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Electrical resistivity studies of Dy(Fe1−xCox)2 compounds
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Abstract

Electrical resistivities of the Dy(Fe1−xCox)2 intermetallic series were measured in a wide temperature region and the residual, phonon
and magnetic contributions to the resistivities across the series were determined. The magnetic ordering temperatures were estimated for the
Dy(Fe1−xCox)2 compounds using the magnetic contribution to the electrical resistivity. The splitting energies between the 3d subbands of
iron for the Dy(Fe1−xCox)2 series were estimated using the magnetic hyperfine fields at57Fe nuclei. The Curie temperatures obtained for the
Dy(Fe1−xCox)2 intermetallics and the Curie temperatures reported in the literature for the Dy(Mn1−xFex)2 and Dy(Mn0.4−xAl xFe0.6)2 series
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orrelate linearly with the squared energy splitting between the 3d subbands.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The heavy rare earth–transition metal (RM2) ferrimag-
ets are widely studied for a fundamental interest and for

heir practical applications[1–3]. Ferrimagnetism of the R–M
ompounds is a result of the coexistence between the 4f and
d magnetism[4]. The electronic band structure of these in-

ermetallics, and in particular that of their transition metal
ublattice, is rather complex and poorly understood up to
ate.

It was previously found from the57Fe Mössbauer effect
tudies of the Dy(Mn1−xFex)2 and Dy(Fe1−xCox)2 pseudobi-
aries[5,6] that the57Fe magnetic hyperfine fieldµ0Hhf (µ0

s the magnetic permeability) treated as a function of the av-
rage numbernof 3d electrons calculated per transition metal
ite, resembles the Slater–Pauling plot, like in the case of the
d metal–3d metal alloys[7,8]. This Slater–Pauling depen-
ence mainly reflects the magnetism of the transition metal
ublattice. At first, the strong ferromagnetism-type behaviour
f the M-sublattice is observed. The magnetic hyperfine field

in the Dy(Mn1−xFex)2 series grows up withx. This growth is
continued for the Dy(Fe1−xCox)2 series, and the maximu
value of the field is approached for the Dy(Fe0.7Co0.3)2 com-
pound (atx= 0.3,n= 6.3). At this Co-content the filling u
of the majority 3d-subband by 3d-electrons is termina
For the higher Co-substitutions the weak ferromagnet
type behaviour of the M-sublattice appears. The filling
of the minority 3d subband still proceeds and the obse
field decreases gradually withn [5,6,9]. This Mn/Fe or Fe/C
replacement strongly influences the 3d-band and thu
magnetism and the hyperfine interactions of the compo
[5,6].

As the Mn/Fe or Fe/Co substitution changes the num
n of 3d electrons in the M sublattice across the mentio
series it was interesting to study the influence of the 3d
population on the 4f(5d)–3d magnetism, on the magne
of the 3d-sublattice and especially on the magnetic ord
temperaturesTC.

For this purpose the magnetic ordering temperaturesTC(x)
for the Dy(Fe1−xCox)2 series were determined from elec
cal resistivity measurements. Additionally, the literatureTC
∗ Corresponding author.
E-mail address:pszczola@uci.agh.edu.pl (J. Pszczoła).

data for the Dy(Mn1−xFex)2 and Dy(Mn0.4−xAlxFe0.6)2 se-
ries were taken into account[9,10]. These magnetic ordering
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Fig. 1. X-ray powder diffraction patterns observed for the Dy(Fe1−xCox)2 intermetallics (300 K). Fitted differential pattern is added below each diffractogram.
I is the intensity and the capital letterΘ is the reflection angle.

temperatures are discussed qualitatively within the frame of
the rigid band model.

2. The crystal structures

All Dy(Fe1−xCox)2 (0 <x< 1) compounds were prepared
as cast by arc melting in a high purity argon atmosphere from
the appropriate amounts of the Dy (99.9% purity), Fe, Co and
Al (all 99.99% purity) starting materials.

