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ABSTRACT

Giant magnetocaloric thin films are promising materials for new generation

energy-efficient cooling systems. To investigate the cooling performance of AlFe

and AlFeGd alloys, thin films have been deposited onto a glass substrate by

thermionic vacuum arc (TVA) deposition system. TVA is a physical vapor

deposition technology; it works in high vacuum and low-temperature condi-

tions. AlFe and AlFeGd thin films are of significant importance for giant mag-

netocaloric materials. The surface and magnetic properties of a magnetic

material are strongly dependent on the deposition process. In this paper, the

structural, magnetic, and cooling performances of AlFe alloys with and without

the Gd element have been investigated. When the Gd elements are added to

AlFe alloys, the size of crystallite and the surface morphology of the giant

nanometric magnetocaloric thin films are altered. The size of crystallite

decreases to a lower value due to the Gd element added. According to the

results of the elemental analysis, the elemental ratios of the AlFe and AlFeGd

thin films were measured as (87:13) and (84:4:12), respectively, which are dif-

ferent from the ones reported previously. Magnetic cooling performance and

magnetization strongly depend on these ratios. The mean values of crystal-

lite size for the AlFe thin film and AlFeGd nanometric giant magnetocaloric thin

film were measured as 50 nm and 12 nm, respectively. Following the Curie

temperature of AlFeGd thin film, and the temperature difference it produces in

the studied magnetic fields, 60 successive units of this material are assumed to

form a magnetic refrigeration cycle. The coefficient of performance of this cycle

is calculated to be 2.084—nearly two times better than the suggested cascade

vapor-compression cycles in the same temperature range. This fact alongside

the solid-state and environmentally friendly attributes of magnetic refrigeration
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cycles makes the AlFeGd thin films a strong candidate for accomplishing an

efficient refrigeration system.

1 Introduction

Burning fossil fuels and using traditional methods of

refrigeration have led to global warming and ozone

layer depletion [1, 2]. According to these reasons

alongside other complications such as the technical

limitations of vapor refrigeration systems, scientists

and engineers have tried to stretch their strides in

terms of finding new and more efficient ways of

refrigeration, one of which is utilizing magnetocaloric

effect [3]. In addition to the magnetic induction

heating or cooling being a promising green technol-

ogy, it is also considered to be a solid-state technol-

ogy for cooling systems. Fe alloys such as La-Fe-Si [4],

AlFe2B2 [5], Fe2P [6], Gd60Fe20Al20 [7], Fe-B-Cr-Ce [8],

and Fe-Nb-B [9] show magnetocaloric or giant mag-

netocaloric (GM) property. These alloys can be used

in cooling systems or refrigerators, as well as in dif-

ferent applications, namely, biosensors, smart

implants, etc. The GM property strongly depends on

the electronic configuration of the alloys. Other

promising material is AlFeGd ternary magne-

tocaloric material. Magnetocaloric alloys can be

deposited as thin films onto physical vapor deposi-

tion systems to form magnetocaloric devices to

deposit nanometric giant magnetocaloric thin films

(NMGMTF). It is well established that substrate

materials can change the thin film properties drasti-

cally. Compared to the available values in the litera-

ture [10], nanoscale thin films (TF) affect the entropy

change according to the bulk material. Therefore, it is

hoped that NMGMTFs will open a new venue for the

cooling/heating applications. NMGMTFs have been

deposited by a physical vapor deposition technology,

because thin film’s surface area will be bigger than

the bulk material. It is known that nanometric

structure increases the device performance [2]. Since

nanomaterials and nanosystems have different mag-

netocaloric properties according to their bulk forms,

NMGMTF is a potential solution that might have the

highest coefficient of performance (COP) in a refrig-

eration system. To reach this aim, an active surface is

needed. An active surface must have roughness in

the nanoscale level and all crystallites must be nearly

the same over the coated surface.

