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Two solid solutions on the basis of the binary compounds YNiz and Y gsNi, were investigated by X-ray and
electron probe microanalysis for the influence of Fe and Cu-doping on the crystal structure and electrical
properties. Substitution of Cu for Ni in YNiz does not change the structure type (PuNis). The replacement of
Ni by Cu in YggsNi»xCu, up to x < 0.15 and the replacement of Ni by Fein YggsNio.Fe, up tox < 0.1 preserve
the structure of the binary parent compound Y q¢sNi> (TmNi, structuretype, space group F-43m). Substitution
by larger quantities of Cu and Fe destabilizes the TmNi, superstructure, which converts into the MgCu,
structure with disordered Y vacancies. All the investigated alloys showed metallic-like conductivity following

the Nordheim relation.
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1. Introduction

Intermetallic compoundBM,, (R = rare earthM = 3d-
element,n= 2 or 3) exhibit a large variety of
interesting physical properties. Some of these
compounds also absorb large amounts of hydrogen,
which induces remarkable changes of their physical
properties. Intermetallics and their hydrides attra
interest as objects for fundamental investigatiand

for practical application in the production of magn
materials, hydrogen accumulators, metal hydride
electrodesetc. [1-3].

During the past years we have studied a number of
binary RM, and RM; compounds doped with a third
componentiR or M) with respect to the influence of
the doping element on the crystal structure, dtssdtr
and magnetic properties and hydrogenation ability o
these alloys. The results have been presented
in [4-15].

Early reports on binary YNi indicated that
it belongs to the cubic MgGlLaves phase structure
[16]. It was recently shown that YN¢rystallizes in a
superstructure of the cubic MggLu.aves phase
structure (TmNi structure type) with the nominal
composition ¥eNi,. This superstructure with
space groupF-43m is characterized by ordered Y
vacancies in thealsites and a doubling of the lattice
parametera in comparison to the basic Mggu
structure[17].
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Investigations of the electrical resistivity of YN
[18] and of other transport properties (thermal
conductivity, thermopower) of th&Ni, series[1]
evidenced anomalies for some of these compounds at
high temperatures. Grat al. [19] later attributed
these high-temperature transport anomalies to
structural phase transitions from the superstrectur
type (space group-43m) at lower temperatures to the
MgCu, structure type (space grodqu-3m), stable at
higher  temperatures. Our  previous  works
[5-9,11-13,15] were focused on the influence of
substitution of Fe for Ni, or non-magnetic Y foreth
magnetic rare earths Er and Gd, on the crystal

structure, electrical and magnetic properties,
hydrogenation abilty and kinetics of the
hydrogenation-dehydrogenation process of

RossYo0.1Niz and RNijgfe 15 (R= Gd, Er) alloys
based on the binarRNi, (R= Gd, Er)compounds.
The results of the crystal structure investigations
showed that the parent compoumiNi, and R'Y
substitutedRy g5Y 0.1 Ni> (R= Gd and Er) alloydelong

to the TmNj superstructure type, but the Fe-
containing alloys GdNigfFe 15 and ErNigfe) s
crystallize in the MgCutype structure. All the
investigated alloys showed metallic-like condudyivi
and exhibited long-range magnetic ordée0].
Transition into a ferromagnetically ordered ground
state was also apparent from the resistivity dath.
the substituted alloys exhibited anomalies in their
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physical properties near the ferromagnetic phase
transition temperatures. Increasing order of the

2. Experimental details

magnetic structure with decreasing temperature was Alloys were prepared by arc melting of starting

revealed by a decrease of the electrical resigtivit
Binary YNiz crystallizes in the Pubflitype
rhombohedral structure (space grdgy3m) [21]. The
crystal structure of theRNi; compounds can be
presented as a stackingRiflis (CaCy Haucke phase)
and RNi, (MgZn, Laves phase) structure fragments
[22].  Hydrogen-absorbing RNi; intermetallic
compoundsR =Y and rare earths) have already been
known for more than three decades. However,

increased interest in these compounds as hydrogen compositions

storage materials has appeared in recent yearsJymai
because of the prospect of electrochemical
applicationsg[23]. Among theRNiz; compounds, YNi
displays the highest hydrogen sorption capacity. A
partial replacement of Ni by Cr, Mn, Fe, Co,[24],

or Cu[10] decreases its hydrogen sorption capacity.