The X-ray powder diffraction patterns were obtained for
all the compounds using Mo K� radiation at room temper-
ature (patterns are presented inFig. 1). For the all com-
pounds the clean patterns corresponding to the cubic, Fd3m,
MgCu2-type (C15) Laves phase[11,12]were observed. The
Rietveld-type procedure to fit the X-ray patterns was ap-
plied [13,14]. The crystal unit cell parametersa determined
from the numerical analysis are presented inFig. 2and con-
tained inTable 1. A considerable and nonlinear reduction
of thea(x) parameter against the Co contentx is observed.
This dependence is well approximated by the numerical

F
( lit-
e

formula a(x) = [−0.145(13)x2 + 0.010(13)x+ 7.316(3)]Å. It
is expected inspecting the experimentala(x) dependence
(Fig. 2) that the physical errors�a in some cases can be
approximately even five times larger as compared to the nu-
merical errors listed inTable 1. It is worth to notice that
the literature parameters a known for DyFe2 and DyCo2, the
borderline compounds of the series[2,15,16]fit well to the
obtained data (Fig. 2, Table 1).

3. Electrical resistivity (ER) studies

3.1. Resistivities

After arc melting a small part of the synthesized ingot was
used each time to verify the crystal structure of the compound
by the X-ray powder diffraction method. Bar (cuboid) shaped
specimens with typical dimensions 1 mm× 1 mm× 15 mm
used for electrical measurements were precisely cut from the
ingots. Electrical contacts were established by point spark-
welding of high purity thin copper wires onto the ends of the
bars. After the welding procedure there was no microscop-
ically observable cracks. The four probe method mentioned
previously, was used to measure electrical resistivities[9].

The good quality electrical resistivitiesρ as functions of
t
a
e

ρ

w is-
t ity
(
ρ thod
d

ig. 2. The crystal lattice edgea of the Dy(Fe1−xCox)2 intermetallics
300 K) for the MgCu2-type structure (black points). Added exemplary
rature data for DyFe2 and DyCo2 [1] (open points).
emperatureTobtained for the Dy(Fe1−xCox)2 intermetallics
re presented inFig. 3. The electrical resistivityρ(T; x) is
xpressed by the Matthiesen formula[17,18]:

= ρ0 + ρf + ρm (1)

ith the residual resistivityρ0, the phonon scattering res
ivity ρf (T) andρm(T) the magnetic contribution to resistiv
Fig. 3) [17–19]. The procedure to determineρ0, ρf (T) and
m(T) was somewhat improved as compared to the me
escribed previously elsewhere[9].
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Table 1
Crystal lattice parametera, temperatureθ, residual resistivityρ0, magnetic hyperfine fieldµ0Hhf [5,6], average numbern of 3d electrons, squared splitting
energy�E2 and Curie temperatureTC of the Dy(Fe1−xCox)2 intermetallics

x a [Å] θ [K] D [×10−6 �m] ρ0 [×10−6 �m] µ0Hhf [T] n �E2 [(eV)2] TC [K]

0 7.317(1) 256 0.0241 0.066(1) 22.68(28) 6.0 4.00 656(14)
7.309[1] 635[1]
7.325[15] 635[15]

0.1 7.317(1) 254 0.0197 0.249(1) 24.57(14) 6.1 4.37 693(13)
0.2 7.306(1) 281 0.0492 0.335(1) 25.53(25) 6.2 4.88 709(3)
0.3 7.312(1) 256 0.0816 0.311(1) 24.93(31) 6.3 4.84 707(8)
0.4 7.296(1) 260 0.0419 0.295(1) 25.53(52) 6.4 5.29 697(10)
0.5 7.285(1) 254 0.0437 0.294(2) 24.52(54) 6.5 4.54 673(6)
0.7 7.253(1) 243 0.0257 0.380(2) – 6.7 – 552(1)
0.8 7.233(1) 211 0.0366 0.383(2) 21.45(85) 6.8 3.57 468(18)
0.9 7.204(1) 221 0.0408 0.266(2) – 6.9 – 305(13)
1 7.182(1) 197 0.0297 0.176(2) – 7.0 – 156(3)

7.175[1] 123–169[2]
7.189[16,20] 140[16]

To describe the procedure it is useful to mention that for the
low temperature region (T� θ andT�TC), the expression
(1) can be written as[17,19]:

ρ(T ) = 497.6D

(
T

θ

)5

+ AT 2 + BT + ρ0 (2)

with A, B, D andθ being constants.θ is a value close to the
Debye temperature.

For the high temperature region (T� θ and T�TC)
the total resistivity can be approximated by the formula

F
o

[17,19]:

ρ(T ) = D

(
T

θ

)
+ C (3)

After fitting formula (2) to the experimental dataρ(T) for low
temperatures and formula (3) to the experimental data for
high temperatures the parametersD, θ, A, B andρ0 present
in the above equations were obtained. As a next step, the
determined parameters were used as starting parameters to
fit the low temperatureρ(T) data again to the full formula:

ρ(T ) = D

(
T

θ

)5
θ/T∫

0

z5

(ez − 1)(1− e−z)
dz + AT 2

+ BT + ρ0 (4)

valid for the electrical resistivity in the low temperature region
[17–19].

