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Abstract

161Dy Mössbauer effect studies were performed for the Dy[(Fe0.7Co0.3)1−xAl x]2 and Dy[(Fe0.4Co0.6)1−xAl x]2 series (4.2 K) and the hyperfine
interaction parameters were determined from the experimental Mössbauer spectra. It was found that, as a result of the (Fe0.7 Co0.3 )/Al (first
series) or (Fe0.4Co0.6)/Al (second series) substitution, the161Dy magnetic hyperfine fields decrease nonlinearly with the Al-content and form
new branches of the161Dy Slater–Pauling dependence previously determined for the Dy(M–M)2 series (M–M= Mn–Fe, Fe–Co, Co–Ni).
Additionally, using the57Fe Mössbauer effect the magnetic ordering temperatures were obtained. The influence of Al-substitution, i.e., the
reduction of the number of 3d-electrons, on the 3d-band and the 5d-band structure is qualitatively discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Heavy rare earth (R)-transition metal (M) compounds
have been widely studied because of scientific and practical
reasons[1–6]. The ferrimagnetism of these intermetallics is
mainly driven by the 3d electrons[5].

The significance of the 3d-electrons was previously
experimentally studied using the57Fe Mössbauer effect
performed for the Dy(M–M)2 (M–M = Mn–Fe, Fe–Co)
intermetallic series[5,6]. The magnetic hyperfine field
µ0Hhf (µ0 is the magnetic permeability) observed at57Fe
nuclei treated as a function of the average numbern of
3d-electrons behaves according to the57Fe Slater–Pauling
curve[5,6]. The maximum value of the field appears for the
Dy(Fe0.7Co0.3)2 compound (n= 6.3). At this Co-content
the filling up of the majority 3d-subband by 3d-electrons
is terminated, whereas the minority 3d-subband is filled
up only partially. Further Fe/Co substitution continues the
filling-up of the minority subband and, for instance, for the
compound Dy(Fe0.4Co0.6)2 this filling-up has progressed.

In order to test the 3d-electron significance, as a next
step, the Al-substituted series Dy[(Fe0.7Co0.3)1−xAlx]2 and
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Dy[(Fe0.4Co0.6)1−xAlx]2 were studied using the57Fe Möss-
bauer effect. It was found that the magnetic hyperfine fields
µ0Hhf(n) create new branches which bifurcate from the
above mentioned57Fe Slater–Pauling curve[7,8].

In the present paper the substitution of Al into the
M-sublattice in the Dy[(Fe0.7Co0.3)1−xAlx]2 and Dy[(Fe0.4-
Co0.6)1−xAlx]2 series was used to study the influence of the
3d-electrons on the magnetism of these R–M compounds
and especially on the magnetism of their R-sublattice. For
this purpose161Dy Mössbauer effect studies (4.2 K) were
performed for both the series of intermetallics.

2. Intermetallics

The synthesis, X-ray studies and crystal structures
of the intermetallic series Dy[(Fe0.7Co0.3)1−xAlx]2 and
Dy[(Fe0.4Co0.6)1−xAlx]2 are described in Refs.[7,8]. It
is worth to mention some crystallographic data. Namely,
for the compounds with low Al-content, the cubic,Fd3m,
MgCu2-type (C15) Laves phases are observed. Further
Al-substitution introduces crystallographic transitions, and
for the intermediate Al-contents almost single phase com-
pounds with the hexagonalP63/mmc, MgZn2-type (C14)
phase appear for both series. For the Al-rich side the
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compounds adopt again the crystallographic structure of the
MgCu2-type[7,8]. Both Laves phases, cubic and hexagonal,
bear similarities and are described in detail elsewhere[9,10].

In the MgCu2-type structure the unit cell contains 24
atoms, i.e., eight formula units of RM2. The cubic phase
has two non-equivalent crystallographic positions. The 8a
sites are occupied by R-atoms (Mg-sites), whereas the
M-atoms occupy the 16d positions (Cu-sites). Each rare
earth ion (R) has 12 transition metal atoms (M) in the
nearest neighbour shell (radiusa

√
11/8, a is the lattice

constant) and four slightly more distant rare earth ions
(R). The transition metal atoms occupy the 16d positions
(Cu-sites). The transition metal atom is surrounded by six
3d-metal atoms as nearest-neighbours at distancea

√
2/4

and six R-ions (ata
√

11/8 as next-nearest-neighbours
[9,10]).

