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Gd4Co,Mgs (NdyCo,Mgs type; space group P2/m; a = 754.0(4), b =374.1(1), ¢ =822.5(3)pm and
B =109.65(4)° as unit cell parameters) was synthesized from the elements by induction melting in a
sealed tantalum tube. Its investigation by electrical resistivity, magnetization and specific heat
measurements reveals an antiferromagnetic ordering at Ty = 75(1) K. Moreover, this ternary compound
presents a metamagnetic transition at low critical magnetic field (H., = 0.93(2) T at 6 K) and exhibits a
magnetic moment of 6.3(1) g per Gd-atom at 6K and H = 4.6 T. Due to this transition the compound
shows a moderate magnetocaloric effect; at 77 K the maximum of the magnetic entropy change is
ASyv = —10.3(2)]/kgK for a field change of 0-4.6 T. This effect is compared to that reported previously
for compounds exhibiting a magnetic transition in the same temperature range.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The rare earth (RE)-transition metal (T)-magnesium systems
have intensively been studied in the last 10 years. Although more
than 200 ternary compounds have been structurally characterized
[1-6, and references therein] only little is known on their physical
properties. Highly interesting compounds are the intermediate-
valent systems Ce,Ni;Mg and CeNizMg [7], the metamagnet
Pr,Pd,Mg [8] presenting a low critical magnetic field, and the 43 K
ferromagnet Nd,Cu,Mg [9]. This last intermetallic exhibits a
pronounced square loop behavior in its magnetization at 4.5 K.

Much higher magnetic ordering temperatures have been
observed for the gadolinium based materials. Such compounds
are of special interest with respect to their application potentials
owing to a large magnetocaloric effect (MCE) and giant magne-
toresistance. For instance, Gd;Ni,Mg shows antiferromagnetic
ordering at 49K [10], while stable ferromagnetic ground states
have been observed for GdTMg (T = Pd, Ag, Pt) [11] with Curie
temperatures of 95.7K (GdPdMg), 39.3K (GdAgMg), and 97.6K
(GdPtMg). Again, GdAuMg [12] orders antiferromagnetically at
81.1K with a spin reorientation near 19K. Several GdTMg
intermetallics reveal slightly enhanced magnetic moments in
the paramagnetic range, indicating a contribution of the gadoli-
nium 5d electrons induced via 4f-5d exchange interactions.

During our systematic studies of the RE-T-Mg systems, we have
started to investigate the gadolinium based compounds in more
detail. Herein we report on the electrical, magnetic and thermal
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properties of the gadolinium-rich phase Gd4Co,Mgs which crystal-
lizes in the monoclinic Nd4Co,Mgs type structure [13,14].

2. Experimental details

Starting materials for the synthesis of Gd;Co,Mgs; were a
gadolinium ingot (smart elements), cobalt powder (Sigma-
Aldrich, 100 mesh, >99.9%), and a magnesium rod (Johnson
Matthey, @ 16 mm, >99.95%). The elements (4:2:3 atomic ratio)
were arc-welded [15] in a small tantalum tube under an argon
pressure of ca. 600 mbar. The argon was purified before over
molecular sieves, silica gel and titanium sponge (900K). The
tantalum tube was placed in a water-cooled quartz sample
chamber [16] of a high-frequency furnace (Hiittinger Elektronik,
Freiburg, Typ TIG 1.5/300), first heated for 2 min at ca. 1300K and
subsequently annealed for 2 h at ca. 920K, followed by quenching.
The temperature was controlled through a Sensor Therm Metis
MS09 pyrometer with an accuracy of +30K. The brittle reaction
product is stable in air over months.

The Gd4Co,Mgs sample was checked by X-ray powder diffrac-
tion (Guinier technique) using CuKo; radiation and a-quartz as an
internal standard. The experimental pattern matched a calculated
one [17] indicating pure Gd4Co,Mgs on the level of X-ray powder
diffraction.

