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The ternary R0.85Y0.15Ni2 and RNi1.85Fe0.15 (R = Gd and Er) phases have been investigated to study the influ-
ence of doping elements (Y, Fe) on the crystal structure and electric properties of RNi2 (R = Gd, Er) based
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compounds. All substituted alloys show metallic-like conductivity and exhibit anomalies, correspond-
ing to the ferromagnetic phase transition temperatures. Both the Curie temperatures and the scattering
contribution from magnetic moments in the paramagnetic state for the binary RNi2 scale well with the
deGennes factor; on the contrary, the Fe-substituted systems strongly deviate.

© 2010 Elsevier B.V. All rights reserved.
lectrical properties

. Introduction

Early reports on binary RNi2 (R = rare earth) classified these
ntermetallic compounds as belonging to the cubic Laves phases
xhibiting the MgCu2 type structure [1]. Subsequently, com-
ositional defects combined with superstructure lines in X-ray
iffraction profiles were reported and discussed for several R1−xNi2
0 < x < 0.05) compounds [2,3]. A first detailed analysis of this super-
tructure using X-ray and neutron powder diffraction was carried
ut for YNi2, demonstrating that a single-phase compound can
nly be obtained by a stoichiometry 0.95:2. These Y0.95Ni2 sam-
les have been characterized in terms of the space group F-43m
ith the lattice parameter a doubled and with ordered vacancies

n the Y sites 4a [4]. A systematic investigation of R1−xNi2 com-
ounds revealed that this superstructure also exists for other R
lements; however, the occupancy of the 4a sites increases with
ecreasing atomic radii of the R elements, reaching 1 for LuNi2
5,6]. The authors of Refs. [5,7] have obtained a 2a superstructure
or Y0.95Ni2D2.6, Tb0.95Ni2H2.5 and Er0.98Ni2H2.5 hydrides from X-
ay and neutron powder diffraction and established that deuterium
eads to re-ordering of the R vacancies.
Investigations of the electrical resistivity of YNi2 [8] and of trans-
ort quantities (resistivity, thermal conductivity, thermopower) of
he RNi2 [9] series evidenced distinct anomalies for some of these
ompounds at high temperatures. Afterwards, Gratz et al. [10] iden-
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tified these high-temperature transport anomalies with a structural
phase transition from the superstructure type (space group F-43m)
at room temperature to the MgCu2 structure type (space group
Fd-3m) at higher temperatures.

Intermetallic compounds of rare earth elements with 3d-
elements crystallizing as Laves phases exhibit a large variety of
interesting physical properties. Some of these compounds absorb
large amounts of hydrogen, thereby inducing changes of their phys-
ical properties. Doping of binary compounds by a third element
strongly modify their physical and hydrogenation properties, too.
Besides, RCo2 as well as RNi2 compounds have recently been pro-
posed as materials for magnetocaloric applications because of a
large change of entropy revealed at the magnetic phase transi-
tion temperature [11]. The maximum entropy gain associated with
this phase transition depends on the total angular momentum J
of the specific rare earth ion, which, however, can be modified
by crystalline electric field effects, lifting the (2J + 1)-fold mag-
netic moment degeneracy of the rare earth ion. Our previous
work [12–17] was focused on the influence of substituting Ni by
Fe as well as Er and Gd by Y with respect to the crystal struc-
ture, magnetic properties, hydrogenation ability and kinetics of
the hydrogenation–dehydrogenation process of alloys based on
binary RNi2 (R = Gd, Er) compounds. All these compounds are very
susceptible in absorbing a significant quantity of hydrogen (up

to 3.3–3.8 at.H/f.u. at 0.1–0.12 MPa pressure) without a coinciding
amorphization. The results of investigations regarding the crys-
tal structure and magnetic properties of R0.85Y0.15Ni2, RNi1.85Fe0.15
(R = Gd and Er) and their hydrides were presented in Ref. [17]. For
RNi2 based alloys the substitution of magnetic Gd and Er by non-

http://www.sciencedirect.com/science/journal/09258388
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0.85Y0.15Ni2, RNi1.85Fe0.15 alloys (s-superstructure lines, o-lines of Er2O3 oxide).
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Table 1
Crystallographic parameters and Curie temperatures obtained from magnetisa-
tion and susceptibility measurements (*TC) and from resistivity (**TC) of the RNi2,
R0.85Y0.15Ni2 and RNi1.85Fe0.15 (R = Gd and Er) alloys.

Compounds Structure
type

Space
group

a (nm) *TC (K) **TC (K)

GdNi2 TmNi2 F-43m 1.44085(8) 75 73
ErNi2 TmNi2 F-43m 1.42678(6) 14–16 14
Gd0.85Y0.15Ni2 TmNi2 F-43m 1.44017(7) 60 62

ture type) and ErNi1.85Fe0.15 (MgCu2 type structure) are presented
in Tables 2 and 3.