Single crystals of weakly itinerant ferromagnetic
(Tc= 35K) YNis [25] display a non-Fermi liquid
(NLF) temperature dependence of the resistivitye Th
resistivity does not follow th@*law [26], as would
be expected from the conventional Fermi liquid
theory.

Our previous systematic investigation of the phase
equilibria in the Y-Cu—Ni system at 600927,28]
has shown the existence of limited solid solutions
Y1 Ni,Cu (0 < 0 < 0.05; 0< x < 0.30) and
YNizCu, (Xx= 0.2 andx= 0.4) based on the binary
compounds YsNi, (0< 6 < 0.05) and YNi. The
present work focuses on investigations of the
influence of Cu and Fe as doping elements on the
structure and electrical resistivity of the binary
compounds ¥oNi, and YNa.

elements with a purity not less than 9@19% under
argon. The weight losses were less thé% df the
total mass of the ingots. The alloys were homogghiz
in evacuated quartz ampoules at &for 720h. The
samples were examined by X-ray powder diffraction
(XRD) usinga STOE STADI P diffractometer with
CuK,-radiation. All the crystal structure calculations
were performed by the Rietveld method with the
programs FullProf[29] and CSD [30], using the
obtained by electron probe
microanalysis. Qualitative and quantitative
composition analyses on the bulk samples were
performed with a scanning electron microscope
REMMA-102-2. The temperature dependence of the
electrical resistivity was studied by the four peob
a.c.-bridge method in the temperature range 400

3. Results and discussion

The XRD patterns of binary YRhliand the pseudo-
binary solid solution YNi,Cu, (0< x < 0.8) were
indexed in the PuNitype structure (space group
R-3m) and are presented kxig. 1. The data show that
the replacement of Ni by Cu in YNiloes not change
the crystal structure of the solid solution. Thttida
parameters increase with increasing Cu content
(Tablel). The refined final atomic parameters for one
alloy of the solid solution, YNi:Cuw g are presented
in Table2.

XRD patterns of the parent ¥Ni, alloy and
alloys of the solid solutions g%Ni,»«Cu, (0< x< 0.3)

YNi, Cu,

Intensity

] x =0.8|
— i x =0.6]
" A x =0.4
[ - Ll x =0.2
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2 Theta (deg.)

Fig. 1 X-ray powder diffraction patterns of alloys of thelid solution YN;,Cu, (PuNk-type structure).
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Table 1 Lattice parameters of YRCu, (0 < x < 0.8; PuNi-type structure, space gro®Re3m).

Composition a (nm) ¢ (nm) V (nnT)
YNis 0.4978(1) 2.4450(1) 0.5247(1)
YNi,sClg 2 0.49837(1) 2.4454(1) 0.5258(1)
YNi,eClg 4 0.49935(2) 2.4477(1) 0.5285(2)
YNi,.Clos 0.49966(1) 2.4486(1) 0.5293(1)
YNi, Cuos 0.50095(1) 2.4503(1) 0.5324(1)

Table 2 Refined atomic parameters, site occupatidds dnd isotropic temperature coefficienBsf) for
YNi, Cup g (PuNki-type structureRz = 0.0587).

Atom | Site X y z G Bisox 107 (NnT)
Y1 3a 0 0 0 1.0 1.31(5)
Y2 6c 0 0 0.14041(9) 1.0 1.07(7)
M1 3b 0 0 23 0.753Ni+0.247Cu 1.51(7)
M2 6c 0 0 0.33423(18) 0.750Ni+0.250Cu 1.53(11)
M3 | 18 | 0.8292(4) | 0.1708(4)|  0.58390(2) 0.736Ni+0.264Cu 2063

Table3 Crystallographic parameters of solid solutionggNi,Cu, (0< x < 0.3) and ¥oNirxFe
(0<x<0.1).