The renewed parameters obtained from the last fitting,
were used to calculate the phonon contributionρf (T) using
the integral part in formula (4)[9,17–19]. Subsequently sub-
tracting from the experimentalρ(T) curve the corresponding
fittedρ0 value and the corresponding calculated temperature
dependence ofρf (T), the magnetic contribution versus tem-
perature i.e. theρm(T) curve was obtained for the particular
compounds. The essential fitted parameters are presented in
F
C

om-
p
B
u com-
p tial
A -
d fit-
t m-
p (for
ig. 3. Electric resistivities: the totalρ, the phononρf and the magneticρm

bserved against temperature for the intermetallics Dy(Fe1−xCox)2.

C o-
d

ig. 4and inTable 1. The less essential parametersA, B and
are not presented in the table.
For instance, the remaining parameters, for the c

ound Dy(Fe0.6Co0.4)2 were equalA= 1.3× 10−11�m/K2,
=−5.2× 10−10�m/K, C= 1.33× 10−6 �m. Similar val-
es of the fitted parameters were obtained for the other
ounds of the Dy(Fe1−xCox)2 series. In fact, the less essen
andB parameters only improve somewhat theT5 depen

ence in formula (2) during the fitting procedure. The
ed values of temperaturesθ seem to be reasonable as co
ared to the Debye temperatures 420 K (for Fe), 385 K
o) and 140 K (for Dy)[17]. The Fe/Co substitution intr
uces a decreasing tendency in the temperatureθ, namely
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Fig. 4. Theρ0 andθ parameters determined for the Dy(Fe1−xCox)2 com-
pounds.

θ(x) = [−62(4)x+ 273(8)] K (Fig. 4). The considerable distri-
bution of theθ values corresponding to the particular com-
pounds in relation to theθ(x) line can be ascribed to both
the experimental (or numerical) errors and presumably to the
individual properties of the compounds.

The residual resistivityρ0 depends on both the crystal
lattice imperfections and the statistical imperfections intro-
duced by the random Fe/Co substitution. It is expected that
the statistical disorder prevails. It seems that as a result of the
statistical disorder theρ0 parameter, a small value forx= 0,
increases withx, approaches a local maximum forx= 0.25,
decreases to a shallow local minimum atx= 0.5, afterwards
approaches a next local maximum atx= 0.7 and then de-
creases (Fig. 4).

3.2. Curie temperatures

It has been already discussed that the dependenceρm(T)
is useful to determine the magnetic ordering temperatures
TC of the intermetallics[9]. The numerically determined
�ρm/�T functions of temperature for the compounds of the
Dy(Fe1−xCox)2 series are presented inFig. 5. The intersec-
tion of the two fitted straight lines gives the Curie temper-
ature. The experimental error�TC of the method is quite
considerable and for the particular compounds can approach
e in
T
f bs
[ ing
M e
a the
a s
a ure on
t
4 -
c K

Fig. 5. The�ρm/�T functions of temperature for the Dy(Fe1−xCox)2 com-
pounds.

for the DyFe2 compound[2,15]. This growth is continued
across the Dy(Fe1−xCox)2 series and a maximal valueTC
is approached in the area of the Dy(Fe0.7Co0.3)2 compound
(n= 6.3). Further the Fe/Co substitution strongly reduces the
Curie temperature to the value 156 K for the DyCo2 com-
pound[2,16]. There is no doubt that theTC(n) dependence
(Fig. 6) originates from the changes in the 3d band appearing
across both the series. An attempt can be made to relate the
TC dependence to the 3d band properties.