The AlFeGd alloy is already reported as magne-

tocaloric material. It was noticed that the magnetic

properties of this ternary alloy are strongly affected

by the Fe amount in the structure. In a specified

temperature interval, these types of systems have

superparamagnetic properties along with the ferro-

magnetic group. For instance, the magnetothermal

effect in the Fe-Al binary alloys is demonstrated due

to spin density waves [9]. As of the best of our

knowledge, adding Gd into the binary alloy leads to

an increase in magnetic groups, afterward a larger

moment, and finally an increase in magnetocaloric

value in the AlFeGd ternary compound [11]. Burzo

showed the deviation in the Fe magnetization due to

substitution by Al in the iron 3d state [11]. It means

that an increase in Al content causes a decrease in Fe

effective moments. In a study by Xiong et al. [12], the

largest magnetic entropy value for this ternary sys-

tem has reached as high as 8.4 J/kgK. They declared

this value due to Fe substitution by Al: a decrease in

the value coincides with the increase in the Fe and

Curie temperatures. In the work carried out by Fang

and his co-worker [13], the Fe/Al ratio increase

resulted in change of magnetic entropy from 2.92 to

5.01 J/kgK. The maximum magnetic entropy change

was recorded as 7.14 J/kgK for the field intensity

change between 0 and 5 T. The Curie temperature of

149K for the Al20Fe10 Gd70 system was reported. Also,

the refrigerant capacity (RC) value was 532–780 J/kg

in the range of the magnetic field mentioned. In this

work, the system was suggested for a magnetic

refrigerant application [14]. It is worth mentioning

that the Curie temperature plays a major role in the

performance characteristics of a magnetic refrigera-

tion (MR) system. At the Curie temperature, the dM/

dT curve for a particular material reaches a minimum

[15]. Additionally, the maximum entropy change at

the Curie temperature has been directly compared

among different materials to investigate the cooling

effectiveness of a particular material [16].

In this paper, AlFe thin film (TF) and AlFeGd

NMGMTF which have very low Fe ratios

(\ 0.13) compared to Al ([ 0.84) (non-magnetic

material) ratios were deposited onto glass substrates

by thermionic vacum arc (TVA) coating system. To
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increase the magnetic properties, Fe and Gd were

added. To determine the performance, the surface

properties, crystallite size, surface characteristics,

chemical composition measurements, magnetic

properties measurements, thermodynamic calcula-

tions, and temperature measurements were carried

out. For the characterization of the surface and

microstructural properties; atomic force microscopy

(AFM), field emission scanning electron microscopy

(FESEM) and energy dispersive X-ray spectroscopy

(EDX) were used. The adiabatic temperature change

(DT) was measured directly by using a contactless

optical temperature measurement system. In the lit-

erature, thermodynamic analyses of various materi-

als have been studied and corresponding

thermodynamic cycles were carried out by calculat-

ing the entropy differences [17, 18] by employing

different methods. In this work, the performance of

an MR Carnot cycle has been compared with the

coefficient of performance (COP) values of a real

vapor-compression cascade cycle.

2 Methodology

2.1 Experiments

Other coating technologies do not yet present the

crystallite size distribution function for a coated

layer. However, this function -similar to the Gauss

distribution function- is determined only in TVA

coating technology. TVA, a physical vapor deposition

technology, using the binary AlFe thin film and ter-

nary AlFeGd for the giant magnetocaloric alloys has

been investigated in this work for evaluating the

giant magnetocaloric effect. AlFe TF and AlFeGd

NMGMTF have been deposited onto a microscope

slide substrate by a TVA system. Gd and Fe slugs and

pieces were purchased from a commercial trade firm

(Alfa Aesar) and Al was purchased from a local

manufacturer. The high purity ([ 99%) materials

were used in thin film deposition process. AlFe and

AlFeGd materials are also known as alloys. Gd is a

special element for magnetic investigations. TVA is a

rapid vacuum plasma coating method that works in a

high vacuum condition and it is producing high

purity nano structured thin films [19–24]. TVA has

two electrodes: anode and cathode. The anode is a

tungsten evaporation boat, and the cathode is an

electron gun, including a wolfram filament with

diameter of 500 lm. The AlFe and AlFeGd alloys

were placed into the evaporation boat. All deposi-

tions were realized at high vacuum conditions. For

the deposition of the films, firstly electron gun was

heated by a high current of 20 A. Then, a high

voltage of 600 V was applied into inner electrodic

space. Firstly, located Al: Fe and Al: Fe:Gd materials

were melted by accelerated electrons with high DC

voltage, then bright discharges were generated and

glass substrates were coated by the materials plasma.

