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Abstract

Electrical resistivity measurements for the Dy(Mn0.4−xAl xFe0.6)2 intermetallics were performed in a wide temperature region and the
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arameters characterising the resistivity dependence on temperature were determined. Mössbauer effect studies were performed in
emperature range around the Curie temperatures. From both the methods the magnetic ordering temperatures were estim
y(Mn0.4−xAl xFe0.6)2 and Dy(Mn1−xFex)2 series the splitting energies between the 3d subbands were estimated. It was found that

emperatures obtained for the Dy(Mn0.4−xAl xFe0.6)2 intermetallics and the Curie temperatures reported in the literature for the Dy(Mn1−xFex)2

eries correlate linearly with the squared energy splitting between the 3d subbands.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The ferrimagnetic properties of the heavy rare earth
R)–transition metal (M) compounds result from the coexis-
ence between the 4f (5d) and 3d electron magnetism[1–6].
t was previously found that the magnetic properties of the
–M intermetallics are mainly governed by the 3d band-type
lectrons of the transition metal sublattice[4–6]. However,

he electronic band structure of the R–M intermetallics, es-
ecially of their transition metal constituent, is less known
p to date.

Al-substitution is a widely used suitable method to mod-
fy 3d bands and thus to modify the magnetic properties or
yperfine interactions, as for instance in Refs.[7,8]. The in-
uence of the Mn/Al substitution on the crystal structure and
he hyperfine interactions was studied recently in the series
y(Mn0.4−xAlxFe0.6)2 (both the 3d subbands are populated
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only partially) using57Fe Mössbauer spectroscopy[9]. An
Al atom substituted into the M-sublattice introduces 3s2p1

electrons instead of 3d54s2 electrons of a manganese ato
The cubic,Fd3m, MgCu2-type (C15) Laves phases[9–11]
were observed across the Dy(Mn0.4−xAlxFe0.6)2 series. Nev
ertheless, forx= 0.35 and 0.40 an admixture (presumably
ichiometric) of the hexagonal, P63mmc, MgZn2-type (C14)
Laves phase was evidenced. A possible coexistence
stoichiometric locally similar C14 and C15 Laves phase
the compounds was previously discussed elsewhere[12]. The
unit cell parameters of the crystal lattice increase with th
contentx in the series[9].

This Mn/Al replacement strongly influences the 3d b
and thus the magnetism and hyperfine interactions o
compounds[7,8,13–16]. For instance, the magnetic hyperfi
field �0Hhf (�0 is magnetic permeability) decreases con
erably withx.

As the Mn/Al substitution reduces a number of 3d e
trons in the M sublattice across the Dy(Mn0.4−xAlxFe0.6)2 se-
ries it was interesting to study the influence of the manga
925-8388/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2004.09.025
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atoms on the 4f–5d–3d magnetism, on the magnetism of the
3d sublattice and especially on the magnetic ordering tem-
peraturesTC.

For this purpose the magnetic ordering temperaturesTC(x)
were determined from electric resistivity and from57Fe
Mössbauer effect measurements. The obtained magnetic or-
dering temperatures are discussed qualitatively on the basis
of the rigid band model[17–19].

2. Electrical resistivity (ER) measurements

The synthesis of the Dy(Mn0.4−xAlxFe0.6)2 compounds
using arc melting method was described previously[9]. Frag-
ile materials resistant against oxidation, were obtained. A
small part of the synthesized ingot was used each time to test
the crystal structure of the compound by the X-ray powder
diffraction method. Bar (cuboid) shaped specimens with typ-
ical dimensions 1 mm× 1 mm× 15 mm, were delicately and
precisely cut from the ingots for electrical measurements.
Electrical contacts to the bars were established by point spark-
welding of high purity thin copper wires onto the ends of the
bars. If after the welding procedure there was no microscop-
ically observable cracks the resistivity measurements were
performed on the sample. The four probe ac method was
u the dc
m ments
o other
a gion.
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Fig. 1. Electric resistivities: the totalρ(T), the phononρf (T) and the
magnetic ρm(T) observed against temperature for the intermetallics
Dy(Mn0.4−xAlxFe0.6)2.

withA,Bbeing constants, the expression (1) for temperatures
T � θ andT � TC can be rewritten in the form[19,20]:

ρ(T ) = 497.6D

(
T

θ

)5

+ AT 2 + BT + ρ0 (4)

