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Abstract
The results of x-ray diffraction, magnetic susceptibility, and 155Gd Mössbauer
spectroscopy studies of the rare-earth Heusler compound Cu2GdIn are reported.
The studied compound has the L21 crystal structure with the lattice constant of
0.666 43(3) nm. Cu2GdIn is an antiferromagnet with the Néel temperature TN =
9.6(1) K. The temperature dependence of the magnetic susceptibility above TN

follows the Curie–Weiss law with the effective magnetic moment of 7.98(4) μB

per Gd atom and the paramagnetic Curie temperature of −41.2(9) K. The
Debye temperature of Cu2GdIn is 229(5) K. The temperature dependence of
the hyperfine magnetic field follows a J = 7/2 Brillouin function. It is
shown that the total contribution to the hyperfine magnetic field at 155Gd nuclei
in Gd-containing Heusler compounds resulting from the conduction electron
polarization is +9.8(2.5) T.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Heusler compounds are ternary intermetallic compounds having the general composition
X2YZ. In the traditional Heusler compounds, X and Y stand for d-electron transition metals and
Z denotes an sp-electron element [1]. These compounds possess the characteristic L21 crystal
structure (space group Fm3̄m, No 225) with the unit cell consisting of four interpenetrating
face-centred cubic sub-lattices. They have been extensively investigated for their magnetic
properties [1]. The majority of these traditional Heusler compounds are ferromagnets and some
of them order antiferromagnetically [1].
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There is a small number of Heusler compounds in which Y is a rare earth element,
R. These include the most intensively studied system Pd2RSn (R = Tb–Lu) [2–18], Pd2RIn
(R = La, Gd, Ho, Yb, Lu) [19–23], Pd2RPb (R = Gd–Lu) [24], Pd2RSb (R = Gd–Er) [25, 26],
Pd2RBi (R = Dy–Er) [25, 26], Au2RIn (R = La–Nd, Er–Yb) [27, 28], Ag2RIn (R = La–Nd,
Sm, Gd–Yb) [29–33], and Cu2RIn (R = La–Nd, Sm, Gd–Er, Lu) [34–41]. In contrast
to the traditional Heusler compounds, the majority of rare-earth Heusler compounds are
antiferromagnets [3, 5, 7–9, 13, 15, 24, 25, 30–33, 35, 36, 38–41].

In this paper we report on an investigation of magnetism of the Heusler compound
Cu2GdIn through measurements of magnetic susceptibility and 155Gd Mössbauer spectroscopy.

2. Experimental procedure

An ingot of nominal composition Cu2GdIn was prepared by melting constituent elements in an
induction furnace on a water-cooled Cu boat under an Ar atmosphere. Purities of the starting
elements were 99.999%, 99.999%, and 99.998% for Cu, In, and Gd, respectively. The melting
was repeated four times, in each case after turning the ingot over. The total weight loss after
the melting was 1.1%.

X-ray diffraction measurement was performed at 298 K in Bragg–Brentano geometry on
the PANanalytical X’Pert scanning diffractometer using Cu Kα radiation. The Kβ line was
eliminated by using a Kevex PSi2 Peltier-cooled solid-state Si detector. In order to avoid the
deviation from intensity linearity of the solid-state Si detector, its parameters and the parameters
of the diffractometer were chosen in such a way as to limit the count rate from the most intense
Bragg peaks to less than 9000 counts s−1 [42].

The magnetic susceptibility was measured with a Quantum Design superconducting
quantum interference device magnetometer at various fields in the temperature range 4.5–
295 K.

The 155Gd MS measurements in the temperature range 1.5–20.0 K were conducted using
a standard Mössbauer spectrometer operating in a sine mode and a source of 155Eu(SmPd3).
The source was kept at the same temperature as that of the absorber. The spectrometer was
calibrated with a Michelson interferometer [43], and the spectra were folded. The Mössbauer
absorber was made of pulverized material pressed into a pellet which was then put into an Al
disk container of thickness 0.008 mm to ensure a uniform temperature over the whole sample.
The surface density of the Mössbauer absorber of the studied compound was 352 mg cm−2.
The 86.5 keV γ -rays were detected with a 2.5 cm NaI(Tl) scintillation detector covered with a
0.6 mm Pb plate to cut off the 105.3 keV γ -rays emitted from the source.