Magnetization measurements were performed using a super-
conducting quantum interference device (SQUID) magnetometer
in the temperature range 4.2-300K and applied fields up to 4.6 T.
The measurement of the electrical resistivity was carried out
above 4.2 K on a bar of 1.5 x 1.5 x 5mm?° using a standard dc four
probe method with silver paint contacts and an intensity current
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of 10 mA. Heat capacity measurement was realized by a relaxation
method with a Quantum Design PPMS system and using a two tau
model analysis.

3. Results and discussion

Gd,4Co,Mgs [14] crystallizes with the monoclinic Nd4Co,Mgs
type structure [13]. Since the crystal chemistry and the chemical
bonding peculiarities were discussed in detail in previous work,
we give only a brief account on Gd4Co,Mgs here. The coordination
polyhedra of the two crystallographically independent Gd atoms
(both with site symmetry m) are presented in Fig. 1. The Gd1 and
Gd2 atoms have coordination numbers 16 and 14, respectively.
Both Gd sites have closest Co neighbors with Gd-Co distances
ranging from 272 to 294 pm, near to the sum of the covalent radii
of 277 pm [18]. This is in line with recent electronic structure
calculations [14] which revealed strong RE-Co interactions.
Similar Gd-Co distances occur for the Gdg trigonal prismatic
units in the other ternary compound rich in gadolinium Gd,CoMg
(281-282 pm) [19]. Both Gd sites have six nearest Gd neighbors at
349-401 pm, similar to Gd4CoMg (351-370pm) [19]. These
distances are comparable to hcp gadolinium (6 x 357 and
6 x 363 pm) [20].

The temperature dependence of the reduced electrical resis-
tivity p(T)/p(270K) of Gd4Co,Mgj3 is shown in Fig. 2. (Owing to the
presence of microcracks in the sample, absolute values of p(T)
could not be determined accurately; for this reason, we report the
reduced resistivity). In the temperature range 280-77K, the
resistivity exhibits metallic behavior, decreasing almost linearly
with the lowering of temperature. A sudden change of slope is
detected at 77(1) K on the curve p(T)/p(270K) versus T, suggesting
the occurrence of a transition which can be linked to the existence
of an antiferromagnetic ordering as detected by magnetization
measurement (see below). Finally, at low temperatures, below
23K, p(T)/p(270K) data can be represented by a T2 function (inset
of Fig. 2) in reasonable agreement with the quadratic temperature
dependence expected for a magnetic material.

The temperature dependence of the reciprocal magnetic
susceptibility ym' of GdsCo,Mg; in a magnetic field of H=3T is
shown in Fig. 3(a) (inset). Above 120K, the curve yg! versus T is
fitted with a Curie-Weiss expression ym' = (T—0,)/Cm Where Cy,
is the molar Curie constant and 0, the paramagnetic Curie
temperature. The estimated effective moment e = (8Cy/n)!/?
(where n = 4 is the concentration of Gd>* ions per mol) is found to
be around 8.20(5) ug, which is slightly higher than the free-ion
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Fig. 1. Coordination polyhedra of the two crystallographically independent Gd
sites in Gd4Co,Mgs. Gd, Co and Mg atoms are drawn as medium gray, black filled,
and open circles, respectively. Atom designation and site symmetries are indicated.
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Fig. 2. Temperature dependence of the reduced electrical resistivity of Gd4Co,Mg3
between 4.2 and 280 K. The inset presents the T?> dependence of the resistivity at
low temperatures T<23K (the dashed line shows the linear dependence).

moment of the Gd*" ion (7.94 ug). This suggests a contribution to
the magnetic properties of Gd;Co,Mgs from (i) the cobalt atoms
or/and (ii) the conduction electrons as observed previously for the
intermetallics GdAAgMg and GdPtMg [11]. Also, the positive value
of 0, = 83(1)K indicates the predominance of the ferromagnetic
interactions in this ternary compound.