On the other hand for the high temperature region (T � θ

andT � TC) the total resistivity can be approximated by the
formula[19,20]:

ρ(T ) = D

(
T

θ

)
+ C (5)

After fitting formula (4) to the experimental dataρ(T) for
low temperatures and formula (5) to the experimental data
for high temperatures the parameters appearing in the above
equations were obtained, especially the parametersD, θ and
ρ0. Afterwards, the determined parametersDandθ were used
to calculateρf (T) following formula (2). Then after subtract-
ing from the experimentalρ(T) curves the fittedρ0 values and
the calculated temperature dependence ofρf (T), the mag-
netic contribution versus temperature, i.e. theρm(T) curve
was obtained for particular compounds. The fitted valuesρ0
for the Dy(Mn0.4−xAlxFe0.6)2 series were equal to 0.448(5),
1.787(1), 0.813(18), 1.589(3) and 2.167(1) (×10−6 � m) for
x= 0, 0.1, 0.2, 0.3 and 0.4, respectively. An approximately
by growing tendency forρ across the series seems to exist.
T ice
i d by
t tatis-
t ing
w for
ρ ),
sed at temperatures below ambient temperature and
ethod above this temperature. The data of the measure
f both the used methods were found to match with each
t the same temperature in the common temperature re

The successfully obtained good quality electrical
istivities ρ as functions of temperatureT for the
y(Mn0.4−xAlxFe0.6)2 intermetallics are presented inFig. 1.
he resistivityρ(T) changes slightly withx. Following the
atthiesen formula[20,21]:

= ρ0 + ρf + ρm (1)

he observed resistivityρ(T) can be divided into three co
ributions: the residual resistivityρ0, the phonon scatterin
esistivityρf (T) and the magnetic contributionρm(T) (Fig. 1)
17,19–21].

The phonon scattering resistivityρf (T) can be expresse
sing the Bloch–Gr̈uneisen formula[19–21]:

f (T ) = D

(
T

θ

)5∫ θ/T

0

z5

(ez − 1)(1− e−z)
dz (2)

hereD is a temperature-independent constant andθ a pa-
ameter close to the Debye temperature.

Assuming that for the low temperature region (T � TC),
he resistivityρm(T) of metallic ferrimagnets can be describ
y the following formula[19]:

m(T ) = AT 2 + BT (3)
0
he residual resistivityρ0 depends on both the crystal latt

mperfections and the statistical imperfections introduce
he random Mn/Fe substitution. It is expected that the s
ical disorder, a result of the Mn/Al substitution, increas
ith x is the origin of the mentioned growing tendency
0. The fitted temperaturesθ were equal to 251(6), 153(23
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Fig. 2. Theρm/T functions of temperature for the Dy(Mn0.4−xAlxFe0.6)2

compounds.

212(6), 194(11) and 119(27) K forx= 0, 0.1, 0.2, 0.3 and
0.4, respectively. In this case, an approximately decreasing
tendency withx can be deduced. Theseθ values seem to be
reasonable as compared to the Debye temperatures 420 K (for
Fe), 400 K (for Mn), 394 K (for Al) or 140 K (for Dy)[20].
The Mn/Al substitution reduces the parameterθ. The values
for ρ0 andθ are effected by errors arising from numerical
procedure. It can be expected that the physical errors in some
cases considerably surpass the numerical errors.

As well as for ferromagnets[17,19]the dependenceρm(T)
can be used to determine the magnetic ordering temperatures
of the intermetallics. In fact, there is no a sharp rule, especially
for metallic ferrimagnets, to relateρm(T) andTC. Neverthe-
less, it seems that the magnetic ordering temperatureTC is
placed in the temperature region with a maximal change of
the parameterρm/T. For the observedρ(T) curves this
sort of approach to determineTC seems to be a relatively sat-
isfactory method.Fig. 2presents the numerically determined,
ρm/T functions of temperature for the compounds of the
Dy(Mn0.4−xAlxFe0.6)2 series. The intersection of the two fit-
ted straight lines gives the magnetic ordering temperature.
Unfortunately, the experimental error of the method is quite
considerable and for the particular compounds can be ap-
preciated asTC = 20–30 K. The lack of sharp changes in
ρm(T) in theTC region of the Dy(Mn0.4−xAlxFe0.6)2 ferri-
m
a in
T r-