F
t us
[

ven 20 K. The determinedTC temperatures are contained
able 1andFig. 6 (open squares). SomeTC literature data
or the Dy(Fe1−xCox)2 series are also added (open rhom
15,16,20]). Moreover data (black triangles) obtained us

össbauer effect (ME) for the Dy(Mn1−xFex)2 series ar
lso presented[9]. The substitution Mn/Fe and Fe/Co in
bove mentioned series changes the numbernof 3d electron
nd thus induces the dependence of the Curie temperat

he composition of the compound. The value ofTC equals
5 K for the DyMn2 compound (n= 5) [21] and strongly in
reases across the Dy(Mn1−xFex)2 series to the value 656
ig. 6. The Curie temperaturesTC(n) orTC(x) of the Dy(Mn1−xFex)2 (black
riangles-ME)[9] and Dy(Fe1−xCox)2 (open squares-ER; open rhomb
2,15,16]) intermetallics. Line follows experimental points.
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Fig. 7. The correlation between the Curie temperatureTC and the square
value �E2 of the splitting energy between the 3d subbands for the se-
ries Dy(Mn1−xFex)2 (black triangles-ME[9]), Dy(Mn0.4−xAlxFe0.6)2 (black
points-ME, open points-ER)[9] and Dy(Fe1−xCox)2 (open squares-ER).

4. Summary

It was discussed previously elsewhere that the ordering
temperatureTC of the R–M intermetallics can be described
by an empirical approximate formulaTC =TR +TM [1,3].
The TR contribution originates from the rare earth sublat-
tice and theTM term arises from the transition metal sublat-
tice. The contributionTR =bG, whereb is a certain constant
andG the de Gennes factor[1,3]. It seems to be valid that
the influence of the Mn/Fe and the Fe/Co substitution in the
Dy(Mn1−xFex)2 and Dy(Fe1−xCox)2 series on theTR term
is of the second order, if any. Thus theTC dependence onn
observed across the both series (Fig. 6) can be approximately
ascribed to theTM term. TheTM term however should be
related to the 3d band changes in the M sublattice originated
from the substitutions. Typically these substitutions should
change the Fermi energy, the width of 3d bands, the position
of the 3d bands in relation to the Fermi level, the 3d elec-
tron populations of the 3d subbands and the energy shift�E
between the 3d subbands[19,22,23]. To find these band prop-
erties is another not easy problem to study. Fortunately, some
modest and useful results at this stage can be approached.

It was previously found for the DyFe2 compound that
the magnetic momentm3d of the 3d electrons calculated
per Fe atom equals to 2�B [24]. As proposed elsewhere,
assuming that the magnetic hyperfine fieldµ H is approxi-
m nt
K
D

r
t m the
k re
f tals
t
m

It was found that this linear correlation is characterized by
the ratioK2 =�E/m3d = eV/�B [25,26]. After using the ra-
tiosK1, K2 and theµ0Hhf values, the splitting energies�E
between the 3d subbands at iron atoms were obtained across
the studied series and the literature series[9]. Assuming ad-
ditionally that the average�Eav splitting between the 3d sub-
bands in the M sublattice is proportional to the�E splitting
(�Eav =K3�E; K3 is a constant) the magnetic ordering tem-
peraturesTC can be related to the splitting energies�E. Con-
sequently a linear correlation between the magnetic ordering
temperatureTC and the squared energy�E2 is observed for
the considered series of the RM2 type intermetallics, as pre-
sented inFig. 7. (This figure also contains data of the series
Dy(Mn0.4−xAlxFe0.6)2 [9].) The line inFig. 7is described by
the numerical formulaTC(�E2) = [152(5)�E2 − 20(16)] K.
In this simple approach the only energy�Ewas considered.
This simplicity presumably can explain some deviations of
the experimental points from the linear dependence.

The discussed series of compounds are relatively new and
thus the other parameters related to the 3d band structure
are unknown. Therefore at present a more subtle description
is rather impossible. In fact, for certain rare earth–transition
metal compounds the band structures were previously dis-
cussed and proposed, for instance in Refs.[27–29]. However,
studies of the band structure of transition metal/transition
metal substituted series and of transition metal/aluminium
s in the
p more
d truc-
t eful.
T rical
s
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ials,
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185

om-

961)

c. 81
0 hf
ately proportional to them3d moment a calibration consta
1 =m3d/µ0Hhf = 2�B/22.68 T can be introduced (µ0Hhf for
yFe2—Table 1) [9].
This constant is used to calculate them3d(x) moments fo

he compounds of the considered substituted series fro
nownµ0Hhf(x) data (Table 1) [9]. It was tested elsewhe
or a number of 3d metals and alloys containing 3d me
hat there is a linear correlation between them3d magnetic
oment and the splitting energy�Eof 3d subbands[25,26].
ubstituted series, similar to those series considered
resent paper, have not yet been carried out. Thus for a
eveloped description, a better knowledge of the band s

ure of the substituted intermetallic series would be us
herefore further experimental, theoretical and nume
tudies would be helpful.
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