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Abstract

The single-phase intermetallic compounds GdFe12−xCrx (x = 2, 2.5 and 3), elaborated by

arc-melting method and annealed at 1073 K, crystallize in the ThMn12-type structure with the

I4/mmm space group. The structural, magnetic and magnetocaloric properties of these intermetal-

lic compounds were studied extensively by means of X-ray powder diffraction (XRD), Mössbauer

spectrometry and magnetic measurements. The Rietveld analysis of X-ray diffraction patterns

reveals that the lattice parameters of GdFe12−xCrx (x = 2, 2.5 and 3) compounds increase linearly

with increasing Cr content up to x = 3, and proves that Cr atom prefers 8i sites in the ThMn12

structure and that Fe occupies 8i, 8f and 8j. The Mössbauer spectra study based on the Wigner-

Seitz cell volumes correlation with the isomer shift parameter of each specific site 8i, 8f and 8j,

confirms the preferred inequivalent crystallographic site of Cr atoms. Ab initio calculations of

GdFe12−xCrx were performed using the density functional theory (DFT) based on the full poten-

tial linearized augmented plane wave (FLAPW). The calculated data are in good agreement with

the results of the magnetic measurements as well as with the Mössbauer spectrometry. The varia-

tion of magnetization (M) vs. temperature (T) reveals that all compounds exhibit a second-order

ferromagnetic to paramagnetic phase transition in the vicinity of the Curie temperature (TC). The

substitution of Fe by Cr yields enhancement of the magnetic ordering transition temperature. The

maximum magnetic entropy change (∆SM ) was estimated from isothermal magnetization curves

and it increases from 1.82 J/kg.K for x = 2, to 2.95 J/kg.K for x = 3, under a field change of

1.5 T. The relative cooling power (RCP) is in the range of 12.5 J/kg for x = 2 and 30.4 J/kg for

x = 3. Our results suggest that such substituted compounds could be considered as a potential

candidate for magnetic refrigeration technology

PACS numbers: 75.50.Bb, 75.50.Tt, 76.80.+y

Keywords: Intermetallic compounds; Magnetic materials; Magnetocaloric effect; DFT; Electronic structure

; Mössbauer spectrometry.

I. INTRODUCTION

Refrigeration occupies an important place in both domestic and industrial areas; it is used

in various applications such as agri-food and medical preservation which operate with a huge

amount of refrigeration requirements [1]. Conventional gas compression-expansion refriger-
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ators presents a danger to the environment, due to the use of toxic and environmentally

detrimental refrigerants such as hydro chlorofluorocarbons (HCFCs), chlorofluorocarbons

(CFCs) and ammonia (NH3) [2, 3] which could escape into the environment causing the

depletion of the ozone layer and enhancing the greenhouse effect. Thus, from an environ-

mental conservation perspective, research on future refrigeration technologies is more and

more oriented toward other techniques, such as room temperature magnetic refrigeration.

In addition, magnetic refrigerators are much more compactly built thanks to the magnetic

materials used as a refrigeration media. In this context, magnetic cooling technology based

on magnetocaloric effect (MCE) was considered as a potential mean for a novel solid cooling

technology with high energy-efficiency, ecological cleanliness and environmental friendliness

[4–9].

During the past few years, scientists investigated the study of the intermetallic compounds

based on rare-earth (R) and transition-metal (T ) because of their various magnetic and

magnetocaloric properties thanks to their crystal structures and their constituent elements,

which allow potential industrial applications in different fields [10–26].

The properties displayed by these intermetallic compounds give rise to a great variety

of functional materials for technological applications such as high performance permanent

magnets, high density magnetic recording and specially magnetic refrigeration [10–13, 15–

40]. Furthermore, interest in these intermetallic compounds is due to the intrinsic properties

of the high magnetic moment per atom and the strong magnetocrystalline anisotropy pro-

vided by the localized 4f -rare earth element, and the high magnetic coupling strength of

the moments of the itinerant 3d-transition metal element [41, 42]. Among this attractive

class of compounds, iron-rare earth intermetallic compounds (RFe) display a great variety

of crystalline structures and different magnetic behaviors depending on the stoichiometry

and the nature of the R atom [13, 43].

The RFe12 intermetallic compounds with the tetragonal ThMn12-type crystal structure

were recognized as promising hard magnetic materials since the 1980´ s [12, 44, 45]. How-

ever, due to thermodynamically unstable nature of the the binary RFe12 compounds, their

synthesis becomes impossible for the entire series of rare-earth elements. To solve this, it

was found that the small substitution of a stabilizing 3d-transition metal such as (M= Si,

Ti, V, Cr, Nb, Mo and W [11, 46–49] for Fe in the RFe12 compound resulted in the formation

of the R(Fe,M)12 compounds. The properties of ternary rare earth iron-rich compounds of
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the type RFe12−xMx (R = Y, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm and Lu with M = Si, Ti, V,

Cr, Mo and W) have been studied intensively [50–53]. The tetragonal RFe12−xMx ferromag-

netic compounds have been particularly investigated due to their fairly high values of Curie

temperature, saturation magnetization, and high magnetocrystalline anisotropy [11, 54, 55],

which opens possibilities for applications as permanent magnet materials [56–59].