The Mössbauer spectra were analyzed by means of a least-squares fitting procedure
which entailed calculations of the positions and relative intensities of the absorption lines by
numerical diagonalization of the full hyperfine interaction Hamiltonian. The interference ξ

factor for the E1 transition of 86.5 keV in 155Gd was fixed to the value of 0.0520, which was
derived from the fit of the 155Gd Mössbauer spectrum of GdFe2 at 4.2 K (data not shown
here). The resonance line shape of the Mössbauer spectra was described by a transmission
integral formula [44, 45]. In addition to the hyperfine parameters, only the absorber Debye–
Waller factor fa and the absorber linewidth �a were fitted as independent parameters. The
source linewidth �s = 0.334 mm s−1 and the background-corrected Debye–Waller factor of
the source f ∗

s [44, 45], which were derived from the fit of the 151Gd Mössbauer spectrum
of GdFe2 at 4.2 K, were used. The 155Eu(SmPd3) source at 1.5 K emits a broadened
emission line; from the fit of the 151Gd Mössbauer spectrum of GdFe2 at 1.5 K we found that
�s = 0.708 mm s−1.
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Figure 1. Heusler L21 crystal structure of Cu2GdIn.

Table 1. Crystallographic data for Cu2GdIn.

Atom Site Point symmetry x y z Occupancy

Gd 4a m3̄m 0 0 0 1.0

In 4b m3̄m 1
2

1
2

1
2 1.0

Cu 8c 4̄3m 1
4

1
4

1
4 1.0

3. Results and discussion

3.1. Structural characterization

The compound Cu2GdIn forms in the L21 crystal structure with the space group Fm3̄m
(No 225). Figure 1 shows the crystal structure of Cu2GdIn, and the crystallographic data for
the Gd, In, and Cu sites are given in table 1.

The x-ray powder diffraction pattern of Cu2GdIn is shown in figure 2. A Rietveld
refinement of the x-ray powder diffraction data was performed, yielding the lattice constant
a = 0.666 43(3) nm. The studied sample contains a trace of Cu4GdIn second phase in
the amount of 3.7(5) wt% as determined from the Rietveld refinement of the x-ray powder
diffraction pattern (figure 2). The studied Heusler compound Cu2GdIn could be thus slightly
off stoichiometry.

3.2. Magnetic susceptibility

The temperature dependence of the magnetic susceptibility χ of Cu2GdIn measured in an
applied magnetic field of 0.5 T between 4.5 and 295 K is shown in figure 3(a). The χ(T )

curve exhibits a sharp peak at 9.6(1) K (inset in figure 3(a)). This indicates that Cu2GdIn is an
antiferromagnet with the Néel temperature TN = 9.6(1) K.

The χ(T ) data above 100 K could be fitted to a modified Curie–Weiss law

χ = χ0 + C

T − θp
, (1)

where χ0 is the temperature independent magnetic susceptibility, C is the Curie constant, and

θp is the paramagnetic Curie temperature. The Curie constant can be expressed as C = Nμ2
eff

3k ,
where N is the concentration of magnetic atoms per unit mass and μeff is the effective magnetic
moment. Figure 3(b) shows the inverse magnetic susceptibility corrected for the contribution
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Figure 2. The x-ray powder diffraction spectrum of Cu2GdIn at 298 K. The experimental data
are denoted by open circles, while the line through the data represents the results of the Rietveld
refinement. The upper set of vertical bars represents the Bragg peak positions corresponding to the
principal Cu2GdIn phase, while the lower set refers to the positions of the minor impurity Cu4GdIn
phase. The lower curve is the difference curve between the experimental data and the calculated
curve.

χ0, (χ − χ0)
−1 versus temperature; the validity of the Curie–Weiss law is evident. The

values of χ0, C , and θp obtained from the fit are, respectively, 5.50(17) × 10−6 emu g−1,
19.94(20) × 10−3 emu K g−1, and −41.2(9) K. This value of C corresponds to μeff of
7.98(4) μB per Gd atom.

For a free Gd3+ ion (electronic ground state 8S7/2), the theoretical value of μth
eff =

gμB
√

J (J + 1) is 7.94 μB [46]. The fact that the experimental value μeff = 7.98(4) μB is very
close to the theoretical value of 7.94 μB confirms that the magnetic moment is localized on the
Gd3+ ions and that, as expected, Cu and In atoms carry no magnetic moment. The negative
value of θp indicates the predominantly antiferromagnetic interaction between the Gd3+ spins.