The MgZn2-type structure is more complex. The rare
earth ions (Mg sites) occupy the 4f positions, whereas
the M-atoms occupy the 2a and 6h positions (ZnI , ZnII
sites). Each rare earth ion is surrounded by 12 almost
equidistant transition metal atoms (M) in the first-neighbour
shell and four almost equidistant rare earth ions in the
next-nearest neighbour shell. The M-atoms (2a and 6h-Zn
sites) have almost the same crystallographic surround-
ings with six M atoms and six R atoms[9,10]. It can
be seen that the nearest neighbourhoods of the Mg-sites
(R-atoms) in both crystal structures are quite similar to each
other.

Fig. 1. The161Dy Mössbauer effect transmission spectra of the Dy[(Fe0.7Co0.3)1−xAlx]2 intermetallics (4.2 K). The spectrum for Dy-metal at 4.2 K has
been used for calibration. Lines are fits.

3. 161Dy Mössbauer effect

3.1. Experiment

The 161Dy Mössbauer effect measurements were per-
formed using the 25.65 keV�-rays emitted from a161Tb
source and using the conventional transmission technique.
The source, kept at room temperature, was moved in a con-
stant acceleration mode using a high velocity spectrometer.

The source was obtained by neutron irradiation in a nu-
clear reactor (for 2 weeks with a flux 2× 1014 n cm−2 s−1)
of about 30 mg of the163Dy0.5

160Gd0.5F3 starting material
which was encapsulated in an aluminium container[11].
The isotopes Dy and Gd were 90% enriched. The163Dy and
160Gd separated isotopes were used in order to increase the
specific activity (160Gd) of the source and to decrease Möss-
bauer self-absorption (163Dy) [12]. The prepared source had
an unsplit Mössbauer line at room temperature. It should be
added that the halflife time of the source is only 165.6 h.
The 25.65 keV�-quanta useful for the Mössbauer effect
were emitted as a result of the nuclear E1 electromagnetic
transition between the excited state 5/2− and the ground
state 5/2+. The dysprosium nucleus in the excited state has
a magnetic dipole moment ofµ∗ = 0.592µN, µN is the nu-
clear Bohr magneton, and the quadrupole moment equals
Q∗ = 2.34 barn. In the ground state these quantities are,
respectively, equal toµ = −0.479 µN and Q= 2.35 barn
[13–17].
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The �-quanta were detected by a krypton proportional
counter. The counting gate was set over both the 25.65 keV
peak and the escape peak around 12 keV.

It can be added that the Dy[(Fe0.7Co0.3)1−xAlx]2 and
Dy[(Fe0.4Co0.6)1−xAlx]2 compounds were synthesised us-
ing dysprosium metal which was composed of natural
abundance Dy isotopes (with 18.9% of161Dy). The poly-
crystalline absorbers in the form of discs were prepared
from fine powder deposited on a thin aluminium foil with
the use of shellac. For all the absorbers, the content of
161Dy was about an optimal value equal to 8 mg/cm2

[18].

3.2. The Dy[(Fe0.7Co0.3)1−xAlx]2 series

The resulting161Dy Mössbauer effect spectra (points) for
Dy-metal and for the Dy[(Fe0.7Co0.3)1−xAlx]2 series col-
lected at 4.2 K are presented inFig. 1. The spectra were
analysed using a least-squares fitting routine assuming one
Zeeman pattern independent of the crystal structure, as de-
scribed previously[19,20]. It can be understood consider-
ing that in the both crystal structures the rare earth ion is
surrounded by similar neighbourhoods, as mentioned above.

