
Analyses of the magnetic properties of  and other associated compounds

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1997 J. Phys.: Condens. Matter 9 1339

(http://iopscience.iop.org/0953-8984/9/6/017)

Download details:

IP Address: 171.66.16.207

The article was downloaded on 14/05/2010 at 08:04

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/9/6
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys.: Condens. Matter9 (1997) 1339–1346. Printed in the UK PII: S0953-8984(97)76602-5

Analyses of the magnetic properties of Y3Fe29−xTix and
other associated compounds

F M Yang†, Xiu-Feng Han†, F R deBoer‡ and H S Li§
† State Key Laboratory for Magnetism, Institute of Physics, Chinese Academy of Sciences,
PO Box 603, Beijing 100080, People’s Republic of China
‡ Van der Waals–Zeeman Laboratory, University of Amsterdam, Valckenierstraat 65, 1018 XE
Amsterdam, The Netherlands
§ School of Physics, The University of New South Wales, Sydney, NSW 2052, Australia

Received 24 July 1996, in final form 29 October 1996

Abstract. The novel compound Y3Fe29−xTix has been successfully synthesized. Its x-ray
pattern can be indexed with a monoclinic symmetry and the A2/m space group. Thermomagnetic
analysis gives a magnetic ordering temperature of 400 K. The saturation magnetization of
Y3Fe27.6Ti1.4 at 4.2 K and room temperature are 52.1µB FU−1 and 38.0µB FU−1 and the
anisotropy fields at 4.2 K and room temperature are 5.2 T and 1.7 T, respectively. A systematic
analysis of the magnetic properties of novel compounds R3Fe29−xTix (R = Y, Ce, Pr, Nd, Sm,
Gd, or Tb) at 4.2 K has been performed on the basis of their saturation magnetization. This
suggests that the saturation magnetization of R3Fe29−xTix compounds with a low stabilizing
element concentration can be calculated roughly from a combination of those of the rhombohedral
or hexagonal R2Fe17 and tetragonal RFe12−xTix units in a ratio of 1:1.

1. Introduction

The novel ternary phase of the rare earth and iron intermetallic compounds (R–Fe) stabilized
by a third element (T) has been discovered by Collocottet al [1], Ivanova et al [2],
Scherbakovaet al [3], Fuerstet al [4] and Cadoganet al [5]. The crystal structure and
the precise stoichiometry of this new phase has been suggested to be a Nd3(Fe, Ti)29-type
structure by Liet al [6] using x-ray powder diffraction (XRD). The Nd3(Fe, Ti)29-type
structure is monoclinic with theP 21/c space group [6]. Hu and Yelon [7] refined the
Nd3(Fe, Ti)29 structure by neutron powder diffraction and obtained the same results as
suggested by Liet al. The subsequent work of Kalogirouet al [8] suggested that the
Nd3(Fe, Ti)29-type structure can be described more accurately in the A2/m space group.

This new family of intermetallic compounds R3(Fe, T)29 (T is the stabilizing element)
have attracted special attention, because the introduction of the interstitial atoms N and C led
to remarkable improvements in their magnetic properties [3, 9–12]. As an example, the new
interstitial nitride Sm3(Fe, Ti)29Ny compound exhibits strong uniaxial anisotropy and high
saturation magnetization, which is close to those of Sm2Fe17N3−δ and Nd(Fe1−xTix)12N1−δ

and may become a potential candidate for permanent magnet application. Up to now the
magnetic properties of several R3(Fe, Ti)29 compounds have been investigated while there
is still lacking a complete analysis of the magnetic properties in this system. Therefore, it
is highly desirable to carry out a systematic study on the phase formation and the intrinsic
magnetic properties of the novel compounds R3(Fe, Ti)29.

0953-8984/97/061339+08$19.50c© 1997 IOP Publishing Ltd 1339



1340 F M Yang et al

In order to understand the properties of other novel compounds R3(Fe, Ti)29 (R = rare
earth) a systematic investigation of the intrinsic magnetic properties of Y3(Fe, Ti)29 is
important, which makes it possible to isolate the magnetic properties of the 3d sublattice
for these compounds. Although the Y3(Fe, Ti)29 compound with a starting composition of
Y9Fe86Ti5 was obtained by Liet al [13], amount of the impurity 1:12 phase is about 20%;
the exact saturation magnetization and anisotropy fields at 4.2 K and room temperature were
not given. In this work, the novel compound Y3Fe29−xTix with good single-phase charactor
was synthesized. From the magnetic properties of Y3Fe29−xTix a systematic investigation
of the structural and magnetic properties of the novel compounds R3Fe29−xTix (R = Y, Ce,
Pr, Nd, Sm, Gd or Tb) has been performed.

