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Abstract
A new series of 3:29 compounds in the Fe–Nd–Ti–Zr quaternary system
were synthesized successfully. The formation and structural properties were
studied by means of powder x-ray and powder neutron diffraction. The results
reveal that only a small amount of Zr content can exist in the 3:29-type
compounds in the Fe–Nd–Ti–Zr quaternary system. Higher Zr content induces
the formation of rhombohedral Th2Zn17-type phase. In the structures of 3:29-
type compounds, the Zr content partially substitutes for Nd and enters the
2a and 4i crystallographic sites exclusively. Upon Zr substitution, the lattice
parameters a, b, c and the unit cell volumes V of (Nd, Zr)3(Fe, Ti)29 compounds
decrease monotonically and their intrinsic magnetic properties, including the
Curie temperature and saturation magnetization, lessen as well.

1. Introduction

R3(Fe, M)29-type compounds (R = Y, Ce, Pr, Nd, Sm, Gd, Tb, Dy and M = Ti, V, Cr, Mn,
Nb, Mo, Ta, W, Re [1–7]) have attracted much interest recently in view of their promise
for permanent magnet applications. R3Fe29 is non-existent and a third transitional metal
element M, namely the stabilizing element, is indispensable for stabilizing the monoclinic
structure with A2/m space group [8–11]. The 3:29-type structure can be derived from
alternate stacking of the rhombohedral Th2Zn17-type and the tetragonal ThMn12-type units.
In fact, the three structure types are all derivatives of the RFe5 compound (CuCa5-type
structure), obtained by appropriate replacement of a fraction of R atoms by Fe–Fe dumb-
bells. There are two formula units and 64 atoms per unit cell of 3:29 phase with two
crystallographically nonequivalent R sites and eleven crystallographically nonequivalent
Fe(M) sites. The stabilizing element M has a strong preference for occupying the 4i1, 4i2
and 4g sites as a result of the size effect (the volume of the site) and the thermodynamic
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effect (the atomic environment). Both the rare earth R and the stabilizing element M have
detrimental influences on the structural and magnetic properties. Many investigations on
substitution of various rare earth or stabilizing elements, such as Nd3−x Dyx(Fe, Ti)29 [12],
(Y1−x Gdx)3Fe27.5Ti1.5 [13], (Nd1−x Tbx)3Fe27.31Ti1.69 [14], (Sm1−x Prx)3Fe27.5Ti1.5 [15],
(Nd1−x Hox)3Fe27.31Ti1.69 [16], (Nd1−x Erx)3Fe27.31Ti1.69 [17], (Nd1−x Yx)3Fe27.31Ti1.69 [18],
Pr2Er(Fe, Ti)29, SmNd2(Fe, Ti)29 [19], (Gd1−x Rx)3Fe27.31Ti1.69(R = Ce, Nd, Sm) [20],
Nd3Fe27.5Ti1.5−yMoy [9] and Gd3(Fe, Ni)28 (Nb, Mo) [21], have been reported.

As a transition element, Zr is of much interest because of its covalent radius (1.45 Å): larger
than those of Fe (1.17 Å), Ti (1.32 Å) and Mo (1.29 Å), but smaller than that of Nd (1.64 Å). Zr
has been tried for replacing R, Fe or M in different structures. For example, the addition of Zr
in the Nd2Fe14B compounds, such as Nd–Fe–B–Zr [22] and Nd–Dy–Fe–B–Zr [23], has been
reported. In the case of Th2Zn17-type compounds, (Sm + Zr)2Co17 [24], Sm2Fe15Zr2 [25],
Nd2Fe17−x Zrx [26] and Nd2−x Zrx Fe17 [27] have been synthesized. For the ThMn12-type alloys,
Nd(Fe, Mo, Zr)12 [28] and 1:12-type compounds in the Fe–Gd–Mo–Zr system [29] have
been investigated. Additionally, 1:7-type Sm–Co–Zr [30] has also been prepared. Structural
investigations of these compounds reveal that almost all the Zr atoms occupy the R sites, while
only a small fraction of them enter the Fe(Mo) sublattice. Up to now, little attention has been
paid to studying the effect of Zr addition on the formation and the structural and magnetic
properties of 3:29-type compounds. In this study, a new series of 3:29-type compounds
(x � 0.3) in the Fe–Nd–Ti–Zr quaternary system were synthesized successfully. The
dependences of the phase formation on Zr and the crystallographic properties were investigated
by means of powder x-ray diffraction and powder neutron diffraction. The Curie temperatures
and saturation magnetization at room temperature for the compounds are also presented.

2. Experimental procedure

Samples with stoichiometric compositions Nd3−x Zrx Fe27.5Ti1.5 (0 � x � 1.0) were prepared
by arc melting under a high purity Ar atmosphere. The ingots were remelted at least four times
to promote homogeneity. The purities of all the constituent elements is 99% or higher. An
excess amount (about 5 wt%) of rare earth was added in order to compensate for the weight
loss during arc melting. The as-cast ingots were sealed into a ceramic tube filled with high
purity Ar and annealed for 24 h at from 1273 to 1323 K and then quenched in water.