Recently, we have constructed the Gd-Fe-Cr ternary phase diagram at 1073 K [60] in

order to explore new ternary compounds and develop Fe rich materials at low cost and

with good magnetic and magnetocaloric properties. Both SEM-EDS and X-ray diffraction

analysis proved the existence of the GdFe12−xCrx new ternary solid solution for the first

time, which extended from about 15.4 at. % Cr to 23.1 at. % Cr at 1073 K.

In the current research, we have focused our attention on the study of the magnetic

properties, as well as the magnetocaloric effects of the GdFe12−xCrx compounds. Those

studies have been stimulated for a great deal by the possibility of using these materials for

magnetic refrigeration application. So far, no investigation of the magnetocaloric proprieties

of these compounds have ever been made. Moreover, the Mössbauer spectroscopy have

been used to accurately localize the Cr substitution site and to determine the microscopic

magnetic properties of the three inequivalent crystallographic Fe sites. In addition, we

calculated the electronic properties of GdFe12−xCrx using Density-Functional theory (DFT)

to determine the theoretical magnetic moments and hyperfine fields in order to compare

them with the experimental results.

II. CALCULATION METHOD

The purpose of the first-principles density functional theory (DFT) calculations is to

determine the total energy, the total and the local magnetic moments as well as the hy-

perfine fields of the intermetallic GdFe12−xCrx compounds. The calculations are performed

employing the full potential linearized augmented plane wave (FP-LAPW) method to solve

the Kohn-Sham equations [61] of the density functional theory [62]. These calculations were

carried out using the WIEN2k code [63, 64]. The generalized gradient approximation with

the full Perdew-Burke-Ernzerhof correlation energy (GGA-PBE) was used [65].

We have selected for the expansion of the wave functions the cut-off parameter as follows

RMT×Kmax = 7, with Kmax being the magnitude of the largest
#»

K vector. In the interstitial
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region [66], the Fourier expansion of potential and charge energy were chosen with Gmax =

12 Ry
1
2 . The number of 1200 k-points were used in the Brillouin zone.

The used muffin-tin radius RMT is equal to 2.50, 2.14, and 2.12 Bohr, for Gd, Fe, and

Cr atoms, respectively. In order to separate the valence and core states, we have chosen

the cut-off energy E = −7 Ry. As the total energy difference is smaller than 10−4 Ry and

the charge is less than 10−4 electron charges, we assume that the system is stable and the

convergence of self-consistent-field cycle will be reached.

The calculations of the hyperfine fields for GdFe12−xCrx compounds are conducted using

the self-consistent approach of Blügel et al. [67, 68] that includes the relativistic generaliza-

tions of the dipolar, contact, and orbital contributions to the hyperfine fields.

III. EXPERIMENTAL

In this paper, Gadolinium (99.99 wt.%), Iron (99.99 wt.%) and Chromium (99.99 wt.%)

were used as starting elements for the experiment. Bulk buttons of the ThMn12-type struc-

ture with the general formula GdFe12−xCrx (x = 2, 2.5 and 3), each weighing 0.5 g, were pro-

duced by arc-melting the elemental components under argon atmosphere in a water-cooled

copper hearth using a non-consumable tungsten electrode. During the melting process, a

pure zirconium button was used to get rid of oxygen. To ensure a high degree of homogene-

ity, the ingots were turned over and re-melted several times. All the samples were weighed

before and after melting to ensure that no significant mass loss occurred. The weight losses

were generally less than 1%. After melting, all the samples were wrapped in tantalum foil

and sealed under vacuum in silica tubes. In order to improve the atomic diffusion kinetics,

ensure a good crystallinity, and minimize the amount of other possible impurities, treat-

ments using heat were performed in a resistance furnace at 1073 K during seven days. After

this thermal treatment, the samples were quickly quenched in cold water. In order to pre-

pare powders for the different measurements, the arc-melted buttons alloys were ground by

means of an agate mortar.

To determine the crystallographic structure and identify the phase purity, an X-ray pow-

der diffraction investigation was performed through the use of a Bruker D8 diffractometer

(Bruker AXS, Karlsruhe, Germany) with an automatic divergence slit (CuKα radiation λ

= 1.540562 Å). The X-ray diffraction data were obtained in a scan step size of 0.015◦ and
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a counting time of 13.5 s per point, over a 2θ range from 20◦ to 80◦. The X-ray diffraction

patterns of the ThMn12-type structure was refined by Rietveld analysis [69, 70] using the

Fullprof software [71, 72]. The peak-shape function was selected as Thompson-Cox-Hastings

pseudo-Voigt type [73, 74]. To measure the quality of refinement, the ”goodness-of-fit” in-

dicators χ2 and RB (Bragg factor) from the program output are set as follows:

RB = 100

∑
K

|IK(o)− IK(c)|∑
K

IK(o)
and χ2 =

∑
i

wi|yi(o)− yi(c)|2

N − P

where IK(o) is the observed Bragg intensity and IK(c) is the calculated one. yi(o) is the

intensity observed at the ith step in the step scanned powder diffraction pattern, yi(c) is

that calculated, and wi is the weight of the observation. N is the total number of points

used in the refinement and P the number of refined parameters.