2. Sample preparation and experimental methods

Samples with the composition Y3Fe29−xTix were prepared by arc melting the constituent
elements with a purity of at least 99.9% in an argon atmosphere. In order to compensate
the loss of the Y during melting and annealing, a 5–10% excess of Y relative to the ideal
Y3Fe29−xTix composition was added. The ingots were melted in the water-cooled copper
hearth and remelted at least four times to ensure homogeneity. The ingots were subsequently
annealed in a sealed quartz tube under a protective argon atmosphere at 1233 K for 3 d in
order to maximize the amount of Y3Fe29−xTix phase. At the end of the anneal, the ingots
were water quenched to avoid slow cooling.

XRD with Cu Kα radiation was used to identify the phase of the alloys and to
calculate the lattice parameters. A thermomagnetic analysis (TMA) using a vibrating-sample
magnetometer (VSM) in the temperature range from 4.2 K to above the Curie temperature
in a low field of about 0.04 T was used to judge the single-phase characteristics and to
determine the Curie temperatureTC . XRD of the magnetically aligned powder samples was
also used to determine the easy-magnetization direction of the compound.

3. Results and discussion

The composition of the Y3Fe27.6Ti1.4 compound is deduced from an energy spectrum analysis
in the scanning electron microscope based on the stoichiometric composition. Figure 1
shows the XRD pattern of the Y3Fe27.6Ti1.4 compound. This pattern was indexed in the
monoclinic Nd3(Fe, Ti)29-type structure with the A2/m space group and is as shown in
figure 1. The lattice parameters of Y3Fe27.6Ti1.4 were deduced from this pattern as given in
table 1, together with the lattice parameters of other R3Fe29−xTix (R = Ce, Pr, Nd, Sm, Gd
or Tb) compounds.

Figure 2 shows the magnetization as a function of temperature for an isotropic
polycrystalline sample of Y3Fe27.6Ti1.4, measured with a VSM in the temperature range
from 4.2 K to above the Curie temperature in a low field of 0.046 T. It can be seen that
the dominant phase is 3:29 except for a small amount of Y(Fe, Ti)12 andα-Fe as impurity
phases which were confirmed by the TMA in addition to the XRD. The Curie temperature
TC of Y3Fe27.6Ti1.4 was derived by plottingM2 versusT curves and extrapolatingM to
zero.

To examine the amount of impurity phases in the sample the magnetization as a function
of temperature was measured in a field of 1.2 T on loose powder samples of Y3Fe27.6Ti1.4,
which were free to orient in the applied magnetic field in a magnetic balance in the
temperature range from 77 to 1200 K as shown in figure 3. It can be seen that the main
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Figure 1. XRD patterns with Cu Kα radiation for Y3Fe27.6Ti1.4.

Table 1. The lattice parametersa, b, c andβ, the unit-cell volumeV = abc sinβ derived from
the analysis of x-ray data with the monoclinic symmetry and the x-ray densityρ derived from
the lattice constants for R3Fe29−xTix (R = Y, Ce, Pr, Nd, Sm, Gd or Tb) compounds.

R3Fe29−xTix a (Å) b (Å) c (Å) β (deg) V (Å3) ρ (g cm−3) Reference

Y3Fe27.6Ti1.4 10.56 8.50 9.68 96.76 862.5 7.22 This work
Y3Fe29−xTix 10.61 8.52 9.69 97.15 869.4 [13]
Ce3Fe27.4Ti1.6 10.56 8.49 9.68 96.7 862. 7.81 [4]
Pr3Fe27.6Ti1.4 10.63 8.59 9.74 96.89 882.9 7.64 [18]
Pr3Fe27.5Ti1.5 10.64 8.63 9.76 97.1 890 7.58 [4]
Nd3Fe27.8Ti1.2 10.62 8.58 9.73 96.91 880.1 7.71 [18]
Nd3Fe27.7Ti1.3 10.64 8.59 9.76 96.92 884.9 7.66 [14]
Nd3Fe27.6Ti1.4 10.66 8.57 9.75 96.85 884.5 7.66 This work
Nd3Fe27.4Ti1.6 10.65 8.59 9.75 96.9 885.5 7.65 [4]
Sm3Fe27.8Ti1.2 10.63 8.57 9.72 97.0 878.9 7.79 [4]
Sm3Fe27.1Ti1.9 10.65 8.58 9.72 97.0 881.6 7.74 [9]
Sm3Fe27.0Ti2.0 10.62 8.56 9.72 96.97 877.1 7.78 [18]
Gd3Fe28.4Ti0.6 10.62 8.51 9.70 97.04 870.0 7.96 [15]
Tb3Fe27.8Ti1.2 10.58 8.51 9.67 97.02 864.9 8.01 [16]