Composition Structure type Space group a (nm) V (nnT)

Y o.0fNin? TmNi, F-43m 1.4347(23 2.9529(4%
1.435F 2.959

Y 0.0Ni1.9CUy 03 TmNi, F-43m 1.43501(1) 2.95486(1)

Y 0.09Ni1.9C U 08 TmNi, F-43m 1.43541(1) 2.95881(1)

Yo.90Ni1Clho.15 MgCuw, Fd-3m 0.71723(1) 0.36896(3)

Y 0.0Niz Cl 3 MgCuw, Fd-3m 0.71823(1) 0.37031(2)

YNipoClys TmNi, F-43m 1.4368 2.966

YNi; &Clh.s TmNi, F-43m 1.4369 2.967

Y 0.0Ni1 o7& 03 TmNi, F-43m 1.43614(1) 2.96202(7)

Y 0.0Ni1.0d .05 TmNi, F-43m 1.43639(3) 2.9636(2)

YooNizFens MgCu, Fd-3m 0.71872(1) 0.37126(2)

2 present dat&;data from{31]

and Yy oNirxFe (0< x < 0.1) are presented kigs.2 up to about 2@t.% Cu x= 0.6). The difference
and 3. A detailed analysis of the crystal structure of between the present data and thosg3aj may be
these solid solutions showed that the replacemént o attributed to the different annealing temperatures
Ni by Cu in Yy ofNi>xCu, up tox < 0.15 (<5 at.% Cu) applied in the two investigations, 8K0and 102,

and the substitution of Ni by Fe iny¥Ni,.Fe, up to respectively. Refined lattice parameters of thddsol
x< 0.1 (<3 at.% Fe) preserve the structure of the solution series Y(Ni,Cy)are summarized iffable3.
binary parent compound g¥Ni, (TmNi, structure The atomic parameters of g ¥Ni; o ClUyog (TMNix-
type, space groupF-43m). The presence of type structure) and NI Clysz (MgCu-type
superstructure reflections (s€@s.2 and3) indicates structure) alloys are presentedTiables 4and>5.

that all the samples of the solid solution belomghte Electrical resistivity measurements were carried
cubic structure type with doubled cell parametar 2 out to supplement the crystallographic studiesHhsy t
(wherea is the unit cell parameter of the Mg&ype information revealed from the scattering of conédurct
structure). The lattice parameters increase with electrons in the investigated solid solutions Itidso
increasing Cu and Fe content (séaeble3). Higher solutions of fully miscible isostructural nonmagoet
contents of Cu and Fe lead to a phase transitmm fr elementse.g. alloys of the noble metals Ag and Au,
the TmN} superstructure to the Mggstructure type. the low-temperature resisitivities are dominated by

There are no visible superstructure lines in theDXR  disorder scattering of the conduction electrons.
patterns of ¥oNi;Clhs and YoodNizoFen; (see Accordingly, the residual resistivities of the soli
Figs.2 and3). However, according to Paul-Boncaatir solution Au,Agy follow the simple Nordheim
al. [31] the pseudo-binary solid solution Y(Ni,Gu) relation, oy(x) = CX(1-x) [32]. Deviations of m(X)
adopts the superstructure within the homogeneitgaa from the Nordheim rule are expected in the presence
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Fig. 2 X-ray powder diffraction patterns of alloys of thelid solution ¥ ggNi>4Cu,.
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Fig. 3 X-ray powder diffraction patterns of alloys of thelid solution ¥ ogNi,«Fé;.

Chem. Met. Alloys 4 (2011) 155



O. Myakustet al., Influence of doping elements (Cu and Fe) orctlystal structure and electrical resistivity ...

Table4 Refined atomic parameters, site occupati@) &nd isotropic temperature coefficienB{) for

Y 0.08Ni1.9C U 08 (TMNix-type structureRz = 0.052).

Atom Site X y z G Bisox 107 (NNT)
Y1 Za 0 0 0 0.401(8) 1.49(1)
Y2 4b 1 1, 1, 1.0 0.65(1)
Y3 16e 0.10308(5) X X 1.0 0.69(1)
Y4 16e 0.62606(7) X X 1.0 0.52(1)
Y5 24g 0.0078(1) 7 Yy 1.0 0.93(1)
M1 16e 0.3118(2) X X 0.96 Ni + 0.04 Cu 0.52(1)
M2 16e 0.8118(2) X X 0.96 Ni +0.04 Cu 0.99(1)
M3 48h 0.0654(1) X 0.8089(2) 0.96 Ni +0.04 Cu 0.57(1)
M4 48h 0.0619(1) X 0.3118(2) 0.96 Ni +0.04 Cu 0.61(1)

Table5 Refined atomic parameters, site occupati@) &nd isotropic temperature coefficienBg{) for

Y 0.0d\Ni1 ClUy 3 (MgCu,-type structureRg = 0.032).