In Fig. 1, the photo images of the AlFe and AlFeGd

thin films coated glass are shown. All dimensions are

in cm.

Before the ignition of plasma, the discharge current

is in order of lA and after the ignition of plasma, the

current was measured as 300 mA. Before the depo-

sition process, glass substrates were cleaned by an

ultrasonic bath and ethyl alcohol. Then, the glass

substrates were dried by hot air before putting on the

substrate holder for about 1–2 minutes. The surface

temperature of the glass substrates in coating process

was nearly at room temperature. TVA is also a green

technology. In this process for the AlFe and AlFeGd

thin films, no waste was produced. The TVA depo-

sition parameters are summarized in Table 1. All

samples are trimmed to 4 mm x 4 mm. The resistance

for 10 mm length of AlFe and AlFeGd thin films is

measured as 42 X and 67 X, respectively.

2.2 Thermodynamic analysis

A magnetic refrigerator is typically comprised of a

magnetic material, a system capable of magnetizing

and demagnetizing, hot and cold heat exchangers,

Fig. 1 The images of the AlFe and AlFeGd thin films
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and a heat transfer system. In a magnetic refrigera-

tion cycle, the working material is a solid-state

magnetic material of that entropy and temperature

change under the influence of a magnetic field. With

the help of two processes of isothermal magnetiza-

tion and adiabatic magnetization, a cyclic behavior

can be achieved [25]. This section is divided into two

subsections to illustrate the cyclic behavior of the MR

at the experimental temperatures and introduce a

comparison method with a real cascade vapor-com-

pression cycle.

2.2.1 Carnot refrigeration cycle analysis

The MR cycle is assumed to be running ideally as a

refrigeration system. A Carnot cycle is intended for

thermodynamical modeling of the MR system. Fig-

ure 2 depicts the T-s diagram of the Carnot cycle.

The magnetic refrigerant is first partially magne-

tized (process 1–2). This process increases its tem-

perature from Tcold to Thot adiabatically. At the next

step (process 2–3), the magnetic field is further

increased isothermally to enable the working fluid in

the heat exchanger to absorb the heat from the sys-

tem. In the next process (process 3–4), the magnetic

field which is applied to the system is decreased,

which eventuates the temperature of the system to

reach Tcold from Thot. Then, the cycle is completed

when the material is totally demagnetized in the last

process (process 4 - 1) in which the magnetic mate-

rial absorbs heat from heat exchanger fluid [2, 25].

The goal of this section is to measure and calculate

the values pertinent to the Carnot cycle. Two differ-

ent magnetic intensities 0.51 T and 2.6 T are desig-

nated to H0 and H1, respectively. In a thermodynamic

Carnot cycle, the amount of net cooling capacity is

defined as follows:

Qcold ¼ Ds1;4Tcold ð1Þ

On the other hand, the net heat rejected is specified as

follows:

Qhot ¼ Ds3;2Thot ð2Þ

These values lead to the calculation of input work

by employing the first law of thermodynamics as

follows:

W ¼ Qhot �Qcold ð3Þ

The COP of the Carnot MR cycle is defined as the

ratio of net cooling capacity to the input work. Since

the amount of entropy change is the same for both

input work and net cooling capacity in an ideal

Carnot cycle, the COP of the system reduces as

follows:

COPMR ¼ Qcold

Qhot �Qcold
¼ Tcold

Thot � Tcold
ð4Þ

2.2.2 Cascade refrigeration cycle comparison

Applications employing refrigeration include vast

areas of modern world. The refrigeration tempera-

ture, besides playing role in defining the application,

Table 1 TVA deposition parameters for AlFe and AlFeGd thin films

Deposition pressure

[mtor]

Filament current

[A]

