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Abstract

Electrical resistivities of the Dy(ResCo,). 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 t
Dy(Fe_xCaoy), compounds using the magnetic contribution to the electrical resistivity. The splitting energies between the 3d subbands of
iron for the Dy(Fe_,Co,), series were estimated using the magnetic hyperfine fieRi§atuclei. The Curie temperatures obtained for the
Dy(Fe,_xCoy), intermetallics and the Curie temperatures reported in the literature for the Ry(MR), and Dy(Mny 4 xAlFey6), Series
correlate linearly with the squared energy splitting between the 3d subbands.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in the Dy(Mn_xFe,)2 series grows up witR. This growth is
continued for the Dy(Fe xCoy)2 series, and the maximum
The heavy rare earth—transition metal (RMerrimag- value of the field is approached for the Dyg=€0p 3)> com-

nets are widely studied for a fundamental interest and for pound (atx=0.3,n=6.3). At this Co-content the filling up
their practical applicatioqd—3]. Ferrimagnetismofthe R—M  of the majority 3d-subband by 3d-electrons is terminated.
compounds is a result of the coexistence between the 4f and~or the higher Co-substitutions the weak ferromagnetism-
3d magnetisnfi4]. The electronic band structure of these in- type behaviour of the M-sublattice appears. The filling-up
termetallics, and in particular that of their transition metal of the minority 3d subband still proceeds and the observed
sublattice, is rather complex and poorly understood up to field decreases gradually witt{5,6,9]. This Mn/Fe or Fe/Co
date. replacement strongly influences the 3d-band and thus the
It was previously found from the’Fe Mossbauer effect magnetism and the hyperfine interactions of the compounds
studies of the Dy(Mp_xFe)2 and Dy(Fe_xCo)2 pseudobi- [5,6].
narieg[5,6] that the®’Fe magnetic hyperfine fieldoHns (10 As the Mn/Fe or Fe/Co substitution changes the number
is the magnetic permeability) treated as a function of the av- n of 3d electrons in the M sublattice across the mentioned
erage numbarof 3d electrons calculated per transition metal series it was interesting to study the influence of the 3d band
site, resembles the Slater—Pauling plot, like in the case of thepopulation on the 4f(5d)-3d magnetism, on the magnetism
3d metal-3d metal alloyl¥,8]. This Slater—Pauling depen-  of the 3d-sublattice and especially on the magnetic ordering
dence mainly reflects the magnetism of the transition metal temperature3c.
sublattice. Atfirst, the strong ferromagnetism-type behaviour ~ For this purpose the magnetic ordering temperafti€s)
of the M-sublattice is observed. The magnetic hyperfine field for the Dy(Fa_xCo)» series were determined from electri-
cal resistivity measurements. Additionally, the literatlire
* Corresponding author. data for the Dy(Ma_xFe)2 and Dy(Mrp 4-xAlxFep 6)2 se-
E-mail addresspszczola@uci.agh.edu.pl (J. Pszczota). ries were taken into accouf®,10]. These magnetic ordering
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Fig. 1. X-ray powder diffraction patterns observed for the Dy(k€o), intermetallics (300 K). Fitted differential pattern is added below each diffractogram.
| is the intensity and the capital lettéris the reflection angle.

temperatures are discussed qualitatively within the frame of formula a(x) = [—0.145(13)2 + 0.010(13x + 7.316(3)JA. It
the rigid band model. is expected inspecting the experimenégX) dependence
(Fig. 2 that the physical errorda in some cases can be
approximately even five times larger as compared to the nu-
2. The crystal structures merical errors listed infable 1 It is worth to notice that
the literature parameters a known for Dyfamd DyCo, the
All Dy(Fe1—xCo)2 (0 <x<1) compounds were prepared borderline compounds of the serigs15,16]fit well to the
as cast by arc melting in a high purity argon atmosphere from obtained dataKig. 2, Table J).
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 3 Ejectrical resistivity (ER) studies
all the compounds using Mo &Kradiation at room temper-

ature (patterns are presentedHig. 1). For the all com- 31 Resistivities
pounds the clean patterns corresponding to the cubic, Fd3m,
MgCle-type (C15) Laves phadél,12]were observed. The After arc melting a small part of the synthesized ingot was

Rietveld-type procedure to fit the X-ray patterns was ap- ysed each time to verify the crystal structure of the compound
plied [13,14] The crystal unit cell parameteasdetermined by the X-ray powder diffraction method. Bar (cuboid) shaped

from the numerical analysis are presenteéig. 2and con- specimens with typical dimensions 1 mal mmx 15mm
tained inTable 1 A considerable and nonlinear reduction sed for electrical measurements were precisely cut from the
of the a(x) parameter against the Co conteris observed.  ingots. Electrical contacts were established by point spark-

This dependence is well approximated by the numerical \ye|ding 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
7.32 previously, was used to measure electrical resistivjgs

