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Physical properties of Gd2Cu2−xCoxIn (x = 0.1, 0.2, 0.3) samples are investigated. The paper brings
results of X-ray di�raction, magnetometric as well as speci�c heat studies. It was found that only sample
with x = 0.1 exhibits desired crystal structure. Other compositions show existence of impurities due to lack of
dissolution Co atoms. For Gd2Cu1.9Co0.1In sample the Curie temperature of 92.5 K was evidenced. Thus, an
enhancement of ferromagnetic correlations with comparison to Gd2Cu2In sample was evidenced. It was found
that Gd2Cu1.9Co0.1In sample exhibits magnetocaloric e�ect within broad temperature range.

PACS: 75.30.−m, 75.30.Kz, 75.50.Ee

1. Introduction

R2T2In compounds, where R is rare earth and T is
d-electron metal, crystallise within tetragonal Mo2FeB2

crystal structure [1]. Crystal structure parameters as well
as basic magnetic properties of R2Cu2In family were re-
ported in the literature [2�6]. Most samples of this family
exhibit ferromagnetic ordering, except Ce2Cu2In. The
Curie temperatures of Gd, Tb, Dy, Ho, Er and Tm-
-based compounds are equal to 85.5, 81.0, 45.5, 26.7,
37.0, and 29.5 K, respectively [5]. On the other hand,
the Ce2Cu2In is an antiferromagnet with ordering tem-
perature of 5.5 K [3]. For Yb2Cu2In sample no magnetic
ordering down to 2 K was reported yielding divalent state
of Yb [6]. This conclusion was supported by observation
of signi�cantly higher lattice constants that for closely
lying Tm or Lu-based compounds [6].
In this work an in�uence of Co doping on physical

properties of Gd2Cu2In sample is reported. To our
best knowledge, the Gd2Co2In compound does not ex-
ist. Thus, only limited Co doping may be introduced.

2. Experimental

Polycrystalline samples of Gd2Cu2−xCoxIn (x = 0.1,
0.2, 0.3) stoichiometry were prepared by arc melting of
high-purity elements (Gd: 3N; Cu and Co: 4N; Ge: 5N)
in a titanium-gettered argon atmosphere. The buttons
were remelted several times in order to ensure good ho-
mogeneity. The resulting ingots were annealed in evacu-
ated quartz capsules at 600 ◦C for 1 week.

X-ray powder di�raction patterns were collected on
Siemens D5000 di�ractometer using Cu Kα radiation.
The X-ray di�raction (XRD) measurements were per-
formed down to 74 K using the Oxford Instruments
cryostat.
The magnetic properties were studied in the 1.7�400 K

temperature range and in external magnetic �elds up
to 5 T employing a commercial SQUID magnetometer
(Quantum Design MPMS-5).
Speci�c heat studies were carried out by the relaxation

method using the Quantum Design PPMS-9 platform.
These measurements were made in the 1.9�300 K tem-
perature range.

3. Results and discussion

3.1. Crystal structure

Gd2Cu1.9Co0.1In sample crystallises within the
Mo2FeB2 (space group P4/mbm No. 127) crystal
structure. X-ray di�raction patterns at 300 K are
presented in Fig. 1. All re�ections can be indexed within
original space group, thus the sample does not exhibit
any impurities. This result suggests that Co atoms are
entirely incorporated within Cu sublattice. For samples
with x = 0.2 and x = 0.3 the GdCu2In impurity phase
was detected yielding a lack of further Co dissolution
possibility (see Fig. 1). For x = 0.1 the lattice constants
are a = 7.51728(37) Å and c = 3.80314(22) Å, the pa-
rameters are very close to those reported for Gd2Cu2In
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Fig. 1. X-rays di�raction patterns of Gd2Cu2−xCoxIn
taken at 300 K. For samples with x = 0.2 and 0.3 main
impurity re�ection of GdCu2In is presented in insets.

sample [1]. This is consistent with small di�erence
between metallic radii of Cu and Co atoms.
On the other hand, the following lattice constants were

found for sample with x = 0.2, where a = 7.51440(35) Å
and c = 3.80277(20) Å and with x = 0.3, where a =
7.50759(43) Å and c = 3.80103(26) Å. Lattice parame-
ters for samples with x > 0.1 are signi�cantly lower in
comparison to Gd2Cu1.9Co0.1In. This is connected with
non-stoichiometric composition of the x = 0.2 and 0.3
samples, where Co ions do not occupy the Cu sites only.
They are introduced into the Gd and the In positions
as well, resulting in formation of the GdCu2In impurity
phase. Thus, physical properties of samples with x = 0.2
and 0.3 were not an object of further studies.
For the Gd2Cu1.9Co0.1In the XRD measurements were

performed within 74�300 K temperature range. The tem-
perature dependences of the lattice constants as well as
the unit cell volume are presented in Fig. 2. An anoma-

lous behaviour of those parameters at low temperatures
was evidenced. Namely, signi�cant jump of the a lattice
constant at the 95 K is visible. At this temperature the
c lattice constant behaves similarly, however the corre-
sponding change of its value is not so spectacular. An
additional, smaller anomaly at 83 K for the c parameter
is visible as well. The unit cell volume exhibits discon-
tinuity just at 95 K, which is clearly connected with the
ferromagnetic ordering of the sample (see further para-
graphs).