For an applied magnetic field of H= 0.025T, the curve M/H
versus T (M = magnetization) exhibits a sharp maximum at about
Tn = 75(1)K suggesting an antiferromagnetic ordering (Fig. 3(a)).
This Néel temperature Ty agrees with that where the electrical
resistivity presents a sudden decrease (Fig. 2). For higher fields H,
the maximum observed from the curves M/H versus T is both
enlarged and shifted towards lower temperatures; for instance, for
H=0.1 and 0.2T, the maximum appears at 72(1) and 63(1)K,
respectively, (Fig. 3(a)). This behavior characterizes a metamag-
netic transition occurring at very low critical magnetic fields as
observed for the ternary stannide UCoq45Sn, [21]. This transition
antiferromagnetic — ferro(ferri)magnetic is confirmed by magne-
tization measurements at high magnetic fields. For H = 0.85 and
1T (Fig. 3(b)), the curves M/H versus T exhibit: (i) a sharp increase
in the magnetization at the Curie temperature Tc 81(1)K (this
Tc—temperature was defined by the maximum appearing in the
9(M[H)[3T versus T derivative curves) and (ii) a small decrease of
M below 12(1)K for H = 0.85T but this behavior is not observed
for H=1T where M presents a saturation at low temperatures.
These results indicate that the magnetic ordering of Gd,Co,Mg; is
strongly dependent of the H-field.

The curves M versus H presented in Fig. 4 for various
temperatures below Ty, confirm that Gd4Co,Mgs is a metamagnet.
Clearly at T=6K, the magnetization, as H increases, varies
linearly for H<0.2 T (Fig. 4(a)) and then increases rapidly towards
saturation (Fig. 4(b)). The metamagnetic transition occurs at
lower magnetic fields as the temperature is increased; for
instance at the Néel temperature (Ty = 75(1)K), this transition
is not detected. Moreover, isothermal magnetization performed at
low temperatures, for instance at 6K (Fig. 4(b)), saturates at
H=4.6T with 25.2 pg/mol or 6.3(1)up as saturation magnetic
moment per Gd-atom, a value significantly smaller than the
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Fig. 3. Temperature dependence at various fields of the magnetization of
Gd4Co,Mgj3 divided by magnetic field: (a) for H = 0.025, 0.1 and 0.2T and (b) for
H=0.85 and 1T. The inset of Fig. 3(a) presents the reciprocal magnetic
susceptibility (measured at H =3T) versus temperature and the Curie-Weiss
law (dashed line).

theoretical one calculated for the free Gd**-ion (7 pig). This result
suggests: (i) either a small antiferromagnetic contribution of the
cobalt atoms induced by the strong Gd-Co bonding [14] or (ii) that
the metamagnetic transition evidenced for this ternary compound
leads to a ferrimagnetic arrangement for the gadolinium sub-
structure formed by two crystallographically independent Gd
atoms.

Combining the results determined from the measurements
M/H versus T and M versus H, we can draw a tentative magnetic
phase diagram for Gd,Co,Mg5 (Fig. 5). Three magnetic phases are
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Fig. 4. Field dependence at various temperatures of the magnetization of
Gd4Co,Mgs: (a) for H<0.5T and (b) for H<4.6T.

distinguished: (i) the paramagnetic (P) phase, (ii) the antiferro-
magnetic (AF) phase observed at low magnetic fields and (iii) the
ferro(ferri)magnetic (F) arrangement appearing after the meta-
magnetic transition. The borderline between the (AF) and (F)
phases is deduced from the peak (in magnetic field) observed in
the 3M/39H versus H derivative curves whereas that between (F)
and (P) is determined from the maximum (in temperature)
observed in the 3(M/H)/3T versus T derivative curves. We note
that the critical magnetic field H, inducing the metamagnetic
transition, varies practically linearly with the temperature; at 6 K,
H.; takes a small value of 0.93(2)T whereas at 1T (Fig. 3(b)) the
(AF) phase is not detected. This result indicates that the
metamagnetic behavior of the ternary compound Gd,Co,Mgs is
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Fig. 5. Field-temperature phase diagram of Gd;Co,Mg; deduced from the
magnetization measurements.
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Fig. 6. Temperature dependence without applied magnetic field of the specific
heat G, o of GdsCo,Mgs.

easily observable in agreement with the positive value of the
paramagnetic Curie temperature 0, = 83(1)K.