contribution of impurity phases to the saturation magnetization at high temperatures is from
α-Fe, and the impurity Y(Fe, Ti)12 phase in the sample can be neglected. It is well known
that the saturation magnetization values of pure iron (BCC Fe) at 4.2 K and room temperature
are 221.7 A m2 kg−1 and 217.2 A m2 kg−1, respectively, and the values of saturation
magnetization of pure iron can be roughly thought to be constant in the temperature range
from 4.2 K to room temperature. So it can be approximately considered that the saturation
magnetization contributed by theα-Fe impurity phase at 4.2 K and room temperature have
the same value, 20 A m2 kg−1, derived fromM versusT plots by extrapolatingT from a
high temperature (500–700 K) to 4.2 K in figure 3. The additional increase in saturation
magnetization of the impurityα-Fe phases in the sample in the temperature range from 800
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Figure 2. Thermomagnetic curves for the isotropic polycrystalline Y3Fe27.6Ti1.4 samples in a
low field of about 0.046 T.

Figure 3. Thermomagnetic curves for the free powder samples of Y3Fe27.6Ti1.4 in a field of
1.2 T.

to 1000 K probably resulted from decomposition of the small amount of sub-steady-state
phase Y3Fe29−xTix and separating out someα-Fe from the powder samples. The amount
of α-Fe impurity phases in the sample was derived to be about 9 wt%, deduced from
(20 A m2 kg−1)/(221.7 A m2 kg−1).

In order to prepare magnetically aligned samples the finely powdered particles were
mixed with epoxy resin and placed in a plastic tube of cylindrical shape. For a non-
spinning sample the plastic tube was placed in an applied magnetic field of about 1.2 T
with the cylindrical axis parallel to the field direction and for a spinning sample the plastic
tube was connected to a motor that drives the tube to spin in an applied magnetic field of
about 1.2 T with the cylindrical axis perpendicular to the field direction until the epoxy
resin solidified. The former is suitable for a material with uniaxial anisotropy whereas
the latter is suitable for a material with planar anisotropy. Figure 4 shows the magnetic
isotherms of the magnetically aligned samples of Y3Fe27.6Ti1.4 at 4.2 K measured with a
VSM in an external field up to 7 T applied parallel and perpendicular to the alignment
direction, i.e. the easy axis of the sample. The anisotropy fieldBa at 4.2 K was determined



Magnetic properties of Y3Fe29−xTix 1343

Figure 4. Isotherms at 4.2 K for Y3Fe27.6Ti1.4 with the external field applied either parallel or
perpendicular to the alignment direction of the cylinder samples.

Figure 5. Isotherms and SPD signals at room temperature for Y3Fe27.6Ti1.4 with the external
field applied either parallel or perpendicular to the alignment direction of the cylinder samples.

from the intersection of the two magnetization curves measured with the magnetic field
applied parallel and perpendicular, respectively, to the alignment direction of the cylindrical
samples.

Figure 5 illustrates the magnetic isotherms of the magnetically aligned samples of
Y3Fe27.6Ti1.4 at room temperature measured in a pulsed magnetic field (PMF) together
with the singular point detection (SPD) signal plots (dM2/ dt2 versusB) measured by the
SPD technique [17]. Singularity in the SPD signal corresponds to the anisotropy fieldBa.

The saturation magnetization of Y3Fe27.6Ti1.4 at 4.2 K and at room temperature were
derived from theM versus 1/B plots by extrapolating 1/B to zero based on the high-field
data of magnetization curves measured at 4.2 K and at room temperature in the external
field applied parallel to the alignment direction of the cylinder samples. After deducing the
contribution of theα-Fe impurity phase the saturation magnetization of Y3Fe27.6Ti1.4 was
derived to be 155.2 A m2 kg−1 (52.1µB FU−1) at 4.2 K, which corresponds to an average
iron magnetic moment of 1.89µB/Fe atom and 113.2 A m2 kg−1 (38.0µB FU−1) at room
temperature.