The good quality electrical resistivitigsas functions of
temperaturd obtained for the Dy(Fg xCoy)2 intermetallics
< 724l are presented ifrig. 3. The electrical resistivity(T; X) is
© expressed by the Matthiesen form{da,18}

720}
16l p = po+ pt+ Pm @

00 02 04 06 08 10 with the residual resistivityo, the phonon scattering resis-

X tivity pf(T) andpm(T) the magnetic contribution to resistivity

Fig. 2. The crystal lattice edga of the Dy(Fa_xCo), intermetallics (Fig. 3) [17_191 The procedure to determim@, pf(T) and

(300K) for the MgCu-type structure (black points). Added exemplary lit- ,Om(T)_WaS SomeWhat improved as compared to the method
erature data for DyReand DyCao [1] (open points). described previously elsewhd#.
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Table 1
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Crystal lattice parametes, temperatur#, residual resistivityog, magnetic hyperfine fielgdoHns [5,6], average numbar of 3d electrons, squared splitting
energyAE? and Curie temperatufg: of the Dy(Fa_xCoy)2 intermetallics

X a[A] 6 [K] D [x10°6Qm] po [x1076 @m] woHns [T] n AE? [(eV)?] Te [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] 123-1692]
7.189[16,20] 140[16]

Todescribe the procedure itis useful to mention that forthe [17,19]:
low temperature regionl(« 6 andT « T¢), the expression T
(1) can be written afl7,19} o(T)=D (9) +C 3)

T 5
o(T) = 497.6D<9> + AT? + BT + po

)

with A, B, D and® being constantgl is a value close to the

Debye temperature.

For the high temperature regiom ¥ 6 and T>> Tc¢)
the total resistivity can be approximated by the formula
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Fig. 3. Electric resistivities: the total the phonorps and the magnetipm
observed against temperature for the intermetallics Dy(f&oy)s.

After fitting formula (2) to the experimental da#érl) for low
temperatures and formula (3) to the experimental data for
high temperatures the parametérsd, A, B and pg present

in the above equations were obtained. As a next step, the
determined parameters were used as starting parameters to
fit the low temperature(T) data again to the full formula:

o/
T 5 ZS 2

+ BT + po (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 contributig(T) using
the integral part in formula (49,17-19] Subsequently sub-
tracting from the experimentalT) curve the corresponding
fitted pg value and the corresponding calculated temperature
dependence of;(T), the magnetic contribution versus tem-
perature i.e. then(T) curve was obtained for the particular
compounds. The essential fitted parameters are presented in
Fig. 4and inTable 1 The less essential parameté&rd3 and
C are not presented in the table.

For instance, the remaining parameters, for the com-
pound Dy(F@ sCop.4)> were equalA=1.3x 10~ 11 Qm/K?2,
B=-5.2x 10719Qm/K, C=1.33x 10~® @m. Similar val-
ues of the fitted parameters were obtained for the other com-
pounds of the Dy(Fe xCoy)2 series. In fact, the less essential
A andB parameters only improve somewhat fhiedepen-
dence in formula (2) during the fitting procedure. The fit-
ted values of temperaturésseem to be reasonable as com-
pared to the Debye temperatures 420K (for Fe), 385K (for
Co) and 140K (for Dy)17]. The Fe/Co substitution intro-
duces a decreasing tendency in the temperatureamely
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Fig. 4. Thepg andd parameters determined for the Dy{EgCoy)2 com-
pounds.
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0(X) =[—62(4x+273(8)] K (Fig. 4). The considerable distri-
bution of thed values corresponding to the particular com-
pounds in relation to thé(x) line can be ascribed to both
the experimental (or numerical) errors and presumably to the
individual properties of the compounds.

The residual resistivityg depends on both the crystal
lattice imperfections and the statistical imperfections intro-
duced by the random Fe/Co substitution. It is expected that]c

the statistical disorder prevails. It seems that as a result of the or the DyFe compound[2,15]. This growth is continued
o ) ’ across the Dy(Fe4C series and a maximal valu
statistical disorder thpg parameter, a small value far=0, y(FexCod)2 s

. . . is approached in the area of the Dy§R€ay.3)2 compound
increases wittx, approaches a I_oc_:al maximum for0.25, (n=6.3). Further the Fe/Co substitution strongly reduces the
decreases to a shallow local minimunxat0.5, afterwards

h t local . it 0.7 and then d Curie temperature to the value 156 K for the DyGQmm-
?fepz_;'rg:sc&,ésg next local maximum -Lan en de- pound[2,16]. There is no doubt that thec(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
3.2. Curie temperatures Tc dependence to the 3d band properties.

600 700 800 100 200 300 400
T[K] T[K]

Fig. 5. TheApm/AT functions of temperature for the Dy(EgCoy)2 com-
pounds.