Table 1
The hyperfine interaction parameters observed at161Dy nuclei in the intermetallics (at 4.2 K)

Compound IS/h [MHz] gNµNHhf/h [MHz] e2qQ/(4h) Γ /2 (mm/s)
µ0Hhf (T) [MHz]

Dy[(Fe0.7Co0.3)1−xAlx]2

Dy-met. 84.0(3.0) 835.1(1.5) 655(2) 2.60(5)
580.3(2.3)

Dy(Fe0.7Co0.3)2 81.93(5.0) 914.5(3.0) 713(2) 2.82(7)
635.5(2.0)

Dy[(Fe0.7Co0.3)0.9Al0.1]2 78.41(6.0) 904.6(3.0) 713(6) 2.83(7)
628.6(2.0)

Dy[(Fe0.7Co0.3)0.8Al0.2]2 73.86(4.0) 890.6(1.0) 699(2) 3.77(6)
618.9(1.0)

Dy[(Fe0.7Co0.3)0.6Al0.4]2 66.41(6.0) 860.3(3.0) 658(4) 2.96(7)
597.8(2.0)

Dy[(Fe0.7Co0.3)0.5Al0.5]2 67.86(6.0) 851.6(3.0) 632(2) 2.94(6)
591.8(2.0)

Dy[(Fe0.7Co0.3)0.2Al0.8]2 56.48(6.0) 842.7(3.0) 624(4) 3.59(8)
585.6(2.0)

Dy[(Fe0.7Co0.3)0.1Al0.9]2 49.86(4.0) 842.7(1.0) 645(2) 3.28(5)
585.6(1.0)

DyAl2 [23] – – – –
582(2.0)

Dy[(Fe0.4Co0.6)1−xAlx]2

Dy(Fe0.4Co0.6)2 78.41(1.0) 894.1(1.0) 709(2) 3.25(7)
621.3(1.0)

Dy[(Fe0.4Co0.6)0.9Al0.1]2 75.30(1.0) 888.3(3.0) 700(6) 3.78(8)
617.3(2.0)

Dy[(Fe0.4Co0.6)0.8Al0.2]2 69.30(2.0) 875.7(6.0) 679(8) 4.1(1)
608.5(4.0)

Dy[(Fe0.4Co0.6)0.6Al0.4]2 70.75(1.0) 852.2(3.0) 641(4) 4.2(1)
592.2(2.0)

Dy[(Fe0.4Co0.6)0.5Al0.5]2 62.89(1.0) 846.8(3.0) 625(2) 3.75(7)
588.4(2.0)

Moreover, it can be expected that a direct influence of the
local randomness of the Fe/Co/Al nearest-neighbourhood on
the hyperfine parameters of the Dy nuclei is presumably of
secondary importance. Actually, the half-widths of the161Dy
Mössbauer lines for the compounds (Table 1) are somewhat
higher as compared to the half-width observed for Dy-metal.
(The halfwidths are given in mm/s; 1 mm/s corresponds to
20.692(2) MHz[14].) It seems, that these differences could
be related to an indirect influence, via 5d electrons, of the
Fe/Co/Al neighbourhood of the Dy atoms, treated as aver-
aged over the lattice during the fitting procedure. The fitted
spectra (lines) follow satisfactorily the experimental points.
The data obtained for Dy-metal were used for the calibra-
tion of the velocity scale of the spectrometer adopting the
dysprosium metal parameters described in Refs[14,21].

Table 1contains the isomer shifts IS, calculated in relation
to a room temperature GdF3 source[14,21], the hyperfine
field parametergNµNHhfh−1 and the electric quadrupole
parametere2qQ/4h, wheregN is the nuclear Lande factor,
Hhf is the hyperfine field,h is the Planck constant,q is the
electric field gradient at the161Dy nuclei, e is the electron
charge[15,19]. The obtained parameters versusx are shown
in Fig. 2 [22].
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Fig. 2. The 161Dy hyperfine interaction parameters of the Dy[(Fe0.7-
Co0.3)1−xAlx]2 series (4.2 K): the isomer shift (IS), the magnetic hy-
perfine field Hhf and the electric field gradientq. The parameters for
Dy-metal (4.2 K) added (black points). Lines are polynomial fits. Prelim-
inary data presented at All-Polish Seminar on Mössbauer Spectroscopy,
Radom-Zbȯzenna, 12–14 June 2000[22].

