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Four pseudo-binary RE;,RE'Cu,ln systems were investigated at 870K using X-ray diffraction:
(La,Y)Cualn, (La,Ce)Cusln, (La,Gd)Cu,ln, and (Y,Gd)Cu,ln. The formation of continuous solid solutions
with MnCu,Al-type structure was observed in all cases. In agreement with the atomic radii of the rare-earth
elements, the composition dependencies of the unit cell parameters of these Heuder phases exhibit a
monotonous decrease when Lais replaced by Y, Ce, or Gd, but a dight increase when Y isreplaced by Gd.
An investigation of the magnetic properties of single-phase alloys belonging to the La;,Gd,Cu,ln solid
solution (x = 0.1-0.4) showed Curie-Weiss paramagnetism with predominantly antiferromagnetic interactions
between Gd*" ions, but no magnetic ordering down to 1.72 K.

Ternary indides/ Solid solution / X-ray powder diffraction

Introduction heavy-fermion behavior in Cedn, to
antiferromagnetic order in CeAg. Unlimited
The intermetallic compound®ECwIn (RE = rare solubility and formation of continuous solid sobuts

earth, Y, Sc) represent a considerable part of all were also found in the GEgRECuwIn (RE = La, Y)
known ternary indides RECuln, [1]. These systemg7]. Substitution for In iIRRECwIn (RE=Y,
compounds crystallize with MnGAl-type structures La, Ce, Gd) compounds, results in the formation of
(space group-m-3m) [2] and belong to the rich family narrow solid solutions, and the original cubic stue

of Heusler phases. This family includes isostrutur  is only retained within a limited concentration gan
copper indides of all the rare-earth metals, witho t when aluminum is substituted for indiygy10].

exceptions, namely Eu and YB,4]. No significant Here we report the results of investigations airfo
homogeneity range has been reported for any oéthes quasi-binary RE RE,CwIn systems: (La,Y)Cdn,
compounds. (La,Ce)Culn, (La,Gd)Culn, and (Y,Gd)Cun. The

The physical properties of these materials have investigations included determination of the
been intensively studied. The Cefucompound was composition dependence of the unit cell parameters
found to exhibit large electronic contributions tte the MnCuyAl-type phase, and studies of the magnetic
specific heat @/T=1200 mJ/mdk? below properties of (La,Gd)Gin samples.

T=1.4K), which is a common feature for heavy-

fermion materials[5-7]. The GdCuyln compound was

reported to order antiferromagnetically below Experimental
Tn = 9.6 K[8].

The influence of substitution by other elements on In order to study th&E, ,RE,Cwln (RE=Y, La, Ce,
the physical properties and structural featuresaof  Gd) systems, samples with a mass of up to 1 g were
number of systems based on the aforementioned synthesized by arc-melting the constituent elements
compounds has studied. In the Ceg,In system, a (purity of the main component at least 9818ss%)
continuous solid solution is formed when copper is under purified argon atmosphere. Titanium sponge
replaced by silvef5]. Despite this fact, a significant  was used as a getter material. The total weiglsekns
change in the physical properties is observed: from after melting were less than 0.75 % in all cases.
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Therefore the composition was assumed to be equalt recorded at room temperature on an automatic
the nominal composition. Subsequent annealing®f th diffractometer

samples was carried out in evacuated quartz tubes, (CuKa
held at 870 K for 720. Both the as cast and the

were

radiation).
determined

PANalytical X'Pert Pro
The wunit cell parameters
and the crystal structure

annealed alloys, also in the form of powders, are was refined using X'Pert HighScore and FullProf
programs[11]. X-ray diffraction patterns of selected

stable in air.
The phase composition
was analyzed on powder
Y,.La, Cu,In
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Magnetic measurements were performed in the
temperature range 1.72-400 K in external magnetic
fields of up to 5T, using a Quantum Design MPMS-5
SQUID magnetometer.

Results
TheLayY,Cu,ln system

According to the results of the X-ray phase analg$i
the samples, unlimited solubility of yttrium in the
LaCwln compound was observed. This leads to the
formation of a continuous solid solution in the
La;YCwln system. The samples with an yttrium
concentration lower than 5% were single phase.
However upon further increase of the yttrium conhten
an additional cubic phase with MgE&n-type
structure appeared, in equilibrium with the MpBld

substitution of cerium for lanthanum at 870 K résul

in the formation of a continuous solid solutiontive
whole concentration range. The solution is based on
the two ternary cubic Heusler phases, and all the
samples were single-phase. The unit cell parameters
decrease with increasing cerium concentration
(Tablel, Fig.3). It may be noted that a Mggsin—
type phase is not known, neither in the Ce—Cu—Iin no
in the La—Cu—In system.