It has been already discussed that the dependenB
is useful to determine the magnetic ordering temperatures
Tc of the intermetallics]9]. The numerically determined 700 -
A pm/ AT functions of temperature for the compounds of the
Dy(Fe1_xCoy)2 series are presented fiig. 5 The intersec-
tion of the two fitted straight lines gives the Curie temper- 500 -
ature. The experimental err&xT¢ of the method is quite
considerable and for the particular compounds can approach zo 400
even 20 K. The determin€lt temperatures are contained in =
Table 1andFig. 6 (open squares). Sonle literature data
for the Dy(Fa_xCoy)2 series are also added (open rhombs 200 -
[15,16,20). Moreover data (black triangles) obtained using
Mossbauer effect (ME) for the Dy(MnyFe)2 series are 100 -
also presentef9]. The substitution Mn/Fe and Fe/Co in the o LT DYt Ted | PYe, Lo
above mentioned series changes the numbéBd electrons 52 56 60 64 68
and thus induces the dependence of the Curie temperature on n
the composition of the compound. The valueTef equals Fig. 6. The Curie temperatur@g(n) or Tc(x) of the Dy(Mm_xFe)2 (black

45K for the DyMn, compound = 5) [21] and strongly in- triangles-ME)[9] and Dy(Fe_xCo)> (open squares-ER; open rhombus
creases across the Dy(WxFe)2 series to the value 656 K [2,15,16) intermetallics. Line follows experimental points.

600
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It was found that this linear correlation is characterized by
the ratioK, = AE/mzg=eViug [25,26] After using the ra-
tios K1, K2 and theugHps values, the splitting energiesE
between the 3d subbands at iron atoms were obtained across
the studied series and the literature sef$dsAssuming ad-
ditionally that the averagaEj,, splitting between the 3d sub-
bands in the M sublattice is proportional to th& splitting
(AEay=K3AE; K3 is a constant) the magnetic ordering tem-
peraturedc can be related to the splitting energieg. Con-
sequently a linear correlation between the magnetic ordering
temperaturdc and the squared energyE? is observed for
the considered series of the RM/pe intermetallics, as pre-
sented inFig. 7. (This figure also contains data of the series
Dy(Mng 4_xAlxFey )2 [9].) The line inFig. 7is described by
A [eV)] the numerical formul@c(AE?) = [152(5)AE? — 20(16)] K.
In this simple approach the only energ§e was considered.
Fig. 7. The correlation between the Curie temperafigeand the square  This simplicity presumably can explain some deviations of
value AE? of the splitting energy between the 3d subbands for the se- the experimental points from the linear dependence.
ries Dy(Mm_xF8), (black triangles-Mg3]), Dy(Mno.4_xAlxFev.¢)a (black The discussed series of compounds are relatively new and
points-ME, open points-ER] and Dy(Fe-Cadz (open squares-ER). thus the other parameters related to the 3d band structure
are unknown. Therefore at present a more subtle description
4. Summary is rather impossible. In fact, for certain rare earth—transition
metal compounds the band structures were previously dis-
It was discussed previously elsewhere that the ordering cussed and proposed, for instance in R@fs-29] However,
temperaturd ¢ of the R—M intermetallics can be described studies of the band structure of transition metal/transition
by an empirical approximate formuldac=Tr+Tym [1,3]. metal substituted series and of transition metal/aluminium
The Tr contribution originates from the rare earth sublat- substituted series, similar to those series considered in the
tice and theTy term arises from the transition metal sublat- present paper, have not yet been carried out. Thus for a more
tice. The contributiomr =bG, whereb is a certain constant  developed description, a better knowledge of the band struc-
andG the de Gennes factdt,3]. It seems to be valid that  ture of the substituted intermetallic series would be useful.
the influence of the Mn/Fe and the Fe/Co substitution in the Therefore further experimental, theoretical and numerical
Dy(Mn1_xFe&()2 and Dy(Fe_xCo)2 series on thdr term studies would be helpful.
is of the second order, if any. Thus tfie dependence on
observed across the both seriEg( 6) can be approximately
ascribed to thély term. TheTy term however should be  aAcknowledgements
related to the 3d band changes in the M sublattice originated

from the substitutions. Typically these substitutions should  gypported partially by Polish Committee of Scientific Re-

change the Fermi energy, the width of 3d bands, the positiongearch, grant no. 4T08D03322. M. &frand T. Winek are
of the 3d bands in relation to the Fermi level, the 3d elec- 5cknowledged for technical assistance.

tron populations of the 3d subbands and the energy Alfift

between the 3d subband®,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 pr_eviously found for the Dykecompound that (1] K.N.R. Taylor, Adv. Phys. 20 (1971) 551.

the magnetic momenty of the 3d electrons calculated (2] k.H.J. Buschow, in: E.P. Wohlfarth (Ed.), Ferromagnetic Materials,
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