3.3. Mössbauer spectroscopy

Figure 4 displays 151Gd Mössbauer spectra of Cu2GdIn measured at temperatures above the
Néel temperature. The Gd3+ ions are located in the Heusler structure at the site with the point
symmetry m3̄m (table 1). This ensures a zero electric field gradient at the Gd3+ site and hence
zero electric quadrupole splitting. The spectra in figure 4 exhibit thus no electric quadrupole
interaction and are fitted with a single line. The parameters derived from the fits are given in
table 2.

The values of the isomer shift (relative to the 155Eu(SmPd3) source) δ of ∼0.42 mm s−1 are
characteristic for Gd atoms being in a trivalent state [47]. In terms of the Debye approximation
of the lattice vibrations, the absorber Debye–Waller factor fa is expressed [48, 49] by the Debye
temperature, 
D, as

fa(T ) = exp

{
−3

4

E2
γ

Mc2k
D

[
1 +

(
T


D

)2 ∫ 
D/T

0

x dx

ex − 1

]}
, (2)
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Figure 3. (a) The temperature dependence of the magnetic susceptibility of Cu2GdIn, measured in
an external magnetic field of 0.5 T. The solid line is the fit to equation (1) in the temperature range
100–295 K. The temperature dependence of the magnetic susceptibility in the low-temperature
range is presented in the inset. (b) The inverse magnetic susceptibility corrected for the contribution
χ0, (χ − χ0)

−1 versus temperature T of Cu2GdIn. The solid line is the fit to equation (1) in the
temperature range 100–295 K.

Table 2. Hyperfine interaction parameters derived from the fits to the 151Gd Mössbauer spectra of
Cu2GdIn at various temperatures.

T (K) δ (mm s−1) �a (mm s−1) Hhf (T) fa (%) χ2

20.0 0.405(3) 0.408(10) 12.6(3) 1.00
12.6 0.415(4) 0.425(12) 13.3(3) 1.01
10.2 0.422(4) 0.460(13) 13.7(4) 1.13

9.1 0.406(3) 0.460(12) 6.62(32) 13.7(3) 0.91
8.1 0.421(4) 0.461(11) 12.51(22) 13.8(3) 1.01
7.0 0.405(4) 0.461(10) 16.37(20) 12.8(4) 1.03
5.9 0.414(3) 0.461(12) 18.51(15) 13.8(3) 1.15
4.9 0.407(4) 0.460(13) 20.56(16) 13.8(4) 1.20
1.5 0.414(5) 0.462(14) 22.72(27) 13.9(4) 1.17
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Figure 4. 155Gd Mössbauer spectra of Cu2GdIn at various temperatures above the Néel temperature.
Solid lines are fits, as described in the text. The zero-velocity scale is relative to the source.

where Eγ is the energy of the Mössbauer transition, M is the mass of the Mössbauer nucleus,
c is the speed of light, and k is the Boltzmann constant. The analysis of the values of fa given
in table 2 via equation (2) yields 
D = 229(5) K. This value compares well with 
D = 183 K
for an isostructural Heusler compound Cu2LaIn [50].

151Gd Mössbauer spectra of Cu2GdIn measured at temperatures below the Néel
temperature are shown in figure 5. They exhibit the presence of a magnetic dipole hyperfine
interaction. It is not visually obvious that the 151Gd Mössbauer spectrum at 9.1 K results from
a non-zero magnetic dipole hyperfine interaction, i.e., that the non-zero hyperfine magnetic
field, Hhf, sets in. The 9.1 K spectrum looks like a single-line spectrum, similar to those
shown in figure 4. The fit of this spectrum with a single line yields �a = 0.539(9) mm s−1

and χ2 = 0.99. A substantial increase of �a from 0.460(13) mm s−1 for the 8.0 K spectrum
(table 2) to 0.539(9) mm s−1 for the 9.1 K spectrum proves that indeed the observed broadening
results from the non-zero Hhf being established in the 9.1 K spectrum. In addition, the value of
χ2 = 0.91 obtained for the fit of the 9.1 K spectrum with a Zeeman pattern (table 2) is smaller
than the value of 0.99 obtained for a single-line fit. The parameters derived from the fits of the
spectra in figure 5 with a non-zero magnetic dipole hyperfine interaction are given in table 2.

