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MAGNETIC PROPERTIES
OF 4f-3d  INTERMETALLICS STUDIED

BY 161 Dy AND 57Fe MOSSBAUER EFFECT
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Applications of the Mössbauer effect at the 161 Dy and "Fe nuclei to
study heavy rare earth - transition metal compounds are presented. Mag-
netic hyperfine fields at dysprosium and iron nuclei observed in the
Dyu (M-M)v intermetallics (u/v = 2/17, 6/23, 1/3, and 1/2; M-M = Mn-Fe,
Fe-Co, and Co-Ni), magnetic moments and magnetic ordering temperatures
are discussed. The magnetic hyperfine field at iron nuclei and the field at
dysprosium nuclei treated as functions of a number of 3d electrons form
two different systems of the Slater-Pauling curves. The magnetic order-
ing temperatures treated as functions of the number of 3d electrons also
form the u/v system of curves. Considermg the magnetic data and the mag-
netic hyperfine fields it can be concluded that intermetallics can be treated
as three-subsystem ferrimagnets. Consequently, a coexistence between the
4f, 5d, and 3d magnetism in the rare earth - transition metal compounds
can be qualitatively explained.

PACS numbers: 76.80.+y, 75.50.Gg, 71.20.Lp

1. Introduction

The heavy rare earth - transition metal (R-M) intermetallics and the deriva-
tive R-M compounds with added boron, or carbon, hydrogen, nitrogen, silicon, are •
widely studied because of scientific and practical importance. The numerous mag-
netic properties and the hyperfine interactions of the R-M ferrimagnets were pre-
viously described in literature [1-4]. Actually, an influence of the R-sublattice on
the magnetic properties and the hyperfine interactions in the R-M intermetallics
is relatively well known. On the other hand, an influence of the M-sublattice on
the mentioned properties is known only partially [1-7]. The ferrimagnetism of
these compounds is related to the coexistence of 4f -3d magnetism, which is me-
diated mainly by the band-type 5d electrons [5, 8, 9]. Nevertheless, the electronic
band structure of these intermetallics and in particular of their transition metal
sublattice is complex and poorly understood yet.
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The Mössbauer effect is an especially suitable nuclear method to study sep-
arately the R- or M-sublattice of the intermetallics [8, 9]. Often, for this purpose
the Mössbauer effect ate the 161 Dy and 57 Fe nuclei is used to test the rare earth •
and the transition metal sublattice, respectively [8-12].

Both the magnetic and the Mössbauer effect studies were performed previ-
ously for a number of the Ru Mv series [1-12]. In order to find the influence of the
number of 3d electrons on the R and M magnetism, the pseudobinary R u (M—M) v
compounds . were studied, where M—M = Mn—Fe, Fe—Co, Co—Ni, etc. [8-12]. The
purpose of the paper is to present some literature data related to the 4f —3d mag-
netism of the Ru (M—M) v  intermetallics.

2. The Mössbauer effect

The Mössbauer effect (theory and experiment) is described in detail in a num-
ber of papers, for instance [13-18]. Especially widely described is the Mössbauer
effect at the 57Fe nuclei. Since the Mössbauer effect at the 161 Dy nuclei is less
popular in the experimental practice it will be helpful to describe it shortly.

Absorbers in the form of discs of area 10 cm 2 containing about 8 mg/cm 2 ,
of 161 Dy were prepared from the fine powder of the intermetallic and epoxy com-
pounds [19].

The starting material for the Mössbauer source was about 30 mg of fluo-
ride 160Gdo 5 163Dy0..5 F3 in which the isotopes of Gd and Dy were 90% enriched. •
The -y-source was 161Tb obtained by a seven-day neutron irradiation (flux
2 x 10 14 n/(cm2 s)) of the starting fluoride [20]. The Mössbauer spectroscopy
was performed on the 161 Dy nucleus whose nuclear transition from the 5/2 — ex-
cited level to the 5/2+ ground state emits a 25.65 keV 7-ray. During experiments
the absorber was stationary and the source, at ambient temperature, was driven
by a high velocity spectrometer (velocities up to 30 cm/s). The 7-quanta were de-
tected by the krypton proportional counter. The counting gate was set over both
25.65 keV peak and the escape peak around 12 keV.

In the magnetically ordered solids the 161 Dy nuclei are under influence of
the combined action of the magnetic and quadrupole hyperfine interactions. As
a result, the sixfold degeneracy of both the excited and ground states is lifted
and according to the electromagnetic selection rules the 16 electromagnetic tran-
sitions between the sublevels and then the 16 lines of the Mössbauer spectrum
occur [14, 18]. The typical 161 Dy Mössbauer pattern can be found, for instance, in.
Refs. [21, 22]. The hyperfine interaction parameters, including the magnetic hyper-
fine field, were obtained from a numerical analysis of the pattern [14, 17, 18, 22].