1344 F M Yang et al

The intrinsic magnetic property parameters including the Curie temperatureTC , the
saturation magnetizationMS and the anisotropy fieldBa at 4.2 K and room temperature of
Y3Fe27.6Ti1.4 and R3Fe29−xTix (R = Ce, Pr, Nd, Sm, Gd or Tb) are given in table 2. It can
be seen that the Curie temperature of R3Fe29−xTix increases with increasing atomic number
of the rare earth from R= Ce to Gd and decreases from R= Gd to Tb. Gd3Fe28.4Ti0.6 has
the highest Curie temperature of 517 K. From table 2 it can also be seen that the saturation
magnetization of R3Fe29−xTix at 4.2 K decreases gradually with increasing atomic number
of the rare earth from R= Pr to Gd; Ce3Fe27.4Ti1.6 is an exception.

Table 2. Curie temperatureTC , the saturation magnetizationMS and the anisotropy fieldBa

at 4.2 K and room temperature (RT) of R3Fe29−xTix (R = Y, Ce, Pr, Nd, Sm, Gd or Tb)
compounds.

TC MS (4.2 K) MS (RT) Ba (4.2 K) Ba (RT)
R3Fe29−xTix (K) (µB FU−1) (µB FU−1) (T) (T) Reference

Y3Fe27.6Ti1.4 400 52.1 38.0 5.2 1.7 This work
Y3Fe29−xTix 386 [13]
Ce3Fe27.4Ti1.6 322 47.0 31.4 — — [4]
Pr3Fe27.6Ti1.4 373 56.4a 46.2 6.3a 4.0 [18]
Pr3Fe27.5Ti1.5 393 60.7 45.4 — — [4]
Nd3Fe27.8Ti1.2 396 58.2a 47.6 9.8a 7.7 [18]
Nd3Fe27.7Ti1.3 411 57.3 48.6 — — [14]
Nd3Fe27.6Ti1.4 428 57.8 — — — This work
Nd3Fe27.5Ti1.5 424 58.9 44.5 — — [19]
Nd3Fe27.4Ti1.6 419 58.5 44.8 — — [4]
Sm3Fe27.8Ti1.2 469 51.6 45.2 — — [4]
Sm3Fe27.1Ti1.9 486 51.5 43.8 — 3.4 [9]
Sm3Fe27.0Ti2.0 452 50.8a 43.6 7.8a 5.8 [18]
Gd3Fe28.4Ti0.6 517 38.1 31.8 9.8 — [15]
Tb3Fe27.8Ti1.2 455 — — — 6.4 [16]

a These values were measured at 12 K.

4. Analyses of the calculation

The 3:29-type compounds with monoclinic symmetry and A2/m space group have an
intermediate structure between the rhombohedral Th2Zn17 (2:17R) and the tetragonal
ThMn12 (1:12) structures and consist of a combination of the 2:17R and 1:12 units in
a ratio of 1:1. The 2:17, 3:29 and 1:12 structures can all be derived from the CaCu5-type
structure by different dumbbell substitutions [6, 20]. This indicates an intrinsic connection
in the crystallographic properties among these compounds.

In order to examine the intrinsic relationship in the magnetic properties between the
2:17, 3:29 and 1:12-type compounds, a systematic analysis of the saturation magnetization
of the three kinds of compound and their mutual relationship was carried out. On the
assumption that R3Fe29−xTix consists of R2Fe17−xTix and RFe12 or R2Fe17 and RFe12−xTix ,
the corresponding calculated saturation magnetizations at 4.2 K are expressed asMcal

S (1)

andMcal
S (2), respectively. These are the two extreme conditions and the actual saturation

magnetizationMS of the 3:29-type compound should be in betweenMcal
S (1) andMcal

S (2). In
addition it is also supposed that the total magnetic moment of the Fe sublattice in R2Fe17 is
parallel to that in RFe12, and the magnetic moment of the rare-earth sublattice in both R2Fe17

and RFe12 is parallel to that of the Fe sublattice for R= light rare earth or perpendicular
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for R = heavy rare earth. The magnetic moments (MR) of the rare-earth ions were taken
from [21, 22]. With the average iron magnetic momentMFe taken to be 2.01µB/Fe atom
in Y2Fe17 [23] and 1.687µB/Fe atom in YFe11Ti [24] the saturation magnetizations of the
R3Fe29−xTix compounds were calculated and the results obtained are listed in table 3. The
experimental valuesMexp

S for R3Fe29−xTix are listed in table 3 for comparison. It can
been seen that the calculated valuesMcal

S for the R3Fe29−xTix (R = Y, Pr, Nd, Sm or Gd)
compounds with a low stabilizing element concentration are approximately in agreement
with the experimental resultsMexp

S .