Specific heat Cpg measured without applied magnetic field for
Gd4Co,Mgs is shown in Fig. 6 as a function of temperature. The
most important feature is the well defined A-type anomaly
signaling the antiferromagnetic transition. The ordering tempera-
ture is associated with the maximum at 75(1)K, in excellent
agreement with that determined from magnetization and

electrical resistivity measurements. The tails above Ty suggest
the existence of short range magnetic correlations.

The magnetic entropy change associated to the magnetic
ordering of GdsCo,Mgs, ASy, is calculated for both observed
transitions from the isothermal magnetization M versus H curves
using the well-known Maxwell relationship [22]:

H
ASy = /0 [OM /0T]y dH. (1)

The sign of ASy is positive for the (F) to (AF) metamagnetic
transition and negative for the (P) to (F) ordering transition
(Fig. 7). The ternary compound Gd4Co,Mgs exhibits both a MCE at
77 K giving rise to a temperature increase when applying a magnetic
field adiabatically and an inverse MCE at 6K that cools the sample.

The inverse MCE gives rise to a moderate entropy increase of
0.56(2)J kg~ 'K~! at 6K under the application of field of 1T. In
Gd4Co,Mgs, inverse MCE resulting of the (F) to (AF) transition can
be attributed to the presence of two different crystallographic
sites for Gd atoms and different Gd-Gd interatomic distances.

The peak entropy change at 77K in a magnetic field of 2 and
4.6T reaches —5.8(2) and —10.3(2)]J kg~ K™, respectively. These
values are comparable to that observed for the metamagnet
Gd3Co (ASy = —11J kg™ 'K~ ! near 140K and H = 5T) [23] suggest
that Gd4Co,Mgs could be useful for magnetic refrigeration around
77 K. The resulting refrigeration capacity, RCP = ASyp~ r. STrwiim,
is 500(10)J kg~' for AH = 4.6 T (6Trwnwm is the full width at half
length of ASy). Fig. 8 shows the normalized RCP/AH plotted
against the magnetic ordering temperature T; for several com-
pounds of references and high MCE Gd-based materials from the
literature together with the Gd4Co,Mgs from this work. It can be
seen that Gd,Co,Mgs exhibits the highest refrigeration capacity
for working temperature in the range of 60-100 K.

The adiabatic temperature change, AT,4, linked to the MCE can
be evaluated using the relationship [24,25]:

ATq(T;0 — H) = —TASm/Cpo(T)

where Cpo(T) represents the specific heat measured without
applied magnetic field. AT,q reaches 1.3(1) and 3.4(1)K for AH = 2
and 4.6T, respectively.
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Fig. 7. Temperature and field dependences of the magnetic entropy change for
GdsCo,Mgs deduced from the magnetization measurements. ASyS,r and
ASiieX p denote the peak entropy changes, respectively, for the (F) to (AF)
metamagnetic transition and for the (P) to (F) ordering transition.
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magnetic ordering temperature T, for the best magnetic refrigerant materials in
the range of 10-80K [31-38].

Fig. 9 compares the normalized adiabatic temperature change,
AT,4/AH, for Gd4Co,Mgs and other materials having the largest
MCE between 10 and 80K. In this temperature range, the
application of magnetocaloric cooling is gas liquefaction. The
Gd4Co,Mg3 ternary compound from the present work competes
well with these high-MCE intermetallic compounds bearing
lanthanide metals.

4. Conclusion

Gd4Co,Mgs orders antiferromagnetically below Ty = 75K and
shows a field-induced transition at approximately 0.93T at 6 K.

This metamagnetic transition is closely associated with the fact
that the paramagnetic Curie temperature is positive (0, = 83 K).
This means that the overall interaction between the Gd moments
in this ternary compound is ferro(ferri)magnetic and that the
antiferromagnetic ground state is rather unstable. We found a
maximum value of the magnetic entropy change ASy; of about
—10.3J kg~ 'K~' at 77K and a field change of 4.6 T, due to the field-
induced magnetic phase transition. This value is comparable to
that observed for the metamagnet GdsCo (ASy = —11]kg ' K™!
near 140K and H = 5T) [23] and suggests that Gd4Co,Mgs could
be useful for magnetic refrigeration around 77 K.
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