Filament voltage

[V]

Applied voltage

[V]

Discharge current

[A]

Deposition time

[s]

AlFe 9 9 10- 5 20 7.5 600 0.5 30

AlFeGd 8 9 10- 5 0.2 180

Fig. 2 T-s diagram of the MR Carnot cycle
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spans broadly in its value. The basic vapor-com-

pression cycle (VCC) covers the most common

application due to its flexible refrigeration tempera-

ture and the availability, low cost, and maintenance

requirements [26]. One disadvantage of VCC is its

limiting minimum refrigeration temperature which

hovers around - 40 �C (233K) [27]. For compensa-

tion, cascade cycles are introduced so that a refrig-

eration temperature between 120K and 233K would

be provided [26]. In cascade cycles, usually, two

separate VCCs are designed over each other and

coupled through the cascade condenser as shown in

Fig. 3 to reach the desired temperature.

Cascade cycles are commonly used in applications

in which a quick-freezing process is required such as

food freezing [28]. Other uses of VCC refrigeration

cycles include some industrial utilizations such as

liquefaction of gases and biological materials [29]. A

cascade cycle T-s diagram is depicted in Fig. 4.

Although the MR Carnot cycle represents an ideal

process, by comparing the COP of these cycles, a

comparison of the performances can be employed.

The COP of the cascade cycle is defined as the ratio of

the net cooling capacity of the evaporator, Qe to the

work inputs, Wcomp;LTC and Wcomp;HTC, of the low- and

high-temperature compressors, in LTC and HTC [30]:

COP ¼ Qe

Wcomp;LTC þWcomp;HTC

ð5Þ

3 Results and discussion

3.1 Surface analyses

To determine the surface properties of AlFe and

AlFeGd thin films, deposited thin films were inves-

tigated by field emission scanning electron micro-

scopy (FESEM) with energy dispersive X-ray

spectroscopy (EDX) and atomic force microscopy

(AFM) devices. As a FESEM device, Hitachi REG-

ULUS 8230 SEM with COLD FEG was used for the

surface analysis. FESEM images of the AlFe and

AlFeGd alloys are available in Fig. 5a and b. White

spots in Fig. 5b mark the Gd elements which are seen

clearly over the surface and they are uniformly dis-

tributed. The crystallite size for the alloy with Gd is

smaller than the ones without Gd. From the surface

images, grains are seen and the effect of Gd elements

on surface can clearly be observed. Ambios Q-Scope

atomic force microscopy (AFM) was used for the 3D

surface images analysis, grain size distribution, and

surface characteristics. AFM images are shown in

Fig. 5c and d. It is understood from Fig. 5a and d that

the grain size of the AlFe thin film is greater than the

crystallite of AlFeGd thin film. Therefore, scanning

sizes of FESEM and AFM images must be different.

AFM scan sizes for AlFe and AlFeGd are 10 lm x

10 lm and 6 lm x 6 lm, respectively. In Fig. 5d,

grains are very small. Differences of the grains in

AFM images are seen in Fig. 5c and d. The grain size

from the Fig. 5c and d were measured as approxi-

mately 50 nm and 12 nm for AlFe and AlFeGd thin

films, respectively.
Fig. 3 A Schematic diagram of a cascade VCC
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Fig. 4 T-s diagram of a cascade refrigeration cycle
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In Table 2, EDX results are presented. According to

these results, the ratios of Al are close to each other.

However, the ratio of Fe was decreased to 4 % from

13 % by the Gd element addition. The Gd ratio in

AlFeGd NMGMTF was measured as 12 %. No

Impurities were detected in the films. Other element

ratios (O, Na and Si) came from the substrate material

and they were removed from the table.

