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The Mo,BjFe-type intermetallic compounds GdyCujIn
and Gdy,CuyMg form a complete set of solid solutions
GdyCujyIny_,Mg,. The a lattice parameter, the Weiss con-
stant and the Curie temperature increase with increasing
magnesium content in an almost Vegard-like manner, while
the ¢ parameter remains almost constant. All members of the
solid solutions show ferromagnetism with 7¢s between 114
and 80 K.
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Introduction

Intermetallic rare earth- (RE) and uranium-based
compounds RE,T>X and U,T,X (T = late transition
metal; X = Mg, Cd, In, Sn, Pb) with the tetragonal
Mo, B;Fe-type structure have intensively been investi-
gated in the last twenty years with respect to their very
interesting magnetic and electrical properties [1,2],
e. g. the heavy-fermion system Ce,Pt;In [3,4], the
intermediate-valent Ce,Ni;Mg [5], the 150 K antifer-
romagnet Gd,Ge,Mg [6], the spin fluctuating system
UsIrpSn [7], or the incommensurately modulated anti-
ferromagnet U, Pt;Sn [8].

An interesting task is the modification of the phys-
ical properties of these intermetallics. This is possi-
ble by chemical substitution on the three crystallo-
graphically independent sites. The magnetically active
RE or U site can be diluted by lanthanum or tho-
rium substitution [9]. Another possibility is the for-
mation of a solid solution by U/X substitution as ob-

Fig. 1. Projection of the GdyCuyIn;_,Mg, structure along
the short unit cell axis. The distorted AlB;- and CsCl-related
slabs and the two-dimensional [CuyIn;_,Mg,] network are
emphasized.

served in U; 03C02Gag 97 [10] or Uy {FepSng o [11]. On
the other hand, many of the RE;Pd,Sn and U,Pd;Sn
stannides show solid solutions RE,;Pd;;,Sn;_, and
UyPdy 4, Sny_ [12-14].

Furthermore, one can wuse solid solutions
RE,T, T’ X [15-17]. Substitution of the transition
metal modifies the RE-T hybridization. A recent
example are the solid solutions Gd,Cu,_,Ni,Mg
[18], where the magnetic ordering temperature drops
from 110.5 K (Gd,Cu;Mg, heat capacity data) to
49 K (Gd;NipMg) [19], and for the compositions
Gd;Nig sCu; sMg and GdyNij gCuj Mg one observes
a large magnetocaloric effect as a consequence of
the Cu/Ni substitution. Such complete solid solu-
tions should be possible for the whole series of
RE>NipMg [20] and RE>Cu;Mg [21] compounds.

In view of these interesting results we have ex-
tended our studies on solid solutions of RE,75>X in-
termetallics, however, with a different aspect. In sev-
eral recent studies we could show that complete
solid solutions exist for indides and the respec-
tive magnesium compounds, e.g. Mg,IrIn;_, [22],
IrIny; Mg, and IrMg3_,In, [23], Ir3sMg;3_,In, [24],
or CeAuln;_ Mg, [25]. Based on this finding we
investigated the solid solutions Gd,Cu,In;_, Mg, by
powder X-ray diffraction and magnetic susceptibil-
ity measurements. So far, only the end-members
Gd;Cusln [26,27] and Gd,CuyMg [19,21] have been
reported.

Experimental Section
Synthesis

Starting materials for the preparation of samples from
the solid solutions Gd;CuyIn;_, Mg, were gadolinium in-
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Compound a (pm) ¢ (pm) V (nm?) Ref. Table 1. Lattice parameters of samples
Gd,Cuyln 747.002) 376.5(2) 0.2101 [31] of the solid solutions GdyCupIn;_ Mgy
GdyCupIn 752.8(2) 379.8(2) 0.2160 [26] with tetragonal Mo, B, Fe-type structure.
Gd;CuyIn 752.5(1) 381.3(1) 0.2160 this work
Gd,Cuslng 75Mgg 25 754.6(1) 380.9(1) 0.2169 this work
GdyCuzIng sMgo 5 758.0(1) 379.8(1) 0.2182 this work
Gd,Cuslng 2sMgo 75 762.7(1) 379.1(1) 0.2206 this work
Gd,Cu;Mg 765.31(8) 377.22(7) 0.2209 [21]
Gd,Cu,Mg 765.7(1) 377.6(1) 0.2214 this work
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B 2% %0 75 700 0 % 0 75 100 bers of the solid solution are given in the
Mg (%) insets.