Figs. 2 and 3 display the temperature dependent electri-
cal resistivity, �, of RNi2 (R = Y, Gd and Er) and R0.85Y0.15Ni2,

Table 2
Atomic coordinates and isotropic displacement parameters of Er0.85Y0.15Ni2 (TmNi2
structure type, RB = 5.05%, RP = 4.86%, RWP = 10.9%).

Atom Site x/a y/b z/c Occupations Biso × 102

(nm2)

R1 4a 0 0 0 0.68(3) Y 1.11(7)
R2 4b 1/2 1/2 1/2 1.0 Er 0.72(2)
R3 16e 0.6276(2) x x 1.0 Er 0.79(1)
R4 16e 0.0975(2) x x 0.52(3)Y + 0.48(3)Er 1.05(1)
Fig. 1. X-ray powder diffraction patterns of RNi2 (R = Gd, Er) and doped R

agnetic Y has minor influence upon TC; but the Ni/Fe substitution
ncreases TC from 81 to 217 K for GdNi1.85Fe0.15 and from 16 to
18 K for ErNi1.85Fe0.15. Hydrogen absorption reduces the satura-
ion moment and suppresses long range magnetic order for the

ajority of alloys investigated to temperatures below 2 K.
Magnetic properties of the RNi2 Laves phases with partial sub-

titutions at the R and the Ni sublattices by a third component (R
y R’, Ni by Co or Fe) as well as of their hydrides have been exten-
ively studied in particular with respect to the interplay between
he localized magnetic moments of the rare earth ions and the itin-
rant electron magnetism of the 3d sublattice in these solids leading
o a wide variety of magnetic structures and associated magnetic
roperties [18–20]. Transport properties of these solids, however,
re much less investigated. Hence, this report focuses on the influ-
nce of Y and Fe substitutions on the crystal structure and electrical
esistivity of RNi2 (R = Gd, Er) compounds.

. Experimental details

Alloys were prepared by arc melting of the starting elements with a purity not
ess than 99.9 wt.% under argon. During arc melting the weight losses were less than
% of the total mass of the ingots. The alloys were annealed in quartz ampoules under
acuum and were homogenated at 600 ◦C for 720 h.

The samples were examined by X-ray powder diffraction (XRD) using diffrac-
ometers HZG-4a (FeK�-radiation) and DRON-3 M (CuK�-radiation). For crystal
tructure determination the diffraction data were collected using a � − 2� scan mode
ith steps of 0.05◦ and exposition time 20 s at every point. All the crystal structure

alculations were performed by the Rietveld method using the programs FullProf
21] and CSD [22].

The temperature dependence of the electrical resistivity was studied by a four
robe a.c. method in the temperature range 4–300 K.

. Results and discussion

XRD patterns of parent RNi2 (R = Gd, Er) and doped R0.85Y0.15Ni2,
Ni1.85Fe0.15 alloys are presented in Fig. 1. Detailed analyses of

he crystal structures of these compounds are presented in Refs.
13–15]. These patterns of RNi2 and R0.85Y0.15Ni2 with R = Gd and
r (Fig. 1) were indexed in terms of a cubic symmetry with dou-
led cell parameter 2a (where a is the unit cell parameter of the
gCu2 type structure). The existence of superstructure peaks (see
Er0.85Y0.15Ni2 TmNi2 F-43m 1.42920(6) 15 13
GdNi1.85Fe0.15 MgCu2 Fd-3m 0.72246(3) 217 215
ErNi1.85Fe0.15 MgCu2 Fd-3m 0.71707(3) 118 118

Fig. 1) indicates that all samples belong to the TmNi2 structure type.
The Fe-containing alloys GdNi1.85Fe0.15 and ErNi1.85Fe0.15 crystal-
lize in the MgCu2 type structure. There are no visible superstructure
lines derived from their XRD patterns (Fig. 1). A small fraction of
Er2O3 is also present in the Er containing samples (Fig. 1). Refined
lattice parameters of the alloys investigated are summarized in
Table 1. The final atomic parameters of Er0.85Y0.15Ni2 (TmNi2 struc-
R5 24g 0.0262(2) 1/4 1/4 1.0 Er 1.02(4)
Ni1 16e 0.3046(5) x x 1.0 1.44(2)
Ni2 16e 0.8111(6) x x 1.0 1.72(2)
Ni3 24h 0.0598(5) x 0.8092(6) 1.0 1.23(2)
Ni4 24h 0.0614(5) x 0.3163(7) 1.0 1.64(5)
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Fig. 2. (a) Temperature dependent electrical resistivity, �, of YNi2, GdNi2, Gd0.85Y0.15Ni2 a
dependent electrical resistivity, �, of GdNi2 and Gd0.85Y0.15Ni2 plotted on a quadratic tem

Table 3
Atomic coordinates and isotropic displacement parameters of ErNi1.85Fe0.15 (MgCu2

structure type, RB = 4.64%, RP = 5.17%, RWP = 10.3%).