The magnetic properties of the compounds were experimentally studied using a DSM-8

MANICS differential sample Magneto Susceptometer. The magnetic transition temperatures

in the studied compounds GdFe12−xCrx (x = 2, 2.5 and 3) were found with temperature-

dependent magnetization measurements M(T ) under an applied field of 0.12 T and a heating

rate of 5 K/min. The Curie temperature was identified from the minimum of the temperature

derivative of the magnetization dM/dT vs temperature. The change of magnetic entropy was

identified using the temperature and the change of applied magnetic field through numerical

integration of the isothermally measured M(H) curves.

To identify the iron-containing phases [20, 21, 75], we used the 57Fe Mössbauer spectra,

which were obtained on a constant-acceleration spectrometer. The γ-radiation is emitted

from the radioactive parent isotope, 57Co, which decays to the excited state of the 57Fe

Mössbauer isotope. The transmitted intensity of this radiation through an absorber con-

taining 57Fe atoms is calculated as a function of the X-ray energy that is varied through

Doppler shifting the source relative to the absorber. This explains the reason why the energy

scale is calculated in mm/s and energies are measured in mm/s by Mössbauer spectrome-

try. The Mössbauer absorbers (which were 25 mg/cm2 thick) were prepared from powdered

compounds. The 57Fe Mössbauer spectra were obtained using 25 mCi 57Co in Rh matrix

γ-ray source, in transmission geometry. The spectrometer was calibrated using a specimen

of α−Fe that shows a line-width of 0.25 mm/s for . The estimated errors of the fitted spectra
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are: ± 0.01 mm/s for isomer shift δ and quadrupole interaction 2ε, and ± 0.1 T for hyperfine

fields µ0H.

IV. RESULTS AND DISCUSSION

A. Structure analysis

It is noteworthy that RT5 (CaCu5-type) and RT12 (ThMn12-type) structures have a close

connection. Their stability depends mainly on geometric considerations. The tetragonal

I4/mmm structure is obtained from the hexagonal P6/mmm structure [52]. Therefore,

when two dumbbell pairs (T−T ) substitute for 2R atoms over a 4RT5-type cell, the ThMn12-

type phase is as follows:

4 (RT5) - 2R + 4T (dumbbell) = 2 (RT12)

The lattice parameters of the tetragonal ThMn12-type phase can be turned into those of

hexagonal CaCu5-type phase through the following equations:

c(1/12) = a(1/5)

c(1/5) = a(1/12)/2

A schematic representation of the tetragonal ThMn12-type crystal structure of the

GdFe10Cr2 intermetallic compound is illustrated in Figure 1. The rare-earth atoms are

found in the corners and centers of the tetragonal prisms in the single 2a crystallographic

site. On the other hand, the transition elements are scattered over the three inequivalent

sites which are 8i, 8j, and 8f . The iron atoms fully occupy the 8j and 8f sites while the 8i

site is occupied by a blend of iron and chromium atoms. In Figure 1, the Gd atoms which

occupy the site 2a (0, 0, 0) are represented by large orange spheres. Furthermore, the three

different Wyckoff sites 8i (x, 0, 0), 8j (x, 0, 1
2
) and 8f (1

4
, 1
4
, 1
4
), populated by Fe1/Cr, Fe2

and Fe3 atoms, are illustarted by medium spheres in green, pink and yellow respectively.

The X-ray diffraction patterns of GdFe12−xCrx (x = 2, 2.5 and 3) compounds are plotted

in Figure 2. The data were refined by the Rietveld refinement technique [70] through the use

of the Fullprof program [71, 72]. The Rietveld fitting demonstrate a good harmony between

the observed and calculated profiles for all the sample compounds. The X-ray diffraction
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FIG. 1. Schematic representation of the relationship between CaCu5 (along [001] axis) and ThMn12

(along [010] axis) structures (a), illustration of atomic arrangements in GdFe10Cr2 crystal structure

along [010] axis (b), and the tetragonal I4/mmm crystal structure of GdFe10Cr2 (c).

patterns of the GdFe12−xCrx (x = 2, 2.5 and 3) compounds, annealed at 1073 K, are indexed

in the tetragonal ThMn12-type structure with I4/mmm space group. The Rietveld analysis

reveals that the polycrystalline compounds are single phase. The results of the representative

refinement such as the crystallographic unit cell parameter values along with the reliability

factors χ2 and RB acquired from the best refinement are illustrated in Table I. The iron

atomic positions for the different chromium content values x) of GdFe12−xCrx compounds

are also listed in this Table I.

The Rietveld refinement proves that the substitution of iron by chromium increase the

unit cell parameters a and c, for the GdFe12−xCrx (x = 2, 2.5 and 3) compounds. Keeping

in mind that the chromium atomic radius (r = 1.66 Å) is larger than that of the iron (r =

1.56 Å), one would expect this enhancement of crystallographic parameters. In Figure 3, we

present the variation of the unit cell parameters a and c of the 1:12 phase as a function of
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FIG. 2. Rietveld refinement of XRD patterns of the GdFe12−xCrx (x = 2, 2.5 and 3) compounds.

TABLE I. XRD analysis results obtained by Rietveld method on the GdFe12−xCrx (x = 2, 2.5 and

3) compounds.

x = 2 x = 2.5 x = 3

a (Å) 8.480(6) 8.485(1) 8.487(8)

c (Å) 4.755(3) 4.756(7) 4.757(3)

V (Å3) 342.018(4) 342.471(2) 342.737(3)

χ2 1.41 1.55 3.34

RB 1.85 1.75 1.92

x{8j} 0.2727 0.2733 0.2771

x{8i} 0.3624 0.3625 0.3645

x Cr content in the GdFe12−xCrx (x = 2, 2.5 and 3) compounds. The atomic positions are
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not affected by the substitution of iron by chromium.
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FIG. 3. Variation of GdFe12−xCrx (x = 2, 2.5 and 3) a and c vs. x content.

Let’s remind that for the SmFe12−xMox (x = 1, 1.5 and 2) compounds, S. Khazzan et

al. [76] reported that the partial substitution of iron by molybdenum resulted in a small

variation of the lattice parameters showing therefore a slight increase of the cell volume. In

addition, W. X. Zhong et al. [77] and D. P. Middleton et al. [78], showed that the unit cell

parameters a and c for the GdFe12−xAlx (x = 4, 56, 8 and 10) and GdFe12−xMox (x = 1.5

and 3) compounds increase when increasing Al and Mo content x, respectively. As the Fe

has a smaller atomic radius than Al and Mo, this evolution of crystallographic parameters

is expected.

In this study, Rietveld analysis was also used to investigate the preferential substitution

site. In a first step, the refinement was performed with Cr randomly distributed among all

the crystallographic sites 8i, 8j, and 8f . In a second step, the distribution of Cr was done

for the three sites separately. The best agreement factor RB of the GdFe12−xCrx compounds

were obtained with Cr atoms located in 8i site and Fe atoms occupying 8i, 8j, and 8f sites.

In order to verify and confirm this outcome, we have carried out the Mössbauer spectrometry

measurement as a complementary method.

It is worthy to note that, J. J. Bara et al. [79] have deduced from the numerical analysis

of Mössbauer spectra that in the RFe10Cr2 (R= Y, Nd, Gd, Tb, Dy, Ho, Er and Tm)

intermetallic compounds, Cr tends to avoid the sites 8j and 8f while preferentially occupying

the site 8i. Moreover, Ohashi et al. used the Rietveld refinement to find the site preference
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in SmFe10Cr2, and concluded that Cr was preferentially located at 8i site [54]. This finding

is in agreement with our result. Likewise, the SmFe12−xMox and YFe12−xMox systems were

studied by S. Khazzan et al. [76] and Hu et al. [80]. They showed that Mo atoms did not

exhibit any preference for 8j and 8f sites, and there are pronounced preferences for 8i site.

On the other hand, the large transition metal atoms (M = Ti, V, Nb, Mo, Ta, W) occupy

the 8i site of R(Fe,M)12 because this site is characterized by the largest Wigner-Seitz cell

volume. However, Al and Si atoms, which allow for two direct bonds with the rare-earth

atoms, strongly prefer the 8f sites [13, 81].

B. Hyperfine parameters

The Mössbauer spectrometry approach appears as the efficient tool to confirm the Cr

location obtained by Rietveld refinement and to understand the effect of the Cr substitution

in iron-rich systems for our GdFe12−xCrx (x =2, 2.5 and 3) compounds. Three types of

nuclear interactions are measured: magnetic hyperfine HHF, isomer shift δ and quadrupole

splitting 2ε.

The isomer shift increases due to the interaction between the s electrons and the nuclear

charge density. The s electron density can be shielded by the electrons p and d which reduce

this density. The isomer shift decreases when the electron density s increases. Increasing

the d electron density results in more s electron shielding and hence increases δ.

The isomer shift decreases when the s electron density increases, the isomer shift de-

creases. However, the increase in the d electron density could cause a lower attraction of the

s electron by the nuclear charge and consequently increases δ, as showed by the following

equation:

δ = Ze2
(
ψ(0)2a − ψ(0)2s

)(∆R

R

)
×R2

∆R/R the nuclear factor and R is the effective nuclear radius, ψ(0)2s the electron density at

the source nucleus and ψ(0)2a represents the electron density of the absorbent.

Figure 4 presents the room temperature Mössbauer spectra of the GdFe12−xCrx (x = 2,

2.5 and 3) compounds. It is important to note that the ferromagnetic sextets constituting

the Mössbauer spectra result from the convolution of many sub-spectra. Consequently,

a relevant physical model related to structural characteristics is needed to analyze such
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spectra. The refinement of the observed hyperfine parameters for GdFe12−xCrx (x = 2, 2.5

and 3) compounds was based on the following conditions: (i) the abundance of the sextets

subspectra are derived by a multinomial distribution law; (ii) the correlation between the

Wigner-Seitz cell volume (WSCV) and the isomer shift (δ), the larger isomer shift, the larger

the WSCV [82–85]; (iii) the correlation between the hyperfine field and the near-neighbor

environments of the three inequivalent iron sites in the ThMn12-type structure.
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x  =  2 . 5
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FIG. 4. Room temperature Mössbauer spectra of GdFe12−xCrx. The blue circle symbol scatter

plot and the red solid line are the experimental and calculated spectra, respectively.

The number of nearest-neighbor sites for 8f are (2, 4, 4), for 8i are (4, 5, 4) and for 8j are

(4, 4, 3), where the numbers in parenthesis refer to 8f , 8i and 8j site neighbors, respectively.

The highest the number of iron nearest-neighbors, the highest the iron hyperfine field. The

number of iron near neighbors for the tetragonal I4/mmm structure type for GdFe10Cr2

compound are summarized in Table II.

We calculated the relative intensity of the different iron inequivalent crystallographic

sites 8i, 8j and 8f with a multinomial distribution as follows. For a given configuration

` = (n1, . . . , nk) with k the number of neighbors in the site `. K = 4, 2, 4 for 8i, 8j, and 8f

site, respectively. As the atoms are randomly distributed on a certain site `, the probability
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TABLE II. Number of nearest neighbors nn of the iron sites in GdFe10Cr2.

Site Fe{8i} Fe{8j} Fe{8f}

Fe{8i} 5 4 4

Fe{8j} 4 3 4

Fe{8f} 4 4 2

Pα is given by

Pα =
N !
K∏
k=0

nk

K∏
k=0

pnk
k

Where, Pα is the probability to find k Cr atoms in a shell of n 8i, 8j, 8f nearest neighbors,

pk is the relative atomic abundance of Cr atoms in different sublattices. N = 4 for 8i, N = 2

for 8j and N = 4 for 8f site. We have neglected the subspectra with intensity lower than

1.5%.

The Wigner-Seitz Cell volume have been calculated for each crystallographic atomic site

with the radius values of 1.88 Å for Gd, 1.26 Å for Fe and 1.39 Å for Cr. The resulting

WSCV from such calculations lead to the following volume sequence: 8i > 8j > 8f . The

calculated WSCV are indicated in Table III. This sequence of WSCV could explain the fact

that Cr atoms, with a larger radius than iron, have a preference for the 8i site. This result

is in agreement with the previous study using Mössbauer spectrometry of SmFe11Ti [86].

Furthermore, the results of the refined Mössbauer spectra, demonstrate that the hyperfine

fields are following this sequence HHF{8i} > HHF{8j} > HHF{8f} which is in line with the

number of Fe nearest neighbors of each site (Fig. 5). Moreover, the classification obtained for

the isomer shift is δ{8i} > δ{8j} > δ{8f}. This classification matches closely the Wigner-

Seitz cell volume sequence. As an example, the Mössbauer hyperfine parameters and WSCV

for GdFe10Cr2 are summarized in Table III.

We have found that the average Fe magnetic moment 〈µFe〉 is equal to 1.96, 1.89 and

1.85 µB for x = 2, x = 2.5 and x = 3, respectively. For this calculation, we have used a

conversion factor of 12.8 T/µB which was found by J. J. Bara et al. from the refinement of the

Mössbauer spectra for YFe10Cr2 [79]. These results of magnetic moments will be compared
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FIG. 5. Compositional dependence of the weighted average hyperfine fields for the three inequiva-

lent crystallographic sites for GdFe12−xCrx (x = 2, 2.5 and 3) compounds.

TABLE III. Mössbauer hyperfine parameters for GdFe10Cr2: Hyperfine field HHF(T), quadrupole

interaction 2ε (mm/s), isomer shift δ (mm/s), and Wigner-Seitz Cell Volume WSCV (Å3).

Fe{8i} Fe{8j} Fe{8f} wt.ave.

µ0HHF 26.9 25.1 23.9 25.1

δ 0.21 0.15 0.06 0.14

2ε -0.01 0.05 0.28 0.11

WSCV 13.4 12.1 10.9 12.3

to those derived from the saturation magnetization measurements and those obtained by

Density-functional theory calculations.

C. Magnetic properties

Following the structural and the Mössbauer analyzes, we investigated the magnetic prop-

erties of our samples. The Curie temperature is a consequence of exchange interaction in

ferromagnetic compounds. The magnetization as a function of the temperature was mea-

sured in the range 450-650 K, under an applied field µ0H = 0.12 T. The thermal variation
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of magnetization of the GdFe12−xCrx (x= 2, 2.5 and 3) compounds annealed at 1073 K, is

given in Figure 6.
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FIG. 6. Magnetization vs temperature for GdFe12−xCrx (x = 2, 2.5 and 3) compounds. Tne inset

: dM/dT vs temperature..

The value of TC was defined as the temperature at which dM/dT vs temperature ex-

hibits a minimum as illustrated in the inset of Figure 6. According to the curves, all the

compounds exhibit a clear magnetic transition from a ferromagnetic behavior for T < TC

to a paramagnetic behavior for T > TC . The Curie temperature of GdFe10Cr2 compound

is found to be equal to 580 K, which is consistent with the results published in Ref [87].

Obviously, the increase of Cr content does not affect the ferromagnetic behavior, but rather

causes a gradual reduction in Curie temperature, from 580 K for x = 2, to 549 K for x =

3. This decrease of TC can be interpreted in terms of the magnetic dilution occurring with

the substitution of magnetic Fe with non-magnetic Cr. Figure 7 presents the evolution of

TC vs. Cr content for different GdFe12−xCrx composition.

Moreover, MS was derived from the fit of the M(H) plot at room temperature using the

well known saturation approach law [88]:

M = MS

(
1− b

H2

)
with

b =

(
8

105

) (
K

MS

)2
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FIG. 8. M(H) curve for GdFe9.5Cr2.5 at T = 300 K.

where K and Ms are respectively anisotropy constant and saturation magnetization. As an

example, Figure 8 shows M(H) for GdFe9.5Cr2.5 at T = 300 K. For this compound we found

MS = 84.97 Am2/kg. The anisotropy field can be easily deduced from Ha = 2K/MS. The

values of Ms, K and Ha are listed in Table IV.

MS decreases with the substitution of Fe by Cr atoms as follows: 97.4 Am2/kg (14.30

µB) for x = 2, 85.0 Am2/kg (12.44 µB) for x = 2.5 and 78.2 Am2/kg (11.42 µB) for x = 3.

The substitution of Fe by Cr in GdFe12−xCrx causes a decrease of magnetization which is

a direct consequence of the modification of the exchange interactions. A. Kowakzyk and A.

Wrzeciono have observed similar behavior in R2Fe14−xCrxB compounds [89]. These results

are in coherent with measured Mössbauer hyperfine fields. Indeed, taking a conversion factor
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TABLE IV. Magnetic properties of GdFe12−xCrx.

x Ms(Am2kg−1) Tc(K) K(MJ.m−3) µ0Ha(T)

2 97.4 580 1.51 3.3

2.5 85.0 565 1.37 3.1

3 78.2 549 1.35 2.9

of 12.8 T/µB, we found a total magnetic moment of 14.1µB, 12.5µB and 11.2µB for x = 2, 2.5

and 3, respectively.

D. DFT calculations

To determine the Cr site in the ThMn12 structure, we calculated the total energy of

GdFe10Cr2 for the different crystallographic sites of substitution of the Fe atom by the Cr

atom. We have found that the lowest energy corresponds to the substitution of Fe atoms in

the 8i sites by Cr atoms (Table V). As a consequence, Cr atoms occupy preferentially the

8i site in GdFe12−xCrx. Moze and Buschow also found that the chromium atom prefers to

occupy the 8i site for YFe12−xCrx [90]. This result is consistent with both findings obtained

by Rietveld refinement of the X-ray diagrams and the analysis of the Mössbauer spectra.

TABLE V. Calculated energy of GdFe10Cr2 with Cr atom occupying different sites.

Site 8i 8j 8f

E (Ry) -104440.2439 -104440.2112 -104440.2025

In addition, the hyperfine fields were calculated for each crystallographic iron site 8i, 8j

and 8f (Table III). Having in mind that the experimental Mössbauer spectra are recorded at

300 K, the values of these experimental data derived from the refinement of the Mössbauer

spectra are in reasonable agreement with the ab initio calculated hyperfine parameter (Ta-

ble III).

The total spin-polarized densities of states of GdFe12−xCrx are calculated (Fig. 9). They

show a typical metallic behavior in both spin-up and spin-down components. In order to

compare the total density of states of bcc Fe (x12) with that of the hypothetical phases
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TABLE VI. DFT calculated hyperfine fields µ0HHF (T) for GdFe12−xCrx (x = 2, 2.5, 3).

x 8i 8j 8f < µ0HHF >

2 28.5 27.2 25.6 26.9

2.5 28.0 26.3 25.1 26.1

3 27.4 25.8 24.5 25.3
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FIG. 9. Total density of states of GdFe12−xCrx for (a) x = 2, (b) x = 2.5 and (c) x = 3.

GdFe12, we have plotted both results in Fig. 10. It is noteworthy that the DOS of GdFe12

essentially corresponds to the contribution of the 3d bands, and that in the case of bcc

Fe, for minority spin states, the valley separating the bonding and anti-bonding orbitals is

deeper and wider than in the case of GdFe12.

Fig. 11 shows the partial DOS of Fe 3d for the three crystallographic sites 8i, 8j and

8f of GdFe9.5Cr2.5. The spin majority of those 3d states are mainly located between -5 eV

and the Fermi Level, while the minority (spin-down) are distributed between -4 eV and the

Fermi Level. We can see a relatively weak ferromagnetic state as the majority spin bands
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are not completely occupied, even so, the 8i local DOS gives the highest magnetic moment.
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TABLE VII. Local calculated magnetic moments for the different crystallographic sites and the

weighted average iron magnetic moment of GdFe12−xCrx (x = 2, 2.5, 3).

Local calculated magnetic moment < µFe >

x Gd(2a) Fe(8i) Cr(8i) Fe(8j) Fe(8f) µB

2 6.85 2.46 -0.10 2.36 2.12 2.28

2.5 6.83 2.39 -0.13 2.24 1.87 2.11

3 6.82 2.31 -0.14 2.11 1.68 1.94

The iron moment is relatively low in the tetragonal ThMn12 type-structure [15]. The av-

erage iron moment, calculated from the difference between the numbers of spin-up and spin-

down, is 2.28µB (for GdFe10Cr2), 2.11µB (for GdFe9.5Cr2.5), and 1.94µB (for GdFe9Cr3).

The largest iron magnetic moment is 2.46µB (for GdFe10Cr2), 2.39µB (for GdFe9.5Cr2.5) and

2.31µB (for GdFe9Cr3) for the 8i iron atom (Table VII). In Table VII the calculated local

magnetic moments on the three inequivalent crystallographic sites as well as the weighted

average magnetic moment are given. The magnetic moment follows the sequence µFe{8i} >

µFe{8j} > µFe{8f}, which agrees with previous calculations and experiments [25, 52, 91–95].