Atom | Site X y z G Bisox 107 (NNT)
Y 8b % % % 0.95 1.06(1)
M 16¢ 0 0 0 0.85 Ni + 0.15 Cu 1.04(1)

of magnetic elements and, in particular, for solid
solutions undergoing changes of their crystal
structures and/or magnetic ground states.
Temperature dependent electrical resistivities,
A(T), of polycrystalline samples of the binary parent
compound YN§ and the solid solutions YR/iCu,
(x= 0.2, 0.4, 0.6, and 0.8) are displayedFig. 4a
The resistivitieso(T) of all the samples in this series
exhibit a rather simple, metallic-like temperature
dependence. Only in the case of weakly ferromagneti
YNi; the resistivity data exhibit a sharp kink at about
32K, which indicates a phase transition to a
ferromagnetic ground state (previously reported by
Gignouxet al. [25]). The present results obtained for
polycrystalline YN; are in reasonable agreement with
the earlier single-crystal studi€&5]. The substitution
of Cu for Ni is expected to weaken and eventually
suppress long-range ferromagnetic order. The
evolution of the composition dependence of the
residual resistivity ;(X), i.e. the resitivity values
0(4.2K) of each composition YNLCu,, collected in
Fig. 4b, reveals a marked increasemffrom YNiz to
YNi,Cuy, by about 351Q cm, but a significantly
smaller variation ofpy(x) within the solid solution
YNisCu, which approximately follows a modified
Nordheim rule,py(x) = A+ CX(3-x), where A is a
constant off-set an@ the factor for disorder scattering
in the (Ni,Cu) sublattice. The dashed lineFRiy. 4b
shows a fit using the Nordheim rule, which yields
A=40uQ cm andC = 20uQ cm. The 4QuQ cm off-
set of the residual resistivities of the Cu doped
samples most likely originates from incoherent
magnetic scattering of the conduction electrarss,
some kind of spin disorder scattering induced by
substitutional disorder, which suppresses the long-
range ferromagnetic order of the parent compound
YNis.

p (MQcm)

PO (n€2em)

100

0 L | I L L
0 50 100 150 200 250 300

of(b) YNi,, Cu - :

s
,”./’
[
60 - _
///./
40 L-~ -
20 + =
[ ]
0 | | | |
0.0 0.2 0.4 0.6 0.8 1.0
Cu content x

Fig.4 Temperature dependent electrical
resistivity o(T) (a) and composition dependent
residual resistivitym(x) (b) of solid solutions
YNi;,Cu,; the dashed line shows a fit
according to the Nordheim rule.
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In case of the solid solutiong¥Ni,Cu,, all the A(T) observed for the latter. More detailed magnetic
compositions, including the binary parent compound studies are in progress to clarify the magnetiaugdo
Yo.oNiz, show Pauli paramagnetic ground state and states in the solid solution seriegoyNi,.Fe;.
the electrical resistivities displayedfiny. 5a exhibit a
simple metallic temperature dependence, which is
dominated by the scattering of conduction electrons e ' ' ' ' b= |
on static lattice defects and phonons and consdéiguen
follows the simple Bloch-Griineisen (BG) law

5 6T N

= +B—— _—_—
p(M)=p+Bs { T
yielding the values of residual resistivity shown i
Fig. 5b, moderate variations of the Debye temperature
6= 220+ 30K and an electron-phonon coupling
factor B in the range 6-1thQ cmK. The moderate
reduction of the temperature dependence of the
resitivity of Yo oNi; Cly 3 is attributed to the larger
absolute resistivity exceeding 15Q@ cm, which leads
to deviations from the Matthiessen rule and

p (uQcm)

0 50 100 150 200 250 300
T(K)