3.2 Crystallite size analyses

Crystallite size distribution (CSD) functions of AlFe

thin film and AlFeGd NMGMTF are illustrated in

Fig. 6. CSDs were measured by AFM device in 10 lm
x10 lm and 6 lm x6 lm scales. For an absolute uni-

form particle distribution of a coated surface, CSD

plot is expected to be similar to the perfect Gaussian

curve and the standard deviation of the Gaussian

curve should be a minimum. Hence, a CSD graph

gives the information about the crystallite sizes

deposited onto any substrate. Mean values of CSD for

Fig. 5 a and b FESEM and c and d AFM images of AlFe and AlFeGd thin films

Table 2 EDX analysis results

of (a) AlFe and (b) AlFeGd

thin films

Sample Al Fe Gd Total

AlFe 87 13 – 100

AlFeGd 84 4 12 100

Fig. 6 Crystallite size distribution functions of the AlFe thin film

and AlFeGd NMGMTF
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the AlFe thin film and AlFeGd NMGMTF from the

CSD graph are 50 nm and 12 nm, respectively.

According to the CSD plot for the AlFe NMGMTF,

different crystallite sizes were detected, while only

one type of crystallites was detected for AlFeGd.

Statistical data of the CSD plots are available in

Table 3. The data (Ssk and Skr) are related to the

shape of the Gauss distribution function of the CSD

and gives the homogeneity of the particle over the

film surface.

When the Gd elements are added to AlFe, it can be

deducted from Fig. 6 that the size of crystallite is

decreased, and the size distribution graph is even

more homogeneously distributed. The mean value

and the frequency are low compared to the AlFe case.

3.3 Magnetic measurements

Vibrating Sample Magnetometer (VSM) was used to

measure the magnetic properties of the AlFe TF and

AlFeGd NMGMTF. VSM-recorded graphs of the AlFe

and AlFeGd NMGMTF are illustrated in Fig. 7a and

the magnetization curve of the AlFeGd NMGTF is

plotted in Fig. 7b. Some discrepancies between the

magnetic properties of the AlFe TF and AlFeGd

NMGMTF are observed. All measurements were

done at room temperature and all deposited thin

films were directly measured without any heat

treatment. M (emu) -H (Oe) curve for AlFe thin film

almost looks like a straight line similar to a diamag-

netic material. The AlFeGd sample also demonstrates

ferromagnetic properties. With the substitution of

gadolinium elements (12 %) with iron element (9 %)

for the AlFe thin film, the magnetic properties of the

AlFeGd NMGMTF showed a ferromagnetic behavior

as well. The thickness of the films was approximately

50 nm. The mass of NMGMTF deposited onto glass

substrate was calculated as 10 ng. Therefore,

M(emu/g) are very high compared to the literature.

M(emu/g) is obtained bigger than the 1000 emu/g

for the AlFeGd NMGMTF sample. Figure 7a reveals

that the saturation regime for AlFeGd NMGMTF

starts at approximately ?1.2 kOe and - 1.2 kOe. In

Fig. 7b, a hysteresis loop is illustrated for the AlFeGd

NMGMTF sample. Consistent with the literature,

increasing the Gd ratio decreased the crystallite sizes

and saturation magnetization. Similar behavior is

observed in the study by Yadav et al. [31]. Also, the

atomic ratios, given in Table 2, were adjusted before

the experiment. All these films were deposited in

different batches. Al atomic ratio in the deposited

thin films was kept nearly constant and for some, Fe

atoms were substituted by Gd atoms.

The AlFe thin film showed a diamagnetic behavior

with low negative magnetic moment by the applied

magnetic field, as observed in Fig. 7a. After the sub-

stitution of some Gd atoms in place of Fe atoms, the

diamagnetic behavior changed to ferromagnetic one.

The saturation regime and ferromagnetic properties

are seen clearly in Fig. 7b for AlFeGd NMGMTF. The

diamagnetic properties of the glass substrate are

dominant after the saturation regime. The obtained

results are in a very good agreement with the ones in

[32], providing an independent confirmation of the

yields reported in this study.

3.4 COP comparison

Since the Curie temperature of the studied material is

around 200K, to achieve the highest entropy

change—and consequently highest refrigeration

capacity—the lowest temperature of the LTC, the

evaporator (Tcold) temperature, is designated to be

the Curie temperature (200K) and the HTC’s highest

temperature (Thot) is designated to be the room

temperature (296K). To achieve this temperature

difference, it is assumed that 60 units of AlFeGd films

are ordered in a series manner and the COP of the

Carnot cycle is calculated according to Eq. 4.