gots (Johnson Matthey), copper drops (Johnson Matthey),
indium drops (Chempur), and a magnesium rod (Johnson
Matthey; the surface of the rod was removed on a turning
lath in order to remove impurities), all with stated purities
better than 99.9 %. In a first step, small pieces of the gadolin-
ium ingots were arc-melted [28] under an argon pressure of
ca. 600 mbar. The argon was purified with titanium sponge
(900 K), silica gel, and molecular sieves. The elements were
weighed in the atomic ratios listed in Table 1 and sealed in
tantalum tubes under an argon pressure of 700 mbar in the
same arc melting apparatus. The tantalum tubes were subse-
quently positioned in a water-cooled sample chamber of an
induction furnace [29] (Hiittinger Elektronik, Freiburg, Ger-
many, Typ TIG 2.5/300), heated to 1420 K, and kept at that
temperature for 3 min. Subsequently the tubes were cooled to
1020 K within 5 min and kept at that temperature for another
3 h, followed by quenching. The temperature was controlled
by a Sensor Therm Methis MS09 pyrometer with an accu-
racy of £ 30 K. The brittle samples could readily be sepa-
rated from the metal tubes by mechanical fragmentation. No
reaction with the crucible material was evident. The poly-

crystalline Gd,CuyIn;_,Mg, samples are stable in air over
weeks.

X-Ray powder diffraction

The GdyCujzIn;_, Mg, samples were characterized by
Guinier patterns (imaging plate detector, Fujifilm BAS-1800
readout system) with CuK oy radiation and o-quartz (a =
491.30 and ¢ = 540.46 pm) as the internal standard. Also
new samples of GdyCujIn and Gdy; Cup,Mg have been char-
acterized. The tetragonal lattice parameters (Table 1) were
refined by a least-squares routine. Correct indexing was en-
sured through an intensity calculation [30] taking the atomic
positions from Y,Cup;Mg [21].

Physical property measurements

The single-phase samples were packed in kapton foil and
attached to the sample holder rod of a VSM for measur-
ing the magnetic properties in a Quantum Design Physical-
Property-Measurement-System in the temperature range 5 —
305 K with magnetic flux densities up to 80 kOe.
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Discussion

Crystal chemistry

Since the crystal chemistry and chemical bonding in
the ternary series RE,CusIn [26,27] and RE,Cu,Mg
[19,21] have already been described in detail in re-
cent work, herein we concentrate only on the solid so-
lutions GdyCujIn;_Mg,. In order to understand the
course of the lattice parameters, we shortly draw back
to the Gd,CuyIn;_ Mg, structure (Fig. 1). The latter
is built up from slightly distorted AlB;- and CsCl-
related slabs. The a parameter of the Mo;B,Fe-type
compounds is governed by the [CuyIn;_Mg,] net-
work, while the ¢ parameter is mainly influenced by
the size of the rare earth element, i. e. gadolinium in
our solid solutions. Comparing the RE,Cu;In with the
RE,;Cu;Mg series we showed that the a parameters
of all indides are substantially smaller (ca. 14 pm),
while the ¢ parameters are almost equal, although in-
dium (150 pm) has a much larger covalent radius [32]
than magnesium (136 pm). Electronic structure calcu-
lations showed stronger Cu—In bonding as compared to
Cu-Mg [21].

This trend is reflected in the solid solutions
Gd;CujIn;_,Mg,. With increasing magnesium con-
tent we observe an increase of the a parameter, accom-
panied by a weakening of the Cu-In(Mg) interactions.
As emphasized in Fig. 2, the course of the a parameter
shows Vegard-like behavior (small derivations will be
explained in the magnetic part). The ¢ parameters, ex-
pected to be influenced by the larger gadolinium atoms,
show little variation. As a consequence, we observe an
increase of the cell volume, on going to Gd,Cu;Mg. In
an earlier report [31], significantly smaller lattice pa-
rameters have been reported for Gd,Cu,In. The reason
for this discrepancy is unclear.