3.3. The Dy[(Fe0.4Co0.6 )1−xAlx]2 series

The experimental161Dy Mössbauer spectra (points) for
Dy-metal and for the Dy[(Fe0.4Co0.6)1−xAlx]2 series mea-
sured at 4.2 K are presented inFig. 3. An analogous fitting
procedure (as described above) was used and the obtained
hyperfine parameters versusx are shown inFig. 4.

3.4. Dependencies of parameters

The hyperfine interaction parameters for both series
change to some extent analogously versusx. Namely, the
isomer shifts IS(x) observed at the161Dy nuclei decrease
approximately linearly with the Al-contentx. The previ-
ously obtained isomer shifts at the57Fe nuclei, for both the
series, increase withx [7,8]. These opposite tendencies were
already qualitatively discussed for another Al-substituted

Fig. 3. The161Dy Mössbauer effect transmission spectra of the Dy[(Fe0.4-
Co0.6)1−xAlx]2 intermetallics (4.2 K). The spectrum for Dy-metal at 4.2
K has been used for calibration. Lines are fits.

series[19]. Here it is worth to mention that as a result of the
Al-dilution of the transition metal sublattice, the itinerancy
of both the 3d-electrons and the 5d-electrons is reduced.
Consequently the 3d electron density at Fe atoms and
the 5d electron density at Dy atoms increase, introducing
the observed changes for both isomer shifts, as discussed
elsewhere[19,23,24].

Similarly, the electric field gradients at the dysprosium
nuclei for both series decrease withx (Figs. 2 and 4). The
electric field gradients observed at dysprosium nuclei (and
more generally at rare earth nuclei) in rare earth transition
metal compounds were discussed previously in the litera-
ture [15,20,24]. Namely, the electric field gradient at the
161Dy nuclei can be treated as a sum of the electric field
gradientq4f , which arises from the 4f shell, and the lattice
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Fig. 4. The 161Dy hyperfine interaction parameters of the Dy[(Fe0.4-
Co0.6)1−xAlx]2 series (4.2 K): the isomer shift IS, the magnetic hyperfine
field Hhf and the electric field gradientq. The parameters for Dy-metal
(4.2 K) are added (black points). Lines are fits, to follow experimental
points.

contributionql . Assuming that there is magnetic saturation
at 4.2 K, so that for the Dy3+ ions the quantum number
Jz = J = 15/2 can be assumed. In that case theq4f contri-
bution should be constant across the series. Therefore it can
be expected that the changes in the electric field gradient
approximately can be ascribed to the lattice contribution.

The hyperfine fieldsHhf (x) considerably decrease with
x for both the series. It can be mentioned that the hyper-
fine fields in the magnetically saturated R–M intermetallics
adopt higher values as compared to the free Dy3+-ion value
[24]. It can be added that the field observed for dysprosium
metal at 4.2 K (835 MHz[14,15]) is somewhat higher than
the field known for the free ion. The hyperfine field ob-
served at the rare earth nuclei in the intermetallics can be
treated as a sum of the fieldH4f created by the well local-
ized 4f electrons, theHsp-contribution caused by the polar-
ization of the neighbouring conduction electrons originating
from the parent 4f-shell, theHtR-contribution caused by the

neighbouring and more distant rare earth moments and the
HtM-contribution caused by the transition metal moments
[20,24].

As the core of the rare earth atom is well shielded from
the rest of the crystal lattice by the outer valence electrons
a considerable direct influence of the transition metal atoms
on the hyperfine field at the161Dy nucleus is absent[5,6].
The band-type 5d electrons are partly localized on their par-
ent ions[25], thus the fieldHtM is produced by the 5d(6s)
electrons which actually are polarized by the surrounding
transition metal atoms.

The sum of the last three terms is called the excess hyper-
fine field[20,23]. In practice, following the experimentalHhf
values, the excess hyperfine field can be calculated using the
approximate expression�Hhf = Hhf − H4f . The fieldH4f
can satisfactorily be approximated by the hyperfine field ob-
served in Dy metal[20,24]. In the heavy rare earth-transition
metal compounds, the fieldH4f can be treated as being
constant across the series. It is known that the contribution
|Hsp+ HtR| does not have too big a value[20,24]. Consid-
ering the above facts, the excess value can be approximated
by: �Hhf(n) ∼= HtM(n). Thus the excess hyperfine field
should be sensitive to the average to composition and the
magnetic changes in the transition metal sublattice. There-
fore, the dependence of the total hyperfine field on the alu-
minium contentx can be ascribed to the change in excess
hyperfine field.