Table 1
Magnetic hyperfine fieldµ0Hhf, average numbern3d of 3d electrons, splitting
energyE and Curie temperatureTC of the Dy(Mn0.4−xAlxFe0.6)2 [9,24]
and Dy(Mn1−xFex)2 [25,26] intermetallics

x µ0Hhf [T] n3d E [eV] TC [K]

ME ER

Dy(Mn0.4−xAlxFe0.6)2

0 17.34(6)[9] 5.6 1.53 361, 382[24] 338
0.05 16.13(7)[9] 5.35 1.40 301 –
0.1 15.54(6)[9] 5.1 1.37 276 231
0.15 14.92(5)[9] 4.85 1.31 245 –
0.2 14.24(8)[9] 4.6 1.27 229 178
0.3 13.09(5)[9] 4.1 1.15 181 187
0.4 12.98(70)[9] 3.6 1.14 173[24] 195

Dy(Mn1−xFex)2

0.2 12.68[24] 5.2 1.12 158[25] –
0.3 14.13[24] 5.3 1.25 197[25] –
0.5 17.63[24] 5.5 1.55 344[25] –
0.7 20.01[24] 5.7 1.76 457[25] –
0.8 20.54[24] 5.8 1.81 514[25] –
0.9 21.87[24] 5.9 1.92 576[25] –
1.0 22.68[24] 6.0 2.0 635[25] –

ME: Mössbauer effect; ER: electrical resistivity measurements.

Fig. 3. The Curie temperaturesTC(x) of the Dy(Mn0.4−xAlxFe0.6)2 inter-
metallics. Open points: resistivity measurements; points: Mössbauer data.

ature data follow nonlinearly the fitted polynomial formula
TC(x) (K) = 1032(99)x2 − 817(50)x+ 337(10).

3. Mössbauer effect studies

The Mössbauer effect (ME) measurements were per-
formed versus temperatureT for the Dy(Mn0.4−xAlxFe0.6)2
agnets prevents to reach a better accuracy. TheTC temper-
tures obtained by using theρm/T plots are contained
able 1and inFig. 3 (open circles). All the Curie tempe
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Fig. 4. 57Fe Mössbauer effect transmission spectra of the Dy-
(Mn0.25Al0.15Fe0.6)2 compound vs. temperature. Experimental points and
fitted lines are presented.

series (x= 0, 0.05, 0.10, 0.15, 0.20 and 0.30) by using a stan-
dard transmission technique with a source of57Co in Rh.

As examples,57Fe Mössbauer effect spectra (points) ob-
served in the temperature region of the Curie temperature
for the Dy(Mn0.25Al0.15Fe0.6)2 compound are presented in
Fig. 4. During the fitting procedure the particular spectra were
treated as doublets composed of two independent lines. Ex-
perimental values ofG (G is 0.5 halfwidth of the M̈ossbauer
line) at various temperatures were obtained from a fitting
procedure for the Dy(Mn0.4−xAlxFe0.6)2 compounds. Typi-
cal examples of the temperature dependency of the halfwidth
G(T) for x= 0.15 and 0.25 are presented inFig. 5. A method to
determine the magnetic ordering temperatures was described
previously elsewhere[22,23]. For instance, for the compound
with the Al contentx= 0.15 theG(T) curve was fitted using
two lines: G(T) (mm/s) =−0.030(5) K−1 T+ 7.422(1.259)
andG(T) (mm/s) =−0.001(4) K−1 T+ 0.385(111). The lines
intersect each other at the magnetic ordering temperature
TC = 245 K. The procedure was repeated for the other com-
pounds of the series. The magnetic ordering temperaturesTC
obtained for the series using this method are presented in
Fig. 3(black points). TheTC values are also given inTable 1.
Table 1contains also the literature data[24,25]. The error
TC can be estimated to be equal to 5–20 K depending on
x. The differences between the correspondingTC values ob-
t from
r ental
e . At

Fig. 5. The half-width of the M̈ossbauer line against temperature for the ex-
emplary compounds of the Dy(Mn0.4−xAlxFe0.6)2 intermetallics.TC: mag-
netic ordering temperatures.

this stage the M̈ossbauer effect temperature scan seems to be
a better method.