Figure 6 shows the temperature dependence of the hyperfine magnetic field determined
from the fits of the spectra in figure 5. The hyperfine magnetic field is generally proportional
to the magnetic moment of Gd atoms. Its temperature dependence will reflect the latter
and follows a Brillouin function [46]. The temperature dependence of Hhf(T ) can thus be
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Figure 5. 155Gd Mössbauer spectra of Cu2GdIn at various temperatures below the Néel
temperature. Solid lines are fits, as described in the text. The zero-velocity scale is relative to
the source.

expressed as

Hhf(T ) = Hhf(0)BJ (x), (3)

where Hhf(0) is the saturation hyperfine magnetic field, BJ (x) is the Brillouin function defined
as

BJ (x) = 2J + 1

2J
coth

(
2J + 1

2J
x

)
− 1

2J
coth

( x

2J

)
(4)

and

x = 3J

J + 1

Hhf(T )

Hhf(0)

TN

T
. (5)

A least-squares fit of the Hhf(T ) data to equation (3) with J = 7/2 yields Hhf(0) = 23.68(25) T
and TN = 9.5(1) K. The value of TN determined from the fit is in excellent agreement with the
value determined from the susceptibility measurement.

The hyperfine magnetic field at the 155Gd nuclei in Cu2GdIn can be expressed as the sum
of three terms

Hhf = Hcp + Hs + Htr. (6)

The core polarization field, Hcp, is due to the exchange interaction between the local Gd 4f
electrons and the core electrons. Its value, −34.0(2.0) T [51–53], is assumed to be independent
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Figure 6. The temperature dependence of the hyperfine magnetic field of Cu2GdIn. The solid line
is the fit to a J = 7/2 Brillouin function (equation (3)), as explained in the text.

of the Gd environment in solids. The negative sign arises from the fact that Hcp is antiparallel to
the parent Gd 4f magnetic moment. The self-polarization term, Hs, results from the conduction
electron polarization by the spin of the parent Gd atom and is usually parallel to the Gd
magnetic moment. The transferred field, Htr, is due to the conduction electron polarization
by the surrounding Gd spins. For collinear magnetic structure, it is parallel to the Gd magnetic
moment. In the absence of an externally applied magnetic field, one cannot determine the sign
of the measured Hhf. However, in many Gd compounds the sign of Hhf was demonstrated to be
negative [54–57]. Assuming thus that Hhf(0) = −23.68(25) T allows one by using equation (6)
to determine the total contribution from the conduction electron polarization Hs + Htr to be
+10.32(2.25) T.

The magnitude of the hyperfine magnetic field at the 155Gd nuclei in an isostructural
Heusler compound Ag2GdIn at 4.2 K is 24.8(8) T [58]. By using the same analysis as above,
one finds that in Ag2GdIn the total contribution from the conduction electron polarization is
+9.2(2.8) T. One can thus conclude that the total contribution to the hyperfine magnetic
field at the 155Gd nuclei from the conduction electron polarization in Gd-containing Heusler
compounds is +9.8(2.5) T.

4. Conclusions

A rare-earth Heusler compound Cu2GdIn has been studied with x-ray diffraction, magnetic
susceptibility, and 155Gd Mössbauer spectroscopy. This compound has the L21 crystal structure
with the lattice constant of 6.6643(3) Å. Gd magnetic moments order antiferromagnetically
with the Néel temperature TN = 9.6(1) K. The temperature dependence of the magnetic
susceptibility above TN follows the Curie–Weiss law with the effective magnetic moment of
7.98(4) μB per Gd atom and the paramagnetic Curie temperature of −41.2(9) K. The Debye
temperature of Cu2GdIn is 229(5) K. The temperature dependence of the hyperfine magnetic
field at the 155Gd nuclei follows a J = 7/2 Brillouin function and the saturation hyperfine
magnetic field is −23.68(25) T. It is shown that total contribution to the hyperfine magnetic
field at 155Gd nuclei in Gd-containing Heusler compounds resulting from the conduction
electron polarization is +9.8(2.5) T.
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