This magnetic moment sequence follows the sequence HHF{8i} > HHF{8j} > HHF{8f} of

the hyperfine fields obtained both by Mössbauer spectrometry, and by ab initio calculation.

We notice that the magnetic moment of the 8f Fe site is the smallest and could be a

consequence of the short Fe-Fe distances of the nearest neighbors for those crystallographic

sites. The presence of a single closest neighbor Gd atom at the 8i site, while at the other 8j

and 8f sites, two Gd atoms are the closest neighbors, could be one of the reasons why the

iron atoms have the highest magnetic moment value at the 8i site.

Moreover, Fig. 14 shows that the DOS around EF is rather dominated by the 3d states

mainly contributed by the Fe sub-networks. In addition, the 4f states of Gd are fully

occupied (majority spins), while the 4f states of Gd with minority (negative) spins are

empty and above the Fermi level. We can understand that by the fact that Gd 4f states

couple in an anti-parallel fashion with the Fe 3d states. This result is in agreement with

that found by Trygg et al. for GdFe12 [96] and Liu et al. for Gd(Co,Fe)12B6 [97].

Overall, we have obtained a good agreement between the results of magnetic moments

in µB/at. obtained from calculated hyperfine fields and electronic structure calculated by
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FIG. 12. Partial density of states of for Fe-3d and Gd-4f calculated for GdFe10Cr2.

DFT for GdFe10−xCrx. Table VIII summarizes the comparison between experimental results

deduced from Mössbauer Spectrometry and those obtained by theoretical calculations by

DFT for GdFe10Cr2 as an example.

TABLE VIII. Comparison between the results of magnetic moments, in µB/at., obtained from

calculated hyperfine fields and electronic structure calculated by DFT for GdFe10Cr2.

Mössbauer Calculated

〈µFe〉 2.03 2.28

µFe{8i} 2.10 2.46

µFe{8j} 2.04 2.36

µFe{8f} 1.98 2.12

E. Magnetocaloric properties

The RFe12-type compounds are suitable for permanent magnet application. However,

in our study, we didn’t focus our interest on this application because, we didn’t optimize

the microstructure of the studied compounds to obtain magnetically hard materials with

high magnetic hysteresis. In this paper, we have investigated the magnetocaloric effect

(MCE) of the GdFe12−xCrx (x = 2, 2.5, 3) compounds, because this effect has become very
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important for cooling applications [98], due to the growing needs of refrigeration technology.

Additionally, no investigation on the magnetocaloric proprieties of these compounds has

been done so far. MCE is an intrinsic property of magnetic materials defined as the heating

or the cooling of magnetic material (reversibly) due to the application or the removal of an

external magnetic field, respectively, under adiabatic conditions. Such an effect is high when

the magnetic compound is near TC . The temperature (T ) dependences of magnetization (M)

under magnetic fields are studied in order to determine the nature of the magnetic transition,

the variation of the magnetic entropy, and consequently the magnetocaloric effect.

Isothermal magnetization plots versus the applied magnetic fieldM(µ0H,T ) of GdFe12−xCrx

(x = 2, 2.5 and 3) compounds are measured at different temperatures with steps of 5 K

under external magnetic fields. The resulting curves are shown in Figure 13. The isothermal

curves exhibit a dependency between magnetization and the magnetic field applied at vari-

ous temperatures. As we can see, at high temperatures well above the TC value, the curves

M(µ0H,T ) clearly decrease with an almost linear behavior which is typical for paramagnetic

materials. Moreover, below TC the magnetizations rise rapidly under the low magnetic field,

and then tend to saturate as the field value increases as a feature of ferromagnetic materials.

The so called Arrott plots were studied and successfully applied as a key tool to determine

the nature of the feromagnetique-pramagnetique phase transition. Hence, to give a better

understanding of the nature of the magnetic phase transition order, we present in Figure 14

the Arrott plots (µ0H/M vs. M2) derived from the isotherms M(µ0H,T ) for GdFe12−xCrx

(x = 2, 2.5 and 3) compounds. As reported by Banerjee [99], an inspection of the sign

of the slope of the straight line in the Arrott plots gives the nature of the magnetic phase

transition order. In fact, the magnetic transition is of second order if the slope is positive

and first order if negative. We can clearly see that in Figure 14, the curves (µ0H/M vs.

M2) exhibit a positive slope for all samples in the vicinity of TC , which indicates that our

samples undergo a second-order ferromagnetic-paramagnetic phase transition.