Atom Site x/a y/b z/c Occupations Biso × 102
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(nm2)

Er 8b 3/8 3/8 3/8 1 1.27(2)
M 16c 0 0 0 0.93(1)Ni + 0.07(1)Fe 1.86(4)

Ni1.85Fe0.15 (R = Gd and Er) for temperatures from 4 to 300 K. All
ompounds investigated reveal a metallic-like conductivity. The
implest behaviour is observed for YNi2, which does neither exhibit
agnetic order nor superconductivity. Here, �(T) can be accounted

or by the Bloch–Grüneisen (BG) formula, where charge carriers
electrons) are treated in terms of the free electron model while
honons are described using the Debye model. Adjusting the BG
ormula to the experimental data of YNi2 (solid line, Fig. 3), allows

o deduce a temperature independent electron–phonon interaction
trength and the Debye temperature �D = 195 K. All the remaining
lloys shown in Figs. 2 and 3 exhibit long range magnetic order, pro-
oked either by localized magnetic moments (Gd, Er), by the Fe-3d
oments or by a combination of both. Both, the substituted alloys

ig. 3. Temperature dependent electrical resistivity, �, of YNi2, ErNi2, Er0.85Y0.15Ni2
nd ErFe0.15Ni1.85. The arrows mark the magnetic phase transition. The solid line is
least squares of the Bloch–Grüneisen formula to the experimental data revealing
Debye temperature �D = 195 K for YNi2. The dashed lines sketch the procedure to
valuate �spd.
nd GdFe0.15Ni1.85. The arrows mark the magnetic phase transition. (b) Temperature
perature scale. The solid lines emphasize the T2 behaviour of �(T).

R0.85Y0.15Ni2, RNi1.85Fe0.15 (R = Gd and Er), alike the binary ana-
logues GdNi2 and ErNi2 [23,24], are controlled by ferromagnetism
[17]. The transition into a ferromagnetically ordered ground state
is also apparent from the resistivity data. Increasing order of the
magnetic structure on decreasing temperature, i.e., the localized
magnetic moments start to arrange right at the ordering temper-
ature and are completely aligned at T = 0, is concomitant with a
decrease of the electrical resistivity. Also visible from the experi-
mental data is a slight decrease of �(T) within a narrow temperature
range above TC. Thus, TC is rendered by a weak local maximum in
the �(T) data. The increase of �(T) beyond TC upon lowering the
temperature can be understood from ferromagnetic spin fluctua-
tions which develop well above the Curie temperature and which
diverge temporally and spatially at TC. Ferromagnetic order of the
materials investigated can be seen from the T2 dependence of �(T)
for T � TC (compare Fig. 2(b)). Such a power law is a result of scatter-
ing processes of conduction electrons on ferromagnetic spin waves
[25]. Interestingly, the Fe-containing materials exhibit at lowest
temperatures a minimum in �(T) followed by an increase of the
resistivity if the temperature is further lowered. A closer inspection
of the data reveals nearly logarithmic temperature dependences,
which might be a result of Kondo type scattering processes on
tiny amounts (∼ppm) of Fe which is not fully integrated in the
crystalline unit cells. This behaviour is more pronounced in the
Er case than in the Gd analogue. For the paramagnetic temper-
ature range (well above TC), �(T) increases almost linearly as a
result of the electron–phonon interaction and of the scattering of
conduction electrons on the nearly localized disordered magnetic
moments (see below). Note also that the absolute change of resis-
tivity is much more pronounced in the cases of RNi1.85Fe0.15 than
for R0.85Y0.15Ni2. This emphasizes the fact that scattering of con-
ductions electrons on the disordered ligands (Fe–Ni) around the
magnetic R ions is much stronger than scattering on disordered
Gd–Y. Although there are differences in the scattering cross-section
due to the magnetic to non-magnetic state of Gd and Y, the electron
configuration [Xe]4f75d16 s2 (Gd) and [Kr]4d15 s2 (Y) appear not to
differ that much; hence scattering is less altered in both cases.