4. Summary and discussion

To explain the magnetic ordering temperatures of the R–M
intermetallics is an interesting and open topic up to date. In
Ref. [1] an empirical approximate formula for the ordering
temperature of the R–M compounds was introduced in the
formTC =TR +TM with theTR contribution originating from
the rare earth sublattice and theTM term originating from
the transition metal sublattice. It was assumed thatTR =BG,
whereB is a certain constant andG is the de Gennes factor
[3]. The conditions necessary for the validity of this formula
were discussed later elsewhere[3]. It seems that this approx-
imate formula can be carefully applied also to the substituted
compounds discussed above. Following the ideas of Refs.
[1,3] it is expected that the influence of the Mn/Fe or the
Mn/Al substitution on theTR term is of the second order, if
any. Thus the change ofTC across the series can be approxi-
mately ascribed to theTM term. However, theTM contribution
depends on the changes in the M sublattice originating from
the substitutions.

It will be helpful for further discussion to consider some
p -
p e
s s
D of
c ns
s , the
p the
3 nergy
s d
ained from the M̈ossbauer spectra and those obtained
esistivity measurements should be related to experim
rrors and to imperfections of the evaluation methods
reviously published data for the Dy(Mn1−xFex)2 series, re
orted again inTable 1 [26]. The Mn/Fe substitution in th
eries Dy(Mn1−xFex)2 or the Mn/Al substitution in the serie
y(Mn0.4−xAlxFe0.6)2 is expected to introduce a number
hanges in the 3d band[17–19]. Namely, these substitutio
hould change the Fermi energy, the width of 3d bands
osition of the 3d bands in relation to the Fermi level,
d electron populations of the 3d subbands and the e
hift E between the 3d subbands[17–19]. It is an open an
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Fig. 6. The correlation between the Curie temperatureTC(x) and the square
value E2 of the splitting energy between the 3d subbands for the se-
ries Dy(Mn1−xFex)2 (triangles), Dy(Mn0.4−x AlxFe0.6)2 (points: ME; open
points: ER).

in general not easy task to find all these 3d band properties
in future studies. Nevertheless, some modest results in this
area can be currently approached. It was already found else-
where for the DyFe2 compound that the magnetic moment
m3d of the 3d electrons calculated per Fe atom equals to 2�B
[27]. Assuming that the magnetic hyperfine field�0Hhf is
approximately proportional to them3d moment a calibration
constantK1 =m3d/�0Hhf = 2�B/22.68T can be found (�0Hhf
for DyFe2 – Table 1).

This constant can be used to calculate them3d(x) mo-
ments for the compounds of the considered substituted se-
ries from the known�0Hhf(x) data (Table 1). It was found
later elsewhere for a number of 3d metals and alloys con-
taining 3d metals that there is a linear correlation between
them3d magnetic moment and the splitting energyE of 3d
subbands[28,29]. Namely, it was found that this linear cor-
relation can be described by the ratioK2 =E/m3d = eV/�B
[28,29]. Thus employing the ratiosK1 andK2 and using the
µ0Hhf values it was possible to calculate the splitting en-
ergies between the 3d subbands at iron atoms across the
considered series. Assuming additionally that the average
Eav splitting between the 3d subbands in the M sublat-
tice is proportional to theE splitting (Eav =K3 E) an
effort can be made to relate the magnetic ordering temper-
aturesTC and the splitting energiesE. It was found that
a per-
a r
b s
p -
m
− crys-
t same
T u-

bic Laves phase,Fd3m, MgCu2 type (C-15) crystal structure
[26]. Since there is no analytical formula forTC, the above
linearTC(E2) dependence should, at best, be treated semi-
qualitatively. The discussed compounds are relatively new
and thus the knowledge related to the 3d band structure is
incomplete. Therefore at present a more exhaustive discus-
sion is impossible. In fact, the electronic structures of certain
rare earth–transition metal compounds were previously stud-
ied experimentally, theoretically and numerically, the band
structures were discussed and proposed, for instance in Refs.
[30–33]. However, systematic theoretical and numerical stud-
ies of the band structure of transition metal/transition metal
substituted series and of transition metal/aluminium substi-
tuted series, similar to those series considered in the present
paper, have not yet been carried out. Thus for a more precise
discussion, the knowledge of the band structure of the sub-
stituted metallic series would be necessary. For this purpose
further sound experimental, theoretical and numerical studies
would be helpful.
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