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Abstract. RE2Cu2Cd (RE = heavy rare earth elements: Dy, Ho, Er, Tm) intermetallics show the interesting physical,
magnetic and chemical properties with reference to magnetocaloric effect. To explore the relevant complex performance of
RE2Cu2Cd materials, which crystallizes in Mo2B2Fe-type structure with space group P4/mbm; electronic, magnetic and
thermodynamic properties have been studied using first principle theory. Electronic properties, i.e. spin-polarized electron
dispersion curves (band structure) and density of state calculations show that (Dy/Ho/Er/Tm)2Cu2Cd compounds are metallic
with dominant character of Dy-f spin down channels. Whereas magnetic and electron spin-polarization calculations show
that studied materials behave like metallic ferromagnet having nearly fully spin-polarized characteristics. The effect of
temperature on bulk modulus, B, volume of unit cell, V , entropy, S and specific heat, Cv has also been studied using
quasi-harmonic Debye model.
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1. Introduction

In the last few decades, magnetocaloric effect (MCE) has
gained much interest due to their prospective applications in
the magnetic refrigeration [1,2]. In this connection, series of
different magnetic materials have been explored for MCE
and its applications. Magnetic property measurements with
temperature dependence along with MCE investigations for
different type of magnetic materials are of importance to know
basic fundamental characteristics of the materials [3–5]. As
it is known that the materials with large reversible MCEs and
having small/zero hysteresis are of interest for their possible
applications in magnetic refrigeration. MCE is an intrinsic
property for the magnetic materials, which is characterized
by adiabatic temperature (�Tad) and or isothermal magnetic
entropy (�SM) in the presence of a varying magnetic field.
MCE-based magnetic refrigeration (MR) has several advan-
tages over the other techniques as it is an energy-effective
and environmental friendly technique as compared to other
conventional techniques [3,6–8].

It is important that magnetic materials viz. rare earth-based
ternary intermