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S. Charfeddine,1, 2 K. Zehani,1 L. Bessais,1 and A. Korchef3
1)CMTR, ICMPE, UMR7182, CNRS − Université Paris Est,
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We have synthesized the intermetallic Tb2Fe17 compound in hexagonal crystal structure by arc-melting with-
out annealing. X-ray diffraction pattern has been refined by Rietveld method. The crystal structure is
hexagonal with P63/mmc space group (Th2Ni17-type). The Mössbauer spectrum of Tb2Fe17 compound has
been analyzed with seven magnetic sextets assigned to the inequivalent crystallographic sites. The tem-
perature dependence of magnetization data revealed that Tb2Fe17 exhibits a second-order ferromagnetic to
paramagnetic phase transition in the vicinity of Curie temperature (TC = 412K). The relative cooling power
around the magnetic transition and the Arrott plots are also reported.

Keywords: Rare earth alloys and compounds, Magnetization, Curie temperature, 2/17 hexagonal structure,
Mössbauer spectrometry, Magnetocaloric effect (MCE), Relative Cooling Power (RCP).

I. INTRODUCTION

The rare earth - transition metal based (R − T ) in-
termetallic compounds have been investigated for their
interesting magnetic and magnetocaloric properties for
several technological applications: high performance per-
manent magnets, high density magnetic recording, mag-
netic refrigeration. These materials have taken a special
place in the research of new magnetic devices1–3.

The intermetallic R−Fe compounds have been exten-
sively studied during the last years. Dariel et al.4, Orlova
et al.5, Landin and Agren6 and Okamoto7 studied the
R−Fe phase diagram, They showed the existence of
RFe2, RFe3, R6Fe23 and R2Fe17 (R = Dy, Tb) phases.

The Tb2Fe17 has two forms: Tb2Fe17 (rhombohe-
dral R3̄m space group with Th2Zn17-type structure) and
Tb2Fe17 (hexagonal P63/mmc space group Th2Ni17-type
structure). Both structures are derivatives of the CaCu5-
type structure4,5,7,8. A certain regular substitution of R
atoms by a dumbbell of two T atoms in the CaCu5 struc-
ture, can lead to the Th2Ni17-type structure following :
3RT5 - R + 2T = R2T17

9. Yanson et al10 showed that
the hexagonal structures dominate at or below the mo-
lar ratio Tb/Fe = 2/17 (10.5 and 9.5 at.% Tb), while the
rhombohedral structure dominates at higher Tb contents
(11.5 at.%). The iron rich Tb2Fe17 system is suitable to
study 3d and 4f magnetism and the interaction between
them.

The magnetocaloric effect is an intrinsic property of
the magnetic materials, based on the heating or cool-
ing (reversibly) of a material according to the applied
magnetic field. This property is present in all magnetic
compounds. The isothermal magnetic entropy change
was obtained from the experimental isothermal magneti-
zation data by using the Maxwell relation11.

The magnetocaloric properties of rare earths and their
alloys have been of great interest. This is explained by
the existence of various magnetic structures and various

types of transitions in these materials, their high magne-
tization and the localized nature of their magnetic mo-
ment. The wide variety of structures comes from the
oscillatory nature of the RKKY interactions (Ruderman-
Kittel-Kasuya-Yoshida) between the 4f moments of very
localized, which may lead to positive or negative cou-
plings according to the distance between the moments.
Heavy rare earth elements Tb, Gd to Lu (except Yb) in
the lanthanide series, and Y have a hcp crystal struc-
ture. In the magnetically ordered state, they have com-
plex structures sometimes resulting in a very interesting
magnetocaloric effect.12,13

In the present work, we have successfully synthesized
the hexagonal phase of the Tb2Fe17 compounds, with
the molar ratio (10.5 at. % Tb). The samples have been
prepared by arc melting without annealing. A systematic
crystallographic study by X-ray diffraction followed by
Rietveld refinement has been done in order to identify
the phases present in the sample. The local magnetic
information on the Fe sites are obtained by Mössbauer
spectrometry. The magnetic measurements allowed us to
highlight a magnetocaloric effect in this type of samples.

II. EXPERIMENTAL METHODS AND DATA ANALYSIS

As-cast ingots, with Tb2Fe17 nominal compositions,
were prepared from high purity elements Fe 99.99%, Tb
99.98% by standard arc-melting technique. In order to
homogenize prepared samples three successive melting
were performed while increasing the voltage provided by
the generator (60 A, 80 A, 80 A). The ingots obtained af-
ter melting were broken under an inert argon atmosphere
in a glove box. In order to obtain a pure phase, several
samples of the binary Tb2Fe17 compound were synthe-
sized by arc-melting technique with different Tb content.
A single-phase with 10,5 % at. Tb is obtained by simple
melting without need of heat treatment.
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X-ray diffraction with Cu radiation has been carried
out, at room temperature, on a Brucker diffractometer
with an internal Si standard to insure a unit cell pa-
rameter accuracy of ±1 × 10−3Å. The intensities were
measured from 2θ = 20◦ to 2θ = 90◦ with a step size of
0.02◦ and counting time of 192 s per scanning step. The
data treatment was made by Rietveld method as imple-
mented in the FullProf computer code, with the assump-
tion of a peak line profile of Thompson-Cox-Hastings al-
lowing multiple phase refinement of each of the coexisting
phases14,15. The thermal parameters and the occupan-
cies are not refined.

The ”goodness-of-fit” indicator RB is calculated as fol-
lows:

RB =

∑
K |IK(o)− IK(c)|∑

K IK(o)

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

The magnetic measurement was carried out us-
ing a DSM-8 MANICS differential sample Magneto-
Susceptometer, working on the same principle as a Fara-
day balance. The sample(under the vacuum) is fixed at
the end of a brass rod and then placed in the presence of
an external magnetic field gradient perpendicular to the
rod. A magneto-optic device detects the force by measur-
ing the torsion angle of a wire. Then, a servo-controlled
device applies a compensation force that brings the sam-
ple rod back in to its initial position. The magnetic tran-
sition temperature in studied systems were determined
with M(T ) measurements carried out in an applied field
of 0.18 Tesla and a heating rate of 5 K/min.

The Mössbauer spectra with absorbers containing
10 mg/cm2 of natural iron, were collected at 295 K
on a constant-acceleration spectrometer with 25 mCi
57Co/Rh source. The spectrometer calibration gives a
line-width of 0.25 mm/s for α-Fe. The spectra were fit-
ted according to the procedure discussed below with es-
timated errors of ±0.1 T for hyperfine fields HHF and
±0.005 mm/s for isomer shifts δ and quadrupole shifts
2ε.

III. RESULTS AND DISCUSSION

A. Structure analysis

The R2T17 system can be analyzed as an intergrowth of
the CaCu5 and Zr4Al3 structures. The hexagonal R2T17
Th2Ni17 type structure (P63/mmc space group) and
the rhombohedral Th2Zn17-type structure (space group
R3̄m) structure are closely related. Their respective sta-
bility depends essentially on geometric consideration, i.e.
the ratio of the atomic radius of the R atom to that of
the T atom.

The Rietveld refinement of the XRD pattern cor-
responding to the bullk Tb2Fe17 compound shows an
hexagonal Th2Ni17-type structure P63/mmc space group
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FIG. 1. Observed (dots) and calculated (solid line) XRD pat-
tern of the bulk Tb2Fe17 compound. Vertical bars represent
the position of the Bragg reflections. The observed- calculated
difference is depicted at the bottom of the figure.

(see figure 1). The Fe atoms occupy four inequivalent
crystallographic sites (12k, 12j, 6g, 4f in the Wyckoff site
position) and Tb atoms occupy two inequivalent crystal-
lographic sites 2c and 2b (see figure 2). The hexagonal
structure is derived from CaCu5-type structure by the
ordered substitution with a pair of Fe-Fe dumbbells (4g
site) for each third Tb atom.

FIG. 2. Crystal structure for the hexagonal P63/mmc
Tb2Fe17.

Table I summarizes the crystallographic unit cell pa-
rameters, the iron atomic positions as well as the reli-
ability factors of the refinement. These results are in
good agreement with those previously reported16. Dariel
et al.4, Takeda et al.17, and Du et al.18 have synthesized
hexagonal Tb2Fe17 compound by different methods, they
found a slight difference in unit cell parameters. This
difference of the lattice parameters could be due to the
effect of annealing step and the melting number and/or
to the purity of their phase, especially when taking into
account the starting materials purity (99.9%) compared
to our samples with 99.99%.

The structural parameters found, for the Tb2Fe17 sys-
tem will be used for the Wigner-Seitz cell (WSC) volume
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TABLE I. a and c cell parameters, RB and χ2 factors from
Rietveld fit for Tb2Fe17.

a (Å) 8.4584(4)
c (Å) 8.3005(4)
c/a 0.9833

V (Å3) 514.2
χ2 4.4
RB 6.87

x{12k} 0.1667(1)
x{12j} 0.3520 (3)
y{12j} 0.3218 (2)
z{4f} 0.6268 (2)

calculations necessary for a reliable Mössbauer spectrum
analysis.

B. Mössbauer spectrometry study

The Mössbauer spectrum of Tb2Fe17, obtained at room
temperature is shown in Fig. 3. It is complex and mag-
netically ordered spectrum resulting from the convolu-
tion of numerous sub-spectra. The existence of four non-
equivalent crystallographic sites and the existence of Fe-
Fe dumbbells (4g site) connected to the Tb vacancies
are responsible for such complexity. In order to ana-
lyze that kind of spectrum we need a pertinent physical
model connected to the structure characteristics. The
site assignment of the hyperfine parameters observed for
the crystallographically distinct iron sites in Tb2Fe17 was
ruled by : (i) the correlation between the isomer shift (δ)
and the Wigner-Seitz cell volume, calculated using crys-
tallographic data derived from Rietveld refinement, (ii)
the correlation between the hyperfine field and the near-
neighbor environments of the four iron sites.
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FIG. 3. Room temperature Mössbauer spectrum of Tb2Fe17
compound. The black solid line and the red + symbol scatter
plot are the calculated and experimental spectra, respectively.
The color solid lines are the seven sextets used in the fit.

TABLE II. Interatomic distances and number of iron near
neighbors for the hexagonal P63/mmc structure type for
Tb2Fe17. The distances are calculated inside a radius of the
coordination sphere equal to 2.81 Å.

Site Distance (Å) Number Notation
12k 2.42(1) 2 12j

2.44(1) 2 6g
2.44(1) 2 12k
2.63(1) 2 12j
2.66(1) 1 4f

12j 2.42(1) 2 12k
2.46(1) 1 12j
2.50(1) 2 6g
2.63(1) 2 12k
2.75(1) 1 12j
2.81(1) 2 4f

6g 2.44(1) 4 12k
2.50(1) 4 12j
2.66(1) 2 4f

4f 2.05(1) 1 4f
2.65(1) 3 12k
2.66(1) 3 6g
2.81(1) 6 12j

Hu et al.19 have demonstrated by neutron diffraction
that Tb2Fe17 have a basal orientation of the magne-
tization. Additionally, R. Coehoorn20 has shown that
A0

2 (the second order crystal field) is negative in the
hexagonal Tb2Fe17 compound and αJ (the second-order
Stevens factor) is negative for terbium which reinforce the
basal orientation of the magnetization. The difference
in the hyperfine fields of the crystallographically equiv-
alent but magnetically inequivalent sites results comes
mainly from the anisotropy in the orbital field (3d or-
bital moment) and partly from that in the dipolar field
(3d spin moment)21. Because of the basal orientation
of the Fe magnetic moment in Tb2Fe17, and the com-
bined effect of the dipolar field and quadrupole inter-
action, we have used seven magnetic sextets to fit the
Mössbauer spectra. Indeed, the four inequivalent iron
crystallographic sites (4f, 6g, 12j, 12k) split into seven
inequivalent magnetic sites, which are labeled in this
case as 4f, 6g4, 6g2, 12j8, 12j4, 12k8, and 12k4 . As a
consequence, seven sextets with the relative areas of
4:4:2:8:4:8:4 are necessary to fit the Mössbauer spectrum
(Fig. 3).

It is well demonstrated15,19,22–29 that for the rhombo-
hedral R2Fe17 compounds, the hyperfine field HHF fol-
lows the sequence 6c > 9d > 18f > 18h, corresponding
to the order of the decreasing number of iron near neigh-
bors. Having in mind the geometrical relationship be-
tween the iron sites in rhombohedral Th2Zn17 and hexag-
onal Th2Ni17: 6c → 4f , 9d → 6g, 18f → 12j, and
18h → 12k, therefore, we expect to obtain the following
sequence 4f > 6g > 12j > 12k for hyperfine fields. For
this purpose, the interatomic distances and the number
of iron near neighbors are determined, for the hexago-
nal P63/mmc structure type for Tb2Fe17, and given in
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Table II.
In the first step of the fitting procedure, the hyper-

fine field assignment to one crystallographic site was
based upon the physical fact that the highest fields
would belong to 4f site according to the number of
iron near neighbors. Moreover, the interpretation of the
Mössbauer spectrum was based on the relationship be-
tween the isomer shift and the Wigner-Seitz cell (WSC)
volumes: the larger the WSC volume, the larger the iso-
mer shift15,25,27,28. The Wigner-Seitz cell (WSC) vol-
umes have been calculated by means of Dirichlet do-
mains and coordination polyhedra for each crystallo-
graphic family using the radius values of 1.80 and 1.26 Å
respectively, for Tb and Fe. The WSC volumes result-
ing from such calculations lead to the following volume
sequence: 4f > 12j > 12k > 6g. In a second step, an
average isomer shift value was assigned to each crystal-
lographic family according to the relationship between
isomer shift and the WSC sequence. It must be empha-
sized that the number of the sub-sites used for the fit
remains physically significant, as the line-width is equal
to 0.27(1) mm/s. In the last step of the fit, all parameters
were free.

The results of the calculated Mössbauer spectrum, us-
ing our model, showed that the hyperfine fields follow
this classification HHF{4f} > HHF{6g} > HHF{12j} >
HHF{12k} (Table II) in agreement with the number of
iron neighbors. The sequence observed for the isomer
shift is δ{4f} > δ{12j} > δ{12k} > δ{6g}, in agreement
with the WSC volume sequence.

Using the conversion factor of 15 T/µB for metallic
iron we have deduced the average iron magnetic mo-
ment 〈µ(Fe at)〉 equal to 1.63µB (see Table III). As-
suming that the Tb magnetic moment µTb = −4.5µB

19,
we have calculated the magnetic moment of Tb2Fe17 µ
= 18.7µB/f.u.

C. Magnetic and magnetocaloric properties

In the intermetallic compounds R2Fe17 the Curie tem-
perature (TC) is relatively low, around room tempera-
ture. It is mainly governed by the interactions between
the iron atoms. The nature of these interactions depends
on the degree of filling of the Fe 3d band and of the Fe-
Fe distances. The reason for the low TC is that some
of the Fe-Fe distances are smaller than the critical value
of 2.45 Å needed for ferromagnetic exchange. These Fe
pairs couple antiferromagnetically leading to low values
of TC

15,30.
The temperature dependence of the magnetization for

the Tb2Fe17 compound in an applied magnetic field of
0.18 T is shown in Fig. 4. One can easily see from this
figure the ferromagnetic - paramagnetic transition tem-
perature.

As shown in the inset of the figure, the transition tem-
perature was determined as the minimum of the dM/dT
curve. The compound presents a reversible temperature
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FIG. 4. Temperature dependence of the magnetization for
Tb2Fe17 compound. The dM/dT versus T curve (inset).

dependence of the magnetization around the Curie tem-
perature.

The saturation magnetization MS was estimated by
fitting the isothermal magnetization curve M(H). The
value ofMS at room temperature is equal to 80.4 Am2/kg
(18.26 µB/f.u.) in agreement with the magnetic moment
deduced from hyperfine field. These results are consistent
with previous results31. The magnetization isothermals
of Tb2Fe17 between 355 and 440 K are shown in Fig. 5.

Magnetic entropy change ∆SM was determined as a
function of the temperature and the applied magnetic
field through the numerical integration of the isother-
mally measured M(H) curves by means of the following
relation11 :

∆SM =

∫ H

0

(
∂M

∂T

)
H

dH

≈
∑
i

1

Ti+1 − Ti
(Mi+1 −Mi) ∆Hi

The Arrott plots, deduced from the magnetic field de-
pendence of isothermal magnetization, are shown in fig-
ure 6. The positive slope of the Arrott plots for Tb2Fe17
shows that the phase transition from the ferromagnetic
state to the paramagnetic state at TC is a second order
phase transition.

Figure 7 illustrates the magnetic entropy change of
Tb2Fe17 as a function of temperature and the external
field change.

The maximum ∆SM of Tb2Fe17 is equal to 1.05(3),
1.60(3), 2.19(2) J/kg K, for external field change from 0
to 1.5T. The calculated values for the magnetic entropy
change (∆SM ) in Tb2Fe17 compound in hexagonal crys-
tal structure are higher than those obtained by Chen et
al. for Tb2Fe17 orthorhombic crystal structure32.

For magnetocaloric application it is interesting to de-
termine the relative cooling power (RCP). This parame-
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TABLE III. Room temperature Mössbauer hyperfine parameters, the WSC volumes and magnetic moment for each iron sites
for Tb2Fe17.

4f 6g4 6g2 12j8 12j4 12k8 12k4 wt. ave.
µ0HHF (T) 29.2(1) 27.7(1) 19.2(1) 25.0(1) 21.3(1) 23.0(1) 22.4(1) 24.4(1)
δ (mm/s) 0.126(5) -0.093(5) -0.093(5) 0.112(5) 0.112(5) -0.056(5) -0.056(5) 0.006(5)
Q (mm/s) 0.048(5) 0.011(5) 0.013(5) -0.053(5) 0.161(5) 0.640(5) -0.216(5) 0.143(5)

WSC volume (Å) 12.49(2) 11.25(2) 11.25(2) 11.73(2) 11.73(2) 11.91(2) 11.91(2) 11.78(2)
µ(Fe at.) (µB) 1.94(1) 1.66(1) 1.66(1) 1.58(1) 1.58(1) 1.52(1) 1.52(1) 1.63(1)
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FIG. 5. Isothermal magnetization for Tb2Fe17 compound
(left). A 3D surface showing the temperature and applied
magnetic field dependencies of the magnetization for Tb2Fe17
compound (right).

ter is related to the magnetic entropy variation according
to the following formula33 :

RCP = −∆SMax
M · δTFWHM

The magnetic entropy change ∆SMax
M and δTFWHM are

the maximum of the entropy variation and the full-width
at half-maximum in the temperature dependence of the
magnetic entropy change ∆SM . Peaks located at T =
412 K correspond to a direct MCE associated with the
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FIG. 6. Arrott plot for Tb2Fe17 over wide range of tempera-
tures 335 K ≤ T ≤ 440 K.
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FIG. 7. The magnetic entropy change of Tb2Fe17 as a function
of temperature and the external field.

magnetic transition from the ferromagnetic to paramag-
netic state. The maximum of ∆SM at H = 1.5 T is
2.19 J/kgK, is quite near to the value reported in34, by
Alavarez et al. for the system Y2Fe17 and Nd2Fe17.

Table IV summarizes the magnetocaloric properties:
the magnetic entropy change ∆SM , and the relative cool-
ing power (RCP) calculated for a field up to H = 1.5 T.
These results have been found as fairly consistent with
those found for Pr2Fe17 compounds1,3,34.
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TABLE IV. Magnetic entropy change ∆SM and relative cool-
ing power RCP for Tb2Fe17.

Applied field (T) 0.5 1 1.5
∆SM (J/kg K) 1.05(3) 1.60(3) 2.19(2)
RCP (J/kg) 28(2) 48(3) 88(3)

IV. CONCLUSION

A single-phase of Tb2Fe17 (with 10,5 % at. of Tb) was
obtained by simple arc-melting without any heat treat-
ment.

X-ray powder diffraction shows that the samples crys-
tallize into the ordered hexagonal Th2Ni17-type struc-
ture.

The Mössbauer spectrum of Tb2Fe17, obtained at room
temperature is analyzed using the correlation between
the isomer shift (δ) and the Wigner-Seitz cell volume,
calculated using crystallographic data derived from Ri-
etveld refinement, and the near-neighbor environments
of the four iron sites.

The magnetic properties and the magnetocaloric effect
of Tb2Fe17 system have been studied. The magnetic en-
tropy change ∆SM of the sample was determined. The
calculated values for the RCP show that the magnetic en-
tropy changes of Tb2Fe17 are much smaller than that of
Gd and some other rare earth intermetallic compounds.
Nevertheless, this value of ∆SM could be interesting for
magnetic refrigeration applications and could be inter-
esting for several technological applications using these
low-cost iron rich intermetallic compounds.
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