ThelLa;,Gd,Cu,ln system

The existence of a continuous solid solution with
MnCwAl structure was observed at 870 K in the
La;,Gd,Cwln system. The solid solution is formed
due to substitution of gadolinium atoms for lantinan
atoms in the original structure. An additional phas
with MgCu,Sn-type structure appeared in equilibrium
with the Heusler phase, when the gadolinium content

type phase. The amount of the secondary phase was in the range 12.5-5 at.%. However, the secgndar

proportionally grew with increasing yttrium
concentration, while the unit cell parameters af th

phase was only present in small amounts (up to
10 wt.%). The unit cell parameters of the alloyshaf

Heusler phase decreased. For the Laves phase, forLa;,Gd,Cwln system decrease with increasing

which a relatively broad homogeneity range has been
reported, YCugs.adNoss.1.0 NO Significant change of
the unit cell was observed, the unit cell parameter
being in good agreement with the value reported for
the In-rich boundaryTablel, Fig. 2).

TheLa;,CeCu,ln system

Physical properties of alloys belonging to the
La;,CeCwln solid solution have been studigd];
however, no systematic investigation has so fanbee
carried out.

According to the results of the phase analysis of
the samples of the La&CeCuwlIn system, the

Table 1 Unit cell parameters of the solid solutions
systems.

gadolinium concentration T@blel, Fig.4). The
presence of a second, Cu-rich phase in the quayerna
and in the ternary boundary system, questions the
exact composition of the Heusler phase on the Gd-ri
side, and a certain Cu-deficiency cannot be exdude
It may be noted that GdCuln (ideal stoichiometryaof
half-Heusler phase) crystallizes with a ZrNiAl-type
structure.

TheY 1,Gd,Cu,l n system
According to the results of the analysis of theay-r

diffraction patterns of the samples of the,&d,Cw,In
system at 870 K, complete substitution of gadotmiu

obsdrinthe RE ,RE,CwIn (RE=Y, La, Ce, Gd)

Structure type (space group) Cell parameters Ndrooraposition
of the sample
La;, Y, CwlIn
MnCwAI (Fm-3m) a=0.6854(1)-0.6608(3) nm x=0-1
V = 0.3220(2)-0.2885(1) nin
La;,CeCuwln
MnCwAIl (Fm-3m) a=0.6854(1)-0.6796(1) nm x=0-1
V = 0.3220(2)-0.3138(1) nin
La;,.Gd.Cuwln
MnCwAI (Fm-3m) a=0.6854(1)-0.6653(1) nm x=0-1
V = 0.3220(2)-0.2945(1) nin
MgCu,Sn F-43m) a=0.7255(1)-0.7243(3) nm x=0.5-1
V = 0.3819(1)-0.3799(2) nin
Y 1,GACwIn
MnCwAI (Fm-3m) a = 0.6608(3)-0.6653(1) nm x=0-1
V = 0.2885(1)-0.2945(1) nin
MgCu,Sn F-43m) a=0.7191(1)-0.7243(3) nm x=0-1
V = 0.3719(1)-0.3799(3) nin
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Fig. 2 Unit cell parameters of the phases with Mp&lttype structure (squares) and MgSa-type structure
(circles) observed in the LaY,CuwIn system, as a function of the yttrium content.
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Fig. 3 Unit cell parameters of the LgCeCwln phase with MnCsAl-type structure, as a function of the
cerium content.

for yttrium takes place. In the whole concentration Magnetic properties of the La;Gd,Cuyln
range, a phase with Mggsn-type structure (content  (x =0.1-0.4) solid solution

lower than 15 wt.%) was also observed, in equilitvri

with the dominant phase. The unit cell parametérs o The results of magnetic measurements performed on
both phases slightly increase when yttrium is diut four selected LaGdCwln alloys within the
with gadolinium. Such a behavior is in good x=0.1-0.4 concentration range, where no secondary
agreement with the atomic radii of the rare-earth phase was observed, are shownFig.6. From this
metals[12] (Tablel, Fig. 5). figure it is clearly seen that a gradual replacenan
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Fig. 4 Unit cell parameters of the phases with Mp&lttype structure (squares) and MgSa-type structure
(circles) observed in the Lgd,Cwln system, as a function of the gadolinium content.
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Fig. 5 Unit cell parameters of the phases with Mp&lttype structure (squares) and MgSa-type structure
(circles) observed in theYGd,Cwln system, as a function of the gadolinium content.