It was already discussed that there is no proportionality
between the magnetic moment of the 3d electrons and the
excess161Dy hyperfine field[5]. The excess161Dy hyperfine
field should be related to the induced magnetization of the
5d-band.

4. The 161Dy Slater–Pauling curve and branches

Fig. 5 (curve 1) shows, given for a comparison, the pre-
viously reported161Dy hyperfine fieldsµ0Hhf(n) for the
Dy(Mn1−xFex)2, Dy(Fe1−xCox)2 and Dy(Co1−xNix)2 series
(at 4.2 K) plotted versus the average numbern of 3d electrons
calculated per transition metal atom[5]. The fieldµ0Hhf(n)

strongly depends on the numbern and creates the161Dy
Slater–Pauling curve with a maximum at aboutn= 5.9 [5].

Fig. 5 (curve 2) presents the new branch of the161Dy
Slater–Pauling curve obtained for the Dy[(Fe0.7Co0.3)1−x-
Alx]2 series. Two somewhat different experimental points
for n= 6.3 correspond to different measurements, but they
are close together within the frame of experimental errors.
It should be added that in this case the hyperfine field de-
pends on the average numbern of 3d electrons, formally
calculated per one site of the transition metal sublattice, us-
ing the formulan = (0.7 × 6 + 0.3 × 7)(1 − x), where 6
and 7 are the numbers of 3d electrons at the Fe, Co atoms,
respectively.

Analogously,Fig. 5 (curve 3) presents the new branch
of the 161Dy Slater–Pauling curve obtained for the
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Fig. 5. The Slater–Pauling curves: (1) the161Dy magnetic hyperfine field
µ0Hhf (n) for Dy(M–M)2 series (M–M= Mn–Fe, Fe–Co, Co–Ni), (4.2
K); (2) the 161Dy branchµ0Hhf (n) for the Dy[(Fe0.7Co0.3)1−xAlx]2 series
(4.2 K); (3) the161Dy branchµ0Hhf (n) for the Dy[(Fe0.4Co0.6)1−xAlx]2

series (4.2 K). DyAl2 value (n= 0) [23] and Dy-metal value are added.
Lines are polynomial fits.

Dy[(Fe0.4Co0.6)1−xAlx]2 series. In this casen= (0.4× 6+
0.6× 7)(1−x).

For both the series the hyperfine fieldsµ0Hhf(n) do not
decrease linearly withn, but it should be emphasized that
there are no maxima for these curves. It means that for
the 161Dy nuclei as well as for the57Fe nuclei there is no
Slater–Pauling behaviour in the Al-substituted series[7,8].

5. Curie temperatures

The magnetic ordering temperatures of the Dy[(Fe0.7-
Co0.3)1−xAlx]2 and the Dy[(Fe0.4Co0.6)1−xAlx]2 series
were determined with an approximate accuracy of�T= 5
K using the temperature dependence of the57Fe Mössbauer
spectra (not presented). The method was described else-
where[26,27]. The Curie temperatures for both the series
as functions of the aluminium contributionx are presented
in Fig. 6.

The ordering temperatures for the Dy[(Fe0.7Co0.3 )1−x

Alx]2 series are equal to 625, 431, 252, 182, 130, 105 and

Fig. 6. The magnetic ordering temperatures for the Dy[(Fe0.7-
Co0.3)1−xAlx]2 (1), and Dy[(Fe0.4Co0.6)1−xAlx]2 (2) series. Lines are ex-
ponential fits.

62 K [1] for x= 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 1.0, re-
spectively. Analogously, the ordering temperatures for the
Dy[(Fe0.4Co0.6)1−xAlx]2 series are equal to 513, 358, 236,
145, 110 and 62 K forx= 0.1, 0.2, 0.3, 0.4, 0.5 and 1.0,
respectively. For each series the ordering temperature is
strongly nonlinearly reduced withx.