3. R-sublattice and magnetism

Figure 1 (line 1) shows the exemplary linear dependence of the magnetic
ordering temperature To on the de Genres factor G for the RFe 2 system [23]. This
dependence is satisfactorily described by Taylor's formula [1]

To=TR+TM, (3.1)
where TR, TM is the contribution corresponding to the R-, M-sublattice, respec-
tively. Moreover, TR = BG, where B is a suitable constant and G = (g-1) 2 J(J+1)
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Fig. 1. The magnetic ordering temperature To as a function of the de Gennes factor G
(line 1), the magnetic moment mF e calculated per iron atom (line 2; 4.2 K), the magnetic
hyperfine field µo Hhf at 57 Fe nuclei (line 3; 4.2 K), the excess µoAHhf of the magnetic
hyperfine field at R nuclei (line 4; 4.2 K) for the RFe2 compounds observed as functions
of the number n 4 f . The lines are least-squares fits.

is the factor related to the series of heavy rare earths: Gd (G = 15.8), Tb (10.5),
Dy (7.1), Ho (4.5), Er (2.6), Tm (1.2), and Lu (0) [1]. This formula describes well
the linear dependence To(G) for all known Ru Mv intermetallics (u/v = 2/17, 1/3,
and 1/2) [23].

For the RFe2 system TM = 549.9 K and B = 14.3 K are fitted param-
eters. The TM contribution is close to the magnetic ordering temperature of the
LuFe2 compound for which the R-sublattice is nonmagnetic [1, 2]. Additionally the
TR (G) contribution observed across the heavy lanthanide series for RFe2 is close to
the magnetic ordering temperature for RAl 2 (nonmagnetic M-sublattice) observed
across the lanthanide series [1, 2]. Analogous linear dependences corresponding, in
general, to the Ru Mv systems, M = Fe, Co, and Ni, were also observed [1, 2, 23]. For
all the Ru M v  systems a double inequality TM (Ru Fev) < TM(Ru Cov ) > TM(Ru Niv)
is valid. •

For the RFe2 series of compounds Fig. 1 presents successively the magnetic
moment mFe of iron atom (line 2), the magnetic hyperfine field µoHhf at iron





μoHhf(n3d) = poHhf(n3d = 6.3) — hi 16.3 — n3d|, 	 (4.1)
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Fig. 2. The magnetic ordering temperature To as a function of the number  n3d of 3d
electrons. The system of curves observed for: 3d metals (curve 1) and for the Dy u (M—M)

vcompounds (u/v = 2/17 (2) [30], 1/3 (3) [31], and 1/2 (4) [32, 33]). The curves are added
to follow the experimental points.
Fig. 3. The 161 Dy magnetic hyperfine field (1) and the 57 Fe magnetic hyperfine field (2)
observed in the Dy(M—M)2 compounds (M—M = Mn—Fe, Fe—Co, and Co—Ni) as functions
of the number n3d of 3d electrons.

sublattice and especially to the 5d-band electrons. The changes of the field related
to the changes of the 5d band are enforced by the change of the number n3d of 3d
electrons [8, 9].

Considering (3.5, 3.6), formula (4.1) can be adjusted to describe approxi-
mately the linear regions of the 161 Dy Slater-Pauling dependence [8], namely

where hi are suitable constants [8]. It should be noted that the maximum of the
161 Dy Slater-Pauling curve is shifted to the left by about 0.4 electrons as compared
to the maximum of the 57Fe curve. The existing shift suggests additionally an
individuality of the 161 Dy Slater-Pauling curve.

Since there is no full analogy between the 57Fe and the 161 Dy Slater-Pauling
curves (they have different shapes, different slope rates,. different asymmetries,
different heights and, in particular, the maxima are shifted) a rather complex
band-type mechanism to form the 161 Dy dependence is expected to exist [8].



Magnetic Properties of 4f-3d Intermetallics ...	 119

Fig. 4. The system of the 57 Fe Slater—Pauling curves observed for the Fe—Co alloys (1)
(300 K) [35] and the Dy, (M—M)v compounds (M—M = Mn—Fe and Fe—Co) (4.2 K),
u/v = 2/17 (2), 1/3 (3) and 1/2 (4) [8, 9]. The lines (excluding the data of the maximum)
are least-squares fits.
Fig. 5. The system of the 161 Dy Slater-Pauling curves observed for the Dy u (M—M) v
compounds (4.2 K), u/v = 1/3 (1), 2/17 (2), and 1/2 (3). The value for Dy metal is .

added. The lines are least-squares fits.