X-ray and neutron powder diffraction studies were carried out to determine the
crystallographic structure and phase components. X-ray powder diffraction data were collected
on MSAL-XD2 with Cu Kα radiation at the Laboratory of Inorganic Materials of the Graduate
School of the Chinese Academy of Sciences. Neutron powder diffraction data were collected
on the Special Environment Powder Diffractometer (SEPD) at room temperature at Argonne’s
Intense Pulsed Neutron Source (IPNS). The XRD patterns are refined using the program
FULLPROF [31] and the neutron diffraction patterns are refined with the program GSAS [32].
In view of the negligibly small contribution of the magnetic moments, they were neglected
during the refinement of the neutron diffraction patterns. Magnetic measurements were done
in a vibrating sample magnetometer (VSM) at the Institute of Physics, Chinese Academy
of Sciences. The thermomagnetic analyses (TMA) were performed in a low field of 0.1 T at
temperatures ranging from room temperature to above the Curie temperature and the saturation
magnetization was measured at room temperature in magnetic fields up to 2 T.

3. Results and discussion

Figure 1 shows the XRD patterns of samples with different Zr contents (0.1 � x � 0.4). It
can be seen that at x � 0.3 the main phases crystallize in a monoclinic Nd3(Fe, Ti)29-type
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Figure 1. Comparison of XRD patterns of samples with different x (Zr content) values.

structure with the A2/m space group and a small amount of 2:17 phase and traces of 1:12 phase
behave as impurities. Higher starting Zr contents make it more difficult to get the 3:29-type
phase. When the starting Zr content x is �0.4, the major phase is found to be rhombohedral
Th2Zn17-type structure. For x � 0.3, the patterns can be quite well indexed in the monoclinic
system with space group A2/m, while for x � 0.4 the patterns can be quite well indexed in
the rhombohedral system with space group R3̄/m. As examples, the refinements of the XRD
patterns for x = 0.2 and 0.5 and the neutron patterns for x = 0.2 and 0.6 are illustrated in
figures 2 and 3, respectively. The lattice parameters and unit cell volumes of the 3:29 phase
derived from the XRD patterns are shown in figure 4. It is revealed that the lattice parameters
and the unit cell volumes decrease monotonically as the Zr contents increase. This clearly
proves that most Zr atoms enter the R sublattice, since the atomic radius of Zr is smaller than
that of R but larger than those of Fe and Ti. In contrast, if most Zr atoms substitute for Fe or
Ti, the lattice parameters and the unit cell volumes will increase.

In order to find out whether Zr atoms enter the Nd sublattice or Fe sublattice, further
investigation of the Zr occupancy is carried out by means of x-ray diffraction and neutron
diffraction. It is accepted that stabilizing elements such as Ti and Mo prefer to occupy the
three dumb-bell sites 4i1, 4i2 and 4g among the eleven nonequivalent crystallographic sites in
the Fe sublattice of Nd3(Fe, Ti)29-type compound [10, 33]. These preferential occupancies
may be determined by the site size effect (the volume of the site) and the thermodynamic
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Figure 2. Results of the Rietveld analysis of the XRD patterns of compounds ((a): x = 0.2;
Rp = 8.10%, Rwp = 10.9% and Rexp = 5.09%) and compounds ((b): x = 0.5; Rp = 9.2%,
Rwp = 11.9%, Rexp = 4.96%). The + signs represent the raw data. The solid line represents
the calculated profile. Vertical bars indicate the positions of Bragg peaks for the 2:17, 3:29 and
1:12 phases, respectively. The lowest curve is the difference between the observed and calculated
patterns.

effect (the atomic environment). The Fe atoms in the above-mentioned three sites have the
largest average lengths of bonds with their nearest neighbouring Fe/M atoms. M atoms (such
as Ti or Mo) generally have larger radius than Fe and they should enter those sites with the
largest average bond lengths according to the site size effect. Moreover, M atoms have different
affinities to rare earths and Fe. An estimate of these affinities can be obtained from the enthalpy
of a mixture of two transition metals. The enthalpy of mixing for R–M is generally positive;
however, that of Fe–M is usually negative. This means that Fe and M are more attractive, so the
thermodynamic effect demands that M should occupy the sites with the smallest amounts of
neighbouring rare earth atoms and the largest amounts of neighbouring Fe atoms [34]. The 4i1,
4i2 and 4g sites meet this demand as well. Zr is similar to Ti and Mo since it has a larger radius
than Fe and the enthalpy of mixing for Fe–Zr is negative (−118 kJ mol−1 [35]). Therefore, if
Zr enters an Fe sublattice, it should occupy the 4i1, 4i2 and 4g sites like Ti or Mo. Because Ti
and Fe make similar contributions to the XRD patterns, upon performing Rietveld refinement
of the XRD patterns, only Zr atoms are put on the 4i1, 4i2 and 4g sites and then the occupancies
are refined as free parameters. The results show that there are no Zr atoms located at these
dumb-bell sites.