6. Discussion

The influences of the Al-substitution in the Dy[(Fe0.7-
Co0.3)1−xAlx]2 and Dy[(Fe0.4Co0.6)1−xAlx]2 series on the
crystal structure, on the hyperfine interactions at the57Fe
nuclei, especially on the57Fe hyperfine field were discussed
elsewhere[7,8].

In order to discuss the obtained161Dy data it is use-
ful to relate these results to the known57Fe data.Fig. 7
contains the161Dy Slater–Pauling curve (1) known for
Dy(M–M)2 (M–M = Mn–Fe, Fe–Co, Co–Ni)[5] with
branch (2) obtained for Dy[(Fe0.7Co0.3)1−xAlx]2 and (3) for
Dy[(Fe0.4Co0.6)1−xAlx]2. These are compared to the57Fe
Slater–Pauling curve (4) for Dy(M–M)2 (M–M = Mn–Fe,
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Fig. 7. The 161Dy Slater–Pauling curve (1) for Dy(M–M)2 (M–M =
Mn–Fe, Fe–Co, Co–Ni) with branch (2) for Dy[(Fe0.7Co0.3)1−xAlx]2 and
(3) for Dy[(Fe0.4Co0.6)1−xAlx]2 compared to the57Fe Slater–Pauling
curve (4) for Dy(M–M)2 (M–M = Mn–Fe, Fe–Co) with branch (5) for
Dy[(Fe0.7Co0.3)1−xAlx]2 and (6) for Dy[(Fe0.4Co0.6)1−xAlx]2.

Fe–Co)[5,6], branch (5) for Dy[(Fe0.7Co0.3)1−xAlx]2 [7]
and branch (6) for Dy[(Fe0.4Co0.6)1−xAlx]2 [8]. The ob-
served161Dy hyperfine fields, in the Al-substituted series,
decrease to some extent analogously against the numbern
as the57Fe hyperfine fields of their counterparts.

The reduction of the57Fe hyperfine field was related
to changes in the 3d-band. It was already discuss that the
Al-dilution reduces the numberuM−M of the transition metal
nearest neighbours surrounding a given Fe-atom, the 3d–3d
exchange interactions are weakened step by step withx and
there is an increase of the mean 3d atom–3d atom distance.
As a result the overlap among the 3d wave functions of
the neighbouring atoms is reduced and consequently the
3d electrons become more localized[28]. The energy shift
[29,30] between the 3d subbands�E3d = J3d–3duM–MmM
is reduced (J3d–3d is the exchange integral between 3d elec-
trons) and as a result the 3d-electrons are redistributed over
the 3d-subbands. Consequently, the magnetic momentmM
per 3d-atom and the hyperfine fieldHhf at the iron atom,
the contribution from the transition metal sublattice to the
ordering temperature and thus the ordering temperatureTo
are reduced step by step across the series[7,8].

Considering the previously introduced idea that the excess
hyperfine field is created by the 5d-band, actually polarized
by the 3d-band, it can be expected that the 5d-band changes
to some extent analogously to the 3d-band. The excess hy-
perfine field at the161Dy nuclei is induced by the transition
metal sublattice via the 5d6s electrons[5].

The Al-substitution reduces the average numberuR–M
of the transition metal nearest neighbours surround-
ing a given Dy-atom and thus reduces the energy shift
�E5d–3d ∼= J5d–3duR–MmM [29,30] between the 5d sub-
bands, whereJ5d–3d is the average exchange integral for
5d and 3d electrons. Consequently the 5d electrons should
also become gradually redistributed over the 5d-subbands
and the difference between the majority and minority 5d
electron densities should become reduced step by step with
x. Therefore the magnetic momentm5d per rare earth atom
and thus the excess hyperfine field should also decrease and
lead finally to the161Dy branch of the Slater–Pauling curve
induced by the Al, i.e., by the 3d4s/3sp electron substitu-
tion [5]. Since both the numbersuM–M anduR–M decrease
proportionally to the Al-contentx, a certain analogy in the
change between theµ0Hhf (57Fe;n) andµ0Hhf (161Dy;n) in
the Al-substituted series is observed.

The above approach, using rigid band model ideas, seems
to be satisfactory enough for this qualitative level discussion.
For a more sound discussion further experimental, theoreti-
cal and numerical studies would be useful.
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