Physical properties

Recently we have shown the influence of Ru on
the solid solutions GdRu;_,Cd,. Substitution of 20 %
Cd in GdCd by ruthenium leads to a decrease of T¢
from about 200 to 62 K [33]. Regarding Gd,Cu,;Mg,
the substitution of Mg by In has also a strong in-
fluence on the 7¢s. Gd,Cuy;Mg has a 7¢ of 110.5 K
[18] and GdyCusIn a Tc of 85.5 K [27]. Since all
members of the solid solutions Gd;Cu,In; Mg, show
similar behavior of x(T) and M(H), only that of
Gd;yCuyMgg 75Ing 25 is shown herein as an example.
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(a)
412
6 GdpCupMgg 75ln0 25
410
- 18 3
BT g
e T 1° 2
=l 1 =
12
((:(4((“ "““_(4#(-
0 50 100 150 200 250 300
T (K)
(b)
24 e
. —_ 5K
21F \\\ 2 15 50 K
o
181 ~N 2 180 K
N_. s 4
15} 0
’é 0 20 40 60 80
£ 12t H (kOe)
=2
£
S 9l
= o ZFC
6} — FC
3F  GdaCuzMgg 75In0 25 §
0 1 1 3
0 50 100 150 200

T(K)

Fig. 3. (a) x(T) and x~'(T) of GdyCuyMgg75Ing 5 mea-
sured at 10 kOe. (b) ZFC-FC of Gd;CuyMg 75Ing 25 mea-
sured with an external applied field strength of 100 Oe. The
inset shows M (H) for the latter compound at 5, 50 and 180 K.

Fig. 3a shows x(7) and x '(T) of Gd,Cu,-
Mg .75Ing 25. Above Tc, Curie-Weiss behavior with the
values given in Table 2 is observed. All members show
slightly enhanced magnetic moments, which can be as-
cribed to 4f-5d exchange interactions, with a contri-
bution from d-electrons. This was also observed in the
Gd-Cu-based intermetallic compounds crystallizing in
the same structure type [18]. All members show ferro-
magnetic ordering between 85 and 120 K. This is in
agreement with the positive paramagnetic Curie tem-
peratures given in Table 2, which are indicative of fer-
romagnetic interactions in the paramagnetic range. 6p
increases almost linearly in Vegard-like manner with
increasing Mg content (Fig. 2).

The precise ordering temperatures of all members
(except Gd,Cup,Mg, which was taken from [27]) were
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Table 2. Magnetic data of samples from the solid solutions GdyCuyIn;_,Mg,. Tc: Curie temperature, ®@p: Weiss constant,
Uegr: experimental magnetic moment, Ms: saturation magnetization.

Compound Tc (K) 6p (K) Hefr (B Gd™1) Ms (up fu™") Ref.
Gd;CuyIn 85.0(5) 90.5(5) - slightly above 7% [27]
GdyCuzlIng 75Mgp 25 92.1(3) 94(1) 8.35(1) 7.40(2) this work
GdyCusIng sMgo 5 103.6(3) 99(1) 8.72(1) 7.30(2) this work
GdyCuzlIng 25Mgp 75 111.9(3) 109.6(1) 8.31(1) 7.15(2) this work
Gd,Cu;Mg 113.5(3) 114(1) 8.41(1) 7.33(2) this work

2 Only graphical data are reported in ref. [27].

determined from ZFC-FC measurements at 100 Oe
(Fig. 3b) and therefore the derivatives of FC (dy /dT)
were used (insets in Fig. 2). The course of T¢ depend-
ing on the magnesium content is plotted in Fig. 2.
The small deviations from Vegard-like behavior are
mainly due to domains with slightly different compo-
sition. Therefore, it is also clear that the transitions in
the solid solutions are somewhat broadened (insets in
Fig. 2). This effect is more visible in the course of
the Tc data as compared to the cell parameters, re-
flecting the higher sensitivity of magnetic measure-
ments. It should be mentioned that SEM- together with
EDX-measurements show homogeneity for all mem-
bers in the range of the instruments accurancy. The ef-
fect of domains with different stoichiometry (in other
words, the small discrepancy between magnetic mea-

surements and X-ray powder data) on the magnetism
was recently shown for the solid solution EuRh,_,Zn,
[34].

M(H) data (inset of Fig. 3) clearly show ferro-
magtism, which is slightly canted. No hysteresis was
observed, and the saturation magnetizations for all
members of GdyCuyIn;_,Mg, are slightly enhanced
when compared to the theoretical value g x S (7up / Gd
atom), for which the same explanation as mentioned
for the enhanced effective magnetic moments is valid.
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