Obviously, the substitution of {Gd, Er} by Y reduces the tran-
sition temperatures in both cases (compare Table 1), while the
substitution of Ni by Fe yields a substantial increase of the Curie

temperature. The former corresponds to a dilution of magnetic
Gd or Er by non-magnetic Y; besides the decrease of TC, the
spontaneous magnetisation decreases as well [17]. The 3d metal
substitution of Ni by 5 at.% Fe sharply increases TC by a factor of
3–8 for Gd and Er, respectively. This hints at a different mechanism
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ig. 4. deGennes scaling of the ferromagnetic phase transition temperature TC and
f the magnetic contribution to the electrical resistivity, �spd, for RNi2 (R = Gd, Er)
nd RFe0.15Ni1.85 (R = Gd, Er). The lines are guides to the eyes.

f ordering compared to the simple RKKY type dominating GdNi2
nd ErNi2. Considering RKKY interaction being responsible for the
ccurrence of long range magnetic order, the so-called deGennes
arameter, dG (TC ∼ dG = (g − 1)2J(J + 1), where g is the Lande factor
nd J the total angular momentum), provides a powerful tool to test
uch a scenario. Note that the magnetic contribution to the electri-
al resistivity in the paramagnetic temperature range, �spd, scales
ith the deGennes factor as well. The extrapolation procedure used

o determine �spd from the experimental �(T) data is discussed in
etail in Ref. [26]. Crystalline electric field (CEF) effects cause a lift-

ng of the ground state degeneracy, and the thermal population
f the various CEF levels provides additional scattering channels.
hus, the spin-disorder resistivity rises with rising temperature.
or temperatures above the uppermost CEF level, however, �spd
emains constant. While for both non-Kramers ions (e.g., Pr or Tb,
is integer) and Kramers ions (e.g. Ce, or Er, J is half-integer) CEF
ffects create a distinct variety of multiplets located at character-
stic energies, the absence of an orbital contribution to J in the case
f Gd preserves the degenerate ground state. As a consequence,
spd remains constant, too. This can be read off from the linear

emperature dependence of �spd of GdNi2 well above the ordering
emperature. On the other hand, the overall crystal field splitting of
rNi2 is rather small, of the order of 100 K [27], allowing an extrapo-
ation of �spd from temperatures above 100 K towards zero. Shown
n Fig. 4 is a plot of both TC and �spd as a function of (g − 1)2J(J + 1)
or RNi2 and RFe0.15Ni1.85 (R = Gd, Er). Obviously, TC and �spd of
rNi2 and GdNi2 scale well with the deGennes factor, in agree-
ent with other rare earth intermetallics such as RAl2 [26] or RPt

28]. This, however, is not the case for RFe0.15Ni1.85. Both, TC and
spd are far-off from scaling; rather, both quantities seem to be
nderpinned by some constant background, upon which there is
contribution, roughly proportional to the deGennes parameter.

rom a more microscopic point of view, the non-negligible mag-
etic moment of Fe (1.45 �B/Fe in YFe2 or 1.6 �B/Fe in GdFe2 [29]),
s well as the high ordering temperatures in binary RFe2 (545 K for
Fe2 and 785 K for GdFe2 [29]) substantially influence electronic
ransport in the intermetallics described above and, specifically, TC
nd �spd of RFe0.15Ni1.85 (R = Gd, Er). Since the shape of the �(T)
urves in the paramagnetic temperature range does not change
ubstantially upon the Fe substitution, one might conclude that

cattering of the conduction electrons on the Fe moments is qualita-
ively similar to that on the localized rare earth moments, although
here is a distinct quantitative difference. Consequently, the Fe-3d

oments should behave localized rather than itinerantly. In fact,

[

[
[
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band structure calculations carried out for YFe2 and LuFe2 [30]
clearly evidence the localized character of the Fe-3d states from
narrow features in the electronic density of states above and below
the Fermi energy EF.

4. Conclusion

RNi2 (R = Gd, Er) and doped R0.85Y0.15Ni2, RNi1.85Fe0.15 alloys
have been studied by X-ray diffraction and temperature depen-
dent electrical resistivity. While the latter crystallize in the MgCu2
structure, both former groups exhibit a defect structure of the
TmNi2-type with ordered vacancies on the rare earth site at room
temperature, which, however, become disordered above a struc-
tural phase transition at high temperatures [10]. The ground state
properties are dominated by ferromagnetism of the rare earth
ions Gd and Er. While, upon substitution, non-magnetic Y causes
a dilution of magnetic moments on the rare earth site, result-
ing in a decrease of the ordering temperature, adding Fe instead
of Ni improves the magnetic exchange coupling and shifts the
phase transition towards higher temperatures. This additional con-
tribution to the magnetic state in the pseudo-binaries leads to
substantial deviations from deGennes scaling.
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