In the literature, a vast temperature range for cas-

cade VCCs are available [29, 33, 34]. Various cycles

were analyzed to investigate the effect of various

parameters. Most of the studies consider variation of

refrigerants in LTC and HTC. In these studies, Tc

usually sits above the one taken in the current study.

However, it is noticeable that the COPs of these

cycles are smaller when compared to the introduced

MR cycle.

Table 3 Statistic surface analyses data of the CSD plots

AlFe AlFeGd Unit

Average height 59 12 nm

RMS deviation (Sq) 34 4 nm

Mean deviation (Sa) 20 2 nm

Max deviation 230 39 nm

Skewness (Ssk) 3 3.8 –

Kurtosis (Skr) 12 20.3 –

J Mater Sci: Mater Electron



To draw a clearer picture for the COP comparison

of the proposed MR cycle with the cascade VCCs

available in the literature, the closest Tc and Te tem-

peratures are chosen. The results are depicted in

Table 4, which indicates that a MR Carnot cycle

performs superiorly in terms of COP since it is an

ideal cycle. Additionally, this advantage comes with

some attractive features like being a green refrigera-

tion system, having low-maintenance requirement,

and solid-state nature of the system.

4 Conclusions

AlFe and AlFeGd alloys are promising materials for

the effective and high-performance cooling systems.

For this reason, these ternary compound alloys have

been actively investigated by the researchers for

industrial applications. Especially, thin films and

nanometric structures show notable magnetic prop-

erties and enhance the capability of entropy change

of the material. The dimensions of the investigated

AlFe thin film and AlFeGd nanometric giant

magnetocaloric thin films (NMGMTF) are 4 mmx

4 mm and the thickness of the AlFe and AlFeGd layer

of 50 nm coated glass sample is 1 mm.

The chemical composition of the AlFe thin film and

AlFeGd NMGMTF are determined as (87:13) and

(84:4:12), respectively. 12% Gd change in the alloy

affects the surface properties, crystallite sizes, and

magnetocaloric properties drastically. Mean crystal-

lite size of AlFeGd NMGMTF is 12 nm and this

sample shows notable performance in the present

application.

Although it was mentioned that the maximum

refrigeration capacity can be extracted near the Curie

temperature, the experiments, in this study, were

carried out at room temperature and the Carnot cycle

T-s diagram was presented. Investigation of AlFeGd

thin films resulted in 1.6 oC difference when sub-

jected to a magnetic field. An assumption of a system

in which a series of 60 units of AlFeGd are succes-

sively considered were modeled as a Carnot cycle

and its COP was calculated. When compared to

available cascade vapor-compression cycles in the

similar temperature range, the ideal MR cycle resul-

ted in approximately 55%, up to more than two times

better performance depending on the refrigerant and

working temperatures of available cascade vapor-

compression cycle.

It is concluded that the utilization of AlFeGd-based

thin films has a great potential in refrigeration espe-

cially when a fast and relatively low refrigeration

temperature is required. In the future works, by

modeling a more realistic cycle such as a Brayton

cycle, it is hoped that this system will be understood

more deeply. Additionally, the calculation of maxi-

mum entropy difference at the Curie temperature

Fig. 7 a The VSM-recorded graphs of the AlFe TF and AlFeGd NMGMTF and b the magnetization curve of the AlFeGd NMGTF

Table 4 Comparison of COP between MR Carnot cycle and

cascade VCCs

Study Te [K] Tc [K] Refrigerants COP

Parekh and Tailor [35] 191 298 R507A-R23 0.925

Parekh and Tailor [36] 200 298 R12-R13 1.335

R404A-R23 1.335

R290-R13 1.361

Gami and Aijaz [37] 200 308 R290-R23 0.855

R134a-R23 0.862

Current study 200 296 – 2.084
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will be carried out to give a better outline of the

refrigeration potential. Consequently, AlFeGd

NMGMTF is a promising material for cooling

application.
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