 264
Fe90Zr9Cu1 214 – 2.88 120 261
Fe88Zr8B4 285 – 3.30 159 435 [45]
Fe91Zr7B2 230 – 2.80 148 435
Fe80Cr8B12 328 1.00 2.59 – – [46]
Fe77Cr8B15 375 1.18 2.98 – –
Fe84Nb7B9 299 1.44 – – – [47]
Fe79Nb7B14 372 1.07 – – –
Fe73Nb7B20 419 0.97 – – –
Fe86Y5Zr9 284 0.89 – – – [48]
Fe81Y10Zr9 470 1.12 – – –
Fe70Mn10B20 438 1.00 – 117 (1.5 T) – [49]
Fe65Mn15B20 340 0.87 – 98 (1.5 T) –
Fe60Mn20B20 210 0.60 – 83 (1.5 T) –
Fe56Mn24B20 162 0.50 – 68 (1.5 T) –
Fe85Zr10B5 300 1.39 – – – [10]
Fe82Mn8Zr10 210 – 2.78 – – [50]
Fe84Mn6Zr10 218 – 2.29 – –
Fe86Mn4Zr10 228 – 2.51 – –
Fe80Mn10Zr10 195 – 2.33 – –

Fig. 6   Magnetic field depend-
ence of the maximum magnetic 
entropy changes for 
Fe91−xZr9Cux (x = 0.0, 0.4 and 
1.0) amorphous ribbons. The 
solid lines show the results of 
fitting to |||ΔS

pk

M

|
|
|
∝ AH

n (Color 
figure online)
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theory value may be due to the local inhomogeneities or nanocrystallization present 
in the Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) ribbons.

4 � Conclusion

In this work, the low-temperature magnetic properties and magnetocaloric effect 
of Fe91−xZr9Cux (x = 0, 0.4 and 1) ribbons have been investigated. The amorphous 
structure and stability of these alloys have been verified by XRD and DSC measure-
ments. With the addition of 0.4% Cu, the Curie temperature of the ribbons increased 
from 210 to 218 K and then decreased to 214 K with a further increase in Cu content 
to 1.0%. The maximum magnetic entropy change (− ΔSM)max values were found to 
be 2.63, 2.75 and 2.88 J kg−1 K−1 for the Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) amor-
phous ribbons, respectively, under a maximum field of 50 kOe. The corresponding 
refrigeration capacity values of the Fe91−xZr9Cux (x = 0.0, 0.4 and 1.0) amorphous 
ribbons are 114, 121 and 120  J kg−1, respectively, and both Tc and −ΔSpk

M
 can be 

improved by the addition of Cu. Thus, these alloys are promising materials for the 
development of high-performance amorphous solid-state refrigerants.
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