non-magnetic L¥ ions by magnetic Gd ions manner characteristic of Curie-Weiss paramagnets.
significantly enhances the magnetic propertiessThi This behavior contrasts with the temperature-
observation is true even for the &dyCwin independent Pauli paramagnetism observed for the

sample, which has the lowest concentration of pure LaCdln compound[3]. It is worth adding that
gadolinium (2.5 at.%). The inverse magnetic the room temperature values of the molar
susceptibility ¢™) of the four representatives of the  susceptibility, normalized to 1 mole Gd atoms, tu t
La;,Gd,CwlIn system, changes with temperature in a four investigated samples differ little, which pesv
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the correct estimation of the gadolinium concemdrat
The values of the effective magnetic momeag)(and
the paramagnetic Curie temperatur),( obtained
from least-quares fits of the Curie-Weiss function
x=C/(T-6p) to the experimental data above 10 K,
are summarized iable2. The values ofi. are close
to the Russell-Saunders value of 7;@4or Gd ions,
which confirms the that the gadolinium ions are
subjected to no significant influence of the crista
field (L=0). The negative values of, indicate

dominating antiferromagnetic

interactions,

which

increase with increasing gadolinium concentration.
Such behavior should be expected when progressing moment of the GH ion (S=7/2), which requires
in composition toward the Gd@an compound,

which is a strong antiferromagngi]. However, the
magnetic susceptibility at low temperature (seeeupp
inset toFig. 6) shows no sign of an antiferromagnetic
phase transition within the concentration range
x=0.1-0.4.

The magnetization curves obtained at 1.72 K
(presented in the lower inset fag. 6) corroborate the
paramagnetic state for all the investigated samples
the La,GdCwln system. The magnetization
measured in the highest field of 5T, grows with
increasing Gd contentx), but remains far from
saturation. This is probably due to the large mtgne

higher magnetic fields to reach saturation.
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Fig. 6 Temperature dependence of the inverse magnetietilsitity of the single-phase samples of the
La;,Gd,Cwln system, measured in a magnetic field of 0.1 fie Tipper insets present the low-temperature
susceptibility. The lower insets show the field elegence of the magnetizationTat 1.72 K, measured on
increasing (full circles) and decreasing (openlegcthe magnetic field.

Table2 Effective magnetic momentufs) and paramagnetic Curie temperatugg) for samples of the
La;,Gd,Cwln series, obtained from a least-squares fit taGhae-Weiss law.

Composition Metr [M/Gd] 0, [K]
Lay Gy Clln 8.07 -10.9
Lag /Gdy :CUIN 8.18 -19.9
Lag Gty sCloIn 8.03 -23.6
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Discussion

Our assumptions concerning the possible formatfon o
substitutional solid solutions INRE,RE\Cwln
systems were confirmed by the results of the phase
analysis of the quasi-binary systems; M Cuwln,
La;.CeCuwln, La,Gd,Cwln, and Y, ,GdCwln in the
full concentration range at 870 K. Replacement of
lanthanum by yttrium, cerium or gadolinium, as well
as yttrium by gadolinium, leads to the formation of
continuous solid solutions based on the parenatgrn
compounds with  MnCin-type structure. The
composition dependence of the unit cell parametkrs
these solid solutions is consistent with the sizéhe
rare-earth metal§l?]. In the case of replacement of
lanthanum atoms by yttrium, cerium or gadolinium
atoms, which are smaller in size, the unit cell
parameter and the cell volume are consequently
reduced (see Figs.2-4). On the contrary, the cell
parameters slightly increase (s€&y.5) when the
yttrium atoms are replaced by larger gadolinium
atoms. It has been shown that the nature of the
interactions between the components has a signffica
influence on the phase composition in the ternary
systemsRE-Cu-In RE=Y, La, Ce, Gd)[13-16]
According to [13,16], YCwln and GdCuin, with
MgCuwSn-type structure, are in equilibrium with
YCuyln and GdCein, respectively, in the Cu-rich
regions of the phase diagrams at 870 K. Laves ghase
commonly show high thermodynamic stability and it
cannot be excluded that equilibrium had not yemnbee
reached in the investigated alloys. Meanwhile,
compounds with MgCisn-type structure do not form
in the RE-Cu—-In RE = La, Ce) systemfl4,15], and
the samples of the Lg&CeCwln system were all
single phase.

Comparing the results obtained here with studies
of the solubility of aluminum iRECwIn (RE=Y, La,
Gd) [10], some significant differences can be noticed.
The chemical nature and the atomic radius greatly
affect the solubility of the fourth component ineth
RECwIn compound. The similar chemical affinity of
the different rare-earth metals, their comparaide,s
and the isotypism of thRECwIn (RE =Y, La, Ce,
Gd) compounds, favor the formation of continuous
solid solutions with MnCsAl-type structure. On the
contrary, replacement of indium by anotipeglement
(aluminum) leads to the formation of limited solid
solutions. The main reason for the limited soldpiis
the absence of isotypiRECWLAI (RE = Y, La, Gd)

Chem. Met. Alloy8 (2015)

compounds, and differences in the atomic radii and
chemical properties of indium and aluminum.
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