Subsequently, the Rietveld refinements of XRD patterns are performed to study the Zr
occupation in the Nd sublattice since the neutron scattering lengths of Nd and Zr are very close
while the x-ray scattering contrast between them is relatively large. During the refinement, the
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Figure 3. Time-of-flight neutron powder diffraction patterns (collected on SEPD of IPNS and
refined by GSAS) of compounds ((a): x = 0.2; wRp = 3.59%, Rp = 2.82%) and compounds
((b): x = 0.6; wRp = 4.51%, Rp = 3.41%). The + signs represent the raw data. The solid line
represents the calculated profile. Vertical bars indicate the positions of Bragg peaks for the 3:29,
2:17 and 1:12 phases. The background was fitted as a part of the refinement but has been subtracted
prior to plotting. The lowest curve is the difference between the observed and calculated patterns.

Zr atoms are put on the R sites (2a and 4i) with the sum of the occupancies of Fe and Zr atoms
on each of the two sites equalling 1 according to the nominal chemical concentration, and then
the occupancies on these sites are set as free parameters; finally Ti atoms are put on the 4i1, 4i2
and 4g sites and the occupancies are fixed to the values obtained from the results from neutron
diffraction patterns. The refinement results are listed in table 1. The final stoichiometries
of the three 3:29-type compounds are Nd2.87Zr0.13Fe27.49Ti1.52, Nd2.79Zr0.21Fe27.43Ti1.53 and
Nd2.67Zr0.33Fe27.55Ti1.47, respectively. The Zr contents obtained, 0.13, 0.21 and 0.33 per
formula, are all larger than the nominal starting Zr contents. This suggests that Zr atoms
actually enter the Nd sublattice exclusively, similarly to in the cases for the compounds of
(Nd, Zr)2Fe17 [26], (Nd, Zr)(Fe, Mo)12 [28] and (Gd, Zr)(Fe, Mo)12 [29]. In conclusion, the
Zr content partially substitutes for Nd and enters the 2a and 4i crystallographic sites in the
structures of 3:29-type compounds; the maximum Zr content in the compound is about 0.33 per
formula; higher Zr content will result in the transformation of the monoclinic Nd3(Fe, Ti)29-
type phase into a rhombohedral Th2Zn17-type one.

The measured Curie temperature TC and saturation magnetization Ms at room temperature
are presented in table 1. It shows that both the Curie temperatures and the saturation
magnetizations decrease monotonically with increasing Zr content. It is known that both the
crystal structure of a compound and the intrinsic magnetic properties of its constituent elements
may affect the magnetic properties. In 3:29-type structure, the Fe(M)–Fe(M) bond length
usually varies from 2.3 to 3.0 Å and the Fe–Fe interactions respond to the Fe–Fe bond length
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Figure 4. The dependence of the cell parameters of (Nd, Zr)3Fe27.5Ti1.5 (0.1 � x � 0.3) on the
Zr content.

Table 1. The refinement results for XRD patterns and magnetic properties for the samples
(x = 0.1, 0.2 and 0.3).

TC Ms (RT)
x Formula unit Zr occupations (K) (emu g−1)

0.1 Nd2.87Zr0.13Fe27.48Ti1.52 2a 0.014 435 118.3
4i 0.019

0.2 Nd2.79Zr0.21Fe27.43Ti1.57 2a 0.022 431 115.7
4i 0.031

0.3 Nd2.67Zr0.33Fe27.53Ti1.47 2a 0.032 423 113.6
4i 0.051

very sensitively. Fe moments with bond lengths less than 2.45 Å are antiferromagnetically
coupled and the Fe–Fe interactions are negative, whereas the Fe moments with bonds length
larger than 2.45 Å are ferromagnetically coupled and the Fe–Fe interactions are positive. The
low Curie temperature TC is usually due to the effect of negative exchange interactions between
Fe atoms whose bond length is less than this critical value [36]. Rietveld analysis of the XRD
patterns indicates contraction of the lattice parameters and the unit cell volumes when Zr is
added to Nd3(Fe, Ti)29 compounds. This results in a decrease of the Fe–Fe bond lengths and it
may lead to a decline of the Curie temperatures. Moreover, Zr bears no magnetic moment and



The effect of Zr addition on properties of Fe–Nd–Ti–Zr 6013

behaves only as a dilution element in intermetallic compounds; when more Zr is substituted
for Nd, the Curie temperature as well as the saturation magnetization will decrease naturally.

4. Conclusion

The maximum Zr content in Nd3(Fe, Ti)29 compound is about 0.33 per formula and higher
Zr content will result in the transformation of the monoclinic Nd3(Fe, Ti)29-type phase into
the rhombohedral Th2Zn17-type one. Zr partially substitutes for Nd and enters the 2a and 4i
sites at the Nd sublattice exclusively. With increasing Zr content, the lattice parameters a, b,
c and the unit cell volumes V of (Nd, Zr)3(Fe, Ti)29 compounds decrease monotonically and
their intrinsic magnetic properties including Curie temperatures and saturation magnetizations
lessen as well.
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