Fig. 2. Temperature variation of the lattice constants
as well as the unit cell volume of Gd2Cu1.9Co0.1In. The
left parts show full-range data, whereas the right ones
just low-temperatures range.

Fig. 3. Volume expansion coe�cient versus tempera-
ture of Gd2Cu1.9Co0.1In.
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In Fig. 3 the calculated temperature volume expansion
coe�cient is presented. The coe�cient was calculated as
1
V

dV
dT and its value at the room temperature is close to

2.5 × 10−5 1/K. At 83 and 95 K two distinct anomalies
are visible. The latter corresponds to magnetic ordering
of the sample.

3.2. Magnetic properties

Magnetic measurements indicate that the
Gd2Cu1.9Co0.1In orders ferromagnetically below 94 K,
where the zero-�eld cooling (ZFC) and �eld-cooling
(FC) magnetisations exhibit a sudden rise (see inset
to Fig. 4). Inverse magnetic susceptibility exhibits
linear behaviour above temperature of roughly 130 K.
Fitted Curie�Weiss formula yields the e�ective magnetic
moment of 8.06(1) µB and the paramagnetic Curie
temperature θp of 101.6(3) K. The e�ective magnetic
moment is close to the free Gd3+ ion value (7.94 µB).
Positive paramagnetic Curie temperature indicates fer-
romagnetic interaction between Gd ions. The ordering
temperature as well as θp is enhanced in comparison
to values reported for Gd2Cu2In sample (85.5 K and
90.0 K, respectively [5]). Isothermal magnetisation curve
is typical of ferromagnetic material with saturation
magnetic moment of 7.13 µB per Gd ion (see inset to
Fig. 4); that value is very close to this reported for
Gd2Cu2In [5].

Fig. 4. Inverse magnetic susceptibility of
Gd2Cu1.9Co0.1In. The solid line represents the Curie�
Weiss �t. Insets show FC and ZFC magnetisations as
well as isothermal one.

3.3. Speci�c heat

In Fig. 5 speci�c heat data of Gd2Cu1.9Co0.1In are
presented. For curve recorded without magnetic �eld
the transition temperature is equal to 93.5 K, being in
agreement with XRD as well as magnetisation data. No
hysteresis upon heating and cooling cycle was observed,
yielding that the transition is purely of the second or-
der. Under external magnetic �eld of 3 T the transition
temperature reaches 100.0 K. It clearly con�rms ferro-
magnetic ordering of the sample. In order to extract

magnetic part of the speci�c heat a non-magnetic ana-
logue Y2Cu2In was studied. The data are presented in
the inset to Fig. 5. The solid line in the inset represents
�t of the standard formula describing electronic and lat-
tice contributions:
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where ΘD is the Debye temperature, ΘEi are the Einstein
temperatures, γ is the electronic speci�c heat coe�cient,
α is the anharmonic coe�cient and R is the gas con-
stant. The Einstein temperatures were grouped into 4
branches, each of multiplicity of 3. The re�ned values for
Y2Cu2In are as follows: ΘD = 134(1) K, ΘE1 = 123(1) K,
ΘE2 = 192(2) K, ΘE3 = 225(3) K, ΘE4 = 275(4) K,
γ = 6 mJ/(mol K2) and α = 1.8× 10−4 1/K. The above
mentioned �t was a basis for estimation of non-magnetic
part of Gd2Cu1.9Co0.1In speci�c heat. The characteris-
tic temperatures were rescaled according to the di�er-
ence of molar masses, on the other hand, the electronic
coe�cient was assumed to be the same for both sam-
ples. The estimation of the anharmonic coe�cient of
Gd2Cu1.9Co0.1In was made using the expansion volume
coe�cient as derived from XRD measurements. The esti-
mation of non-magnetic contribution is marked with solid
line in Fig. 5. The above mentioned procedure enables
magnetic speci�c heat to be extracted.

Fig. 5. Speci�c heat of Gd2Cu1.9Co0.1In. Experimen-
tal points are marked with �lled and open circles for
external magnetic �eld of 0 and 3 T, respectively. The
solid line is the estimated lattice and electronic contri-
butions. The inset shows speci�c heat results for non-
-magnetic Y2Cu2In reference sample.

The magnetic entropy at room temperature calcu-
lated under absence of external magnetic �eld is close
to 32.3 J/(mol K). This value is close to expected sat-
uration 2R ln 8 value. Most of the magnetic entropy is
gained up to the ordering point (see Fig. 6), whereas the
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Fig. 6. Magnetic entropy of Gd2Cu1.9Co0.1In versus
temperature.

further increase of the Smagn(T ) is negligibly small. This
is consistent with lifting of the 8S7/2 multiplet degener-
acy under the presence of the molecular �eld.

4. Summary

Gd2Cu2−xCoxIn (x = 0.1, 0.2, 0.3) samples were in-
vestigated by means of X-ray di�raction, magnetomet-
ric and calorimetric studies. It was found that only
Gd2Cu1.9Co0.1In is single phased one. Further increase of
Co content leads to forming impurity phase yielding lack
of solubility of Co above that level. Introducing of Co
atoms enhances ferromagnetic interactions in this sam-
ple. This is re�ected in rising of ordering temperature,
which is equal to 93.5 K, in comparison to Gd2Cu2In

compound (TC = 85.5 K). The temperature deviations
of the crystal unit cell parameters correspond clearly to
above mentioned magnetic properties.
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