T T T

consequently to a flattening giT) (seeeg. [33]). .
The residual resistivity,m(X), of YgoNioxCu, in 150 - (B)  Yg5Ni, Cu I ’ I
Fig. 5b reveals a significant discontinuity within the e
series, i.e. a marked increase ofg between N or |
Y 0.9Ni1.9C o 0g aNd Yo.05Ni1.85Cly.15 Which coincides g
with the vanishing of the superstructure reflecsiom g *r e ]
Fig.2, i.e. with the change of the crystal structure & o .*\
from the TmN;j type to the MgCutype. The different (TmNi-type) il (MgCu,type)
trends of a(X) in the TmNjp-type and MgCuptype o\
ranges of the solid solution ¥Ni,xCu, are o /‘,/’ N I
emphasized by dashed and dotted lines [Nordheim ¢ 1 \\i 1 | |
fits, m(X) = A+ CIX(2-X)], respectively. According to %o 0.1 02 03 04
these fits, the loss of the superstructure ordesinyg Cu content x
vacancies is accompanied by an increase ofAhe
parameter from 1Q0Qcm to 22uQcm and an ) .
increase of the factorC from 140pQcm to Fig.5 Temperature dependent electrical
225uQ cm. Magnetic effects do not seem to play any resistivity /(T) (a) and composition dependent
role in the solid solution YosNi»»Cu,, because all the residual resistivityoy(x) (b) of solid solutions
samples remain paramagnetic. YooNi2,Cl; the dashed and dotted lines

The most significant changes of the electrical indicate flts_ according to the Nordheim rul_e for
resistivity are observed in the solid solution the  TmNp-type and MgCptype solid
YooNirFe, (see Fig.6). Only the binary parent solutions, respectively.

compound Y¥¢sNi, exhibits a simple BG-like metallic
behavior (as mentioned above), whereas the Fe-doped
solid solutions initially display an one order of
magnitude stronger increase of the residual registi 140
P as compared to o%g(Ni,Cu), and Y(Ni,Cu}, and
also a marked increase of the slopegff) at the
lowest temperatures with an approximatdinear
temperature dependence. At higher Fe contents the
residual resistivity drops and foro¥Ni; Fe 3 the
low-temperature behavior has changed back to the
more commonT-square dependence. The Fe-richest
composition ¥ oNiy sFe& 5 exhibits a kink ing(T) at
about 80K. All these marked changes refer to
magnetic effects caused by the Fe doping, which may
initially lead to a magnetic spin or cluster glgssund 0 50 100 150 200 250 300

state (for YoNiruFeg, x= 0.05 and 0.1), and T (K)

eventually to long-range ferromagnetic order, whih

in line with the T2 dependence of ggsNiy Fe 3 and Fig. 6 Temperature dependent electrical resistivity of
Yo.oNi1sFe s and explains, in particular, the kink in  solid solutions ¥.gNi,F6..

120

100

80

p (uQem)
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4, Conclusions

Substitution of Cu for Ni in the binary compound
YNis (PuNk-type structure, space gro&e3m) results

in the existence of a limited solid solution BNCu,
(0< x < 0.8). The lattice parameters increase with
increasing Cu content. The replacement of Ni bylkma
quantities of Cu in ¥odNi,4Cu, up tox< 0.15 and
substitution of Fe for Ni in ¥YedNioFe up tox< 0.1
preserve the structure of the binary parent comgoun
Y 0.9Ni> (TmNi, structure type). The replacement of Ni
by larger quantities of Cu and Fe destabilizes the
TmNi, superstructure, which converts into the MgCu
structure with a constant amount of Y vacancies.

The results of the electrical resistivity
measurements of the Cu-doped solid solutions are
mostly in line with the usual substitutional diserd
effect as suggested by the Nordheim rule. Deviation
from the simple Nordheim-type variation of the
residual resistivity are clearly connected to theslof
weak ferromagnetic order in the solid solution
YNi3,Cu, and to the loss of superstructure ordering in
YooNioxCu. In the case of the solid solution
YooNio,Fe, large changes of the temperature
dependent electrical resistivity are observed aferr
to effects of Fe magnetism, which for lower Fe
concentrations is most likely of the spin glasstgnd
long-range ferromagnetic for larger Fe contents.
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