After having studied magnetic measurements of magnetization as a function of temper-

ature M(T ) as well as magnetization as a function of the magnetic field at various temper-

atures M(µ0H,T ), we have calculated ∆S(T ) of all compounds. Based on the thermody-

namic theory, magnetic entropy change is determined through the numerical integration of

the magnetization isotherms, as shown by Maxwell’s thermodynamic relation given by the
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FIG. 13. Isotherm magnetization curves M(H,T ) of GdFe12−xCrx for (a) x = 2, (b) x = 2.5 and

(c) x = 3.

following equation [100, 101]:

∆S = µ0

∫ H

0

(
∂M

∂T
)dH

∆S(Ti,∆H) = µ0

∑
j

Mi+1(Ti+1, Hj)−Mi(Ti, Hj)

Ti+1 − Ti
∆Hj

Figure 15 shows ∆S(T, µ0H) for the GdFe12−xCrx (x = 2, 2.5 and 3) compounds. It

can be clearly seen from this figure that the magnetic entropy change exhibits a sudden

change around TC . We can note that the curves soar to a maximum near TC , indicating

the ferromagnetic-paramagnetic transition with increasing temperature. Moreover, the peak

value increases with increasing the value of the applied magnetic field. The maximum peak

values of ∆Smax for x = 2, x = 2.5 and x = 3 are equal to 0.92 J/kg K, 1.24 J/kg K and 1.56

J/kg K, respectively. Based on these results, we can deduce that ∆Smax is found to increase

with increasing Cr substitution in the GdFe12−xCrx (x = 2, 2.5 and 3) compounds. It’s
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FIG. 14. The Arrott plots of GdFe12−xCrx for (a) x = 2, (b) x = 2.5 and (c) x = 3.

worthy to note that the ∆Smax of these compounds are more significant than SmNi5 (∆Smax

= 1.2 J/kg K, µ0H = 1.5 T ) [102] and GdNi3FeSi (∆Smax = 0.5 J/kg K), µ0H = 1.5 T )

[103].

It should be noted that ∆Smax is not the only parameter determining an applicability of a

material to magnetic refrigeration. The relative cooling power (RCP) is another important

parameter of characterizing the magnetocaloric effect. In fact, the RCP parameter measures

the amount of heat transferred between hot and cold sources in a magnetic refrigeration

process. The defined parameter is a compromise between the width of the peak and the

magnitude of ∆Smax. The relative cooling power expression is determined according to the

following equation [82]:

RCP = −∆SMax × δTFWHM

Where −∆SMax is the maximum value of the entropy change (∆S) and δTFWHM is the full

width half maximum of ∆S(T ).

The obtained values of magnetic entropy change −∆Smax, RCP and TC for GdFe12−xCrx
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FIG. 15. Entropy change of GdFe12−xCrx for (a) x = 2, (b) x = 2.5 and (c) x = 3.

(x = 2, 2.5 and 3) compounds under a magnetic field of 1.5 T are displayed in Table IX.

From this board, we can note that the relative cooling power factor increases significantly

with Cr substitution from 12.5 J/kg K to 30.4 J/kg K for x = 2 and x = 3, respectively.

As a result, the studied compounds are strongly suggested for use as active refrigerants for

magnetic refrigeration technology.

TABLE IX. Values of TC , maximum of entropy variation −∆Smax, and relative cooling power RCP

for GdFe12−xCrx (x = 2, 2.5 and 3) compounds.

Compounds GdFe10Cr2 GdFe9.5Cr2.5 GdFe9Cr3

TC (K) 580 562 549

−∆Smax (J/kg.K) 1.82 2.44 2.95

RCP (J/kg) 10.5 18.5 28.4
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V. CONCLUSION

To sum up, we have studied the structural, magnetic and magnetocaloric properties of

GdFe12−xCrx (x = 2, 2.5 and 3) samples prepared by arc melting subsequent annealing

at 1073 K for one week. Rietveld refinement of the XRD-ray powder diffraction patterns

shows that the samples crystallize in the tetragonal ThMn12-type structure with I4/mmm

space group. The Rietveld analysis indicates that chromium atoms substitute iron in the

site 8i. This result is in good agreement with the Mössbauer study presented in this pa-

per. Thermo-magnetic measurements of the GdFe12−xCrx (x = 2, 2.5 and 3) intermetallic

compounds show that the ferromagnetic-paramagnetic phase transition temperature (TC)

decreases linearly with increasing Cr content. This reduction of the Curie temperature from

580 K for GdFe10Cr2 to 549 K for GdFe9Cr3 can be explained by the modification of the ex-

change interactions due to the substitution of Fe by Cr. The preferential Cr site occupation

was demonstrated to be the 8i site by means of Rietveld analysis, Mössbauer spectrometry,

and first-principle calculations. In addition, we have obtained a good agreement between

the results of magnetic moments obtained from calculated hyperfine fields and electronic

structure. In order to check the nature of the magnetic phase transition, we have studied

the Arrott plots. The positive slopes of the curves indicate that all the samples undergo a

second-order magnetic phase transition at TC . Magnetocaloric effect of the GdFe12−xCrx (x

= 2, 2.5 and 3) compounds was examined from isothermal magnetization versus magnetic

field measured over a wide range of temperatures surrounding Curie temperature. Besides,

the magnetic entropy change was determined through the thermodynamic Maxwell relations

using the M(µ0H,T ) data. ∆Smax is found to reach 1.82 J/kg K, 2.44 J/kg K, and 2.95 J/kg

K for x = 2, 2.5 and 3, respectively. Additionally, the relative cooling power is found to

increase greatly, up to 30.4 J/kg for GdFe9Cr3. The obtained values of the magnetic entropy

variation and RCP suggest that our compounds are promising materials for ecologically

friendly magnetic refrigeration technology.
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