Table 3. The calculated saturation magnetization valuesMcal
S (1), Mcal

S (2) (in the two extreme
cases) andMcal

S (3). In the calculation the average iron magnetic momentMFe of 1.89µB/Fe
atom was taken from Y3Fe27.6Ti1.4 for R3Fe29−xTix (R = Y, Ce, Pr, Nd, Sm, Gd or
Tb) compounds at 4.2 K. The experimental values of the saturation magnetizationM

exp

S of
R3Fe29−xTix and the average iron magnetic momentM

exp

Fe of the R3Fe29−xTix which are taken
from the saturation magnetizationMexp

S . The experimental dataMexp

S in [18] were measured at
12 K.

Mcal
S (1) Mcal

S (2) Mcal
S (3) M

exp

S M
exp

Fe

MR (µB FU−1), (µB FU−1), (µB FU−1), (µB FU−1), (µB/Fe atom),
R3Fe29−xTix (µB/R atom) R2Fe17−xTix +RFe12 R2Fe17+RFe12−xTix R3Fe29−xTix R3Fe29−xTix R3Fe29−xTix

Y3Fe27.5Ti1.5 0 51.6 52.1 52.1 1.89
Ce3Fe27.4Ti1.6 47.0 [4]
Pr3Fe27.6Ti1.4 2.3 58.4 58.9 59.0 56.4 [18] 1.80
Pr3Fe27.5Ti1.5 2.3 58.3 58.8 58.9 60.7 [4] 1.96
Nd3Fe27.8Ti1.2 2.4 59.2 59.6 59.7 58.2 [18] 1.83
Nd3Fe27.7Ti1.3 2.4 59.0 59.4 59.5 57.3 [14] 1.81
Nd3Fe27.6Ti1.4 2.4 58.8 59.2 59.4 57.8 1.83
Nd3Fe27.5Ti1.5 2.4 58.6 59.1 59.2 58.9 [19] 1.88
Nd3Fe27.4Ti1.6 2.4 58.4 58.9 59.0 58.5 [4] 1.87
Sm3Fe27.8Ti1.2 0.4 53.2 53.6 53.7 51.6 [4] 1.81
Sm3Fe27.1Ti1.9 0.4 51.8 52.4 52.4 51.5 [9] 1.86
Sm3Fe27.0Ti2.0 0.4 51.6 52.2 52.2 50.8 [18] 1.84
Gd3Fe28.4Ti0.6 7.0 32.2 32.4 32.7 38.1 [15] 2.08
Tb3Fe27.8Ti1.2 9.0 25.0 25.4 25.5 — —

The saturation magnetization values of the R3Fe29−xTix compounds can also be
calculated from the magnetic moment of the constituted elements. Using the formulae
Mcal

S (3) = (29−x)MFe+3MR for R = light rare earth andMcal
S (3) = (29−x)MFe−3MR for

R = heavy rare earth, whereMFe = 1.89µB/Fe atom which was taken from Y3Fe27.6Ti1.4,
the calculated valuesMcal

S (3) of R3Fe29−xTix at 4.2 K are obtained and listed in table 3.
These calculated valuesMcal

S (3) also approach the experimental results.
In table 3, the calculated valueMcal

S for Ce3Fe27.4Ti1.6 was not given because the Ce
ion is valence fluctuated and the magnetic moment of the Ce ion is difficult to determine
precisely.

The average iron atomic magnetic moments of R3Fe29−xTix (R = Y, Pr, Nd, Sm, Gd
or Tb) compounds were derived fromMFe = (M

exp

S − 3MR)/(29− x) for R = light rare
earth andMFe = (M

exp

S + 3MR)/(29− x) for R = heavy rare earth, as listed in table 3.
It is shown that the average iron atomic magnetic moments of the R3Fe29−xTix compounds
with a low stabilizing element concentration are close to that of Y2Fe17.

In conclusion the calculated saturation magnetizationsMcal
S (1), Mcal

S (2) and Mcal
S (3)

for R3Fe29−xTix (R = Y, Pr, Nd, Sm or Gd) compounds at 4.2 K are consistent with the
experimental resultsMexp

S . This suggests that the saturation magnetizations of R3Fe29−xTix



1346 F M Yang et al

compounds with a smaller stabilizing element concentration at 4.2 K can be roughly
calculated from a combination of the saturation magnetization of the 2:17 and 1:12 units in
a ratio of 1:1.
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