The system Hhf(u/v, 71 3d) of the 57Fe Slater-Pauling curves for the Fer_ x Cox •
alloys and the Dyu (Fei-x Cox)v ; u/v = 2/17, 1/3, and 1/2, and Dy (Mn-Fe)2
compounds is presented in Fig. 4. In principle, the shapes of the Slater-Pauling
curves are quite similar. The curves corresponding to the Dy u (Fe1-xCo)x series
are shifted down as compared to the dependence of the Fel_ x Cox alloys, which is
described in detail elsewhere [35]. The value of the shift can be expressed by the .
following formula [9]: 	 .

In general, • δHhf is a function of u/v and 713d. For a given 713d the value of the
reduction δHhf increases strongly, roughly linearly with u/v. On the other hand,
following Fig. 4 it can be shown (not presented in the figure) that for a given
u/v, δHhf (n3d) increases weakly versus n3d (excluding the peak area). Neverthe-
less, it should be emphasized that there is no noticeable relation between the weak
6Hhf(n3d) dependence and the Hhf(n3d) dependence which strongly changes by
the Slater-Pauling manner. Considering this fact, it seems that the mechanism of
the δHhf shift-down is not directly originated by the 3d magnetisation.
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Analogously, the system of the 161 Dy Slater—Pauling curves corresponding •
to the existing Dyu(Mnl_x Fex ) v, Dyu(Fei_xCo)vseries; u/v = 2/17 (1), 1/3 (2),
and 1/2 (3) is presented in Fig. 4 [8, 36]. In this case, however, there is no consider-
able shift observed among curves. Data of all these curves are displaced relatively
close to each other. This experimental result also should be related to the complex
ferrimagnetism of intermetallics.

5. Summary

At first sight, the above presented experimental facts related to the ferrimag-
netism of the R—M intermetallics seem to be mutually inconsistent. Additionally,
there is no sound theory to describe these band-type ferrimagnets [1-5]. Neverthe-
less, taking into account the above discussed data, it seems that for a qualitative
discussion the intermetallic ferrimagnets can be treated as being composed of three
magnetic subsystems [13, 23]:

with the ferromagnetic 4f-5d exchange coupling (TT) between the 4f-subsystem
of the well-localized 4f electrons and the 5d-subsystem of the band electrons, and
subsequently, with the antiferromagnetic 5d-3d exchange coupling (T1) between
the 5d-band subsystem and the 3d-band subsystem.

The 4f-subsystem creates the H41, Hsp and HtR contributions to the mag-
netic hyperfine field at the 161 Dy nuclei. Subsequently, the 5d-subsystem forms the
field HtM (formula (3.5)), i.e. the main contribution to the excess [12, 21, 25]. It
seems that this field is created by magnetization of the 5d-subsystem. Nevertheless,
this magnetization is induced by the magnetization of the 3d-subsystem through-
out the 5d-3d exchange interactions [8, 9]. Thus, the induced magnetization of
the 5d-subsystem . changes with n3d and as a result the 161 Dy Slater—Pauling curve
is observed.

Assuming that the 5d-magnetization in the DyFe v system treated as a
function of the u/v parameter is at the same level, the almost constant excess
ΔHhf(u/v) can be understood (Fig. 1, line 4) [8, 9]. For the Dy u Feu system, the
number n3d = 6. This situation is presumably repeated for any n 3d, and as a result
the 161 Dy Slater—Pauling curves, for different u/v (Fig. 5), are situated in a close

•proximity [8].
Both the electronic structure and the ferrimagnetism of the R—M inter-

metallics are complex. It can be seen from the presented data that intermetallics
can be treated approximately as being composed of three magnetic subsystems.
The electronic structure, the magnetic properties, and the hyperfine interactions,
mutually related, depend mainly on the number n3d of 3d electrons which are
present in the 3d-magnetic subsystem. The model considering three magnetic sub-
systems seems to be a good base to discuss qualitatively a number of the fer-
rimagnetic .properties of the R—M intermetallics. The band-type properties can
be qualitatively understood considering the Stoner-type rigid band model [36-38].
Nevertheless, a more exhaustive discussion of these properties would be possible af-
ter sound theoretical and numerical studies of the 5d-band and 3d-band electronic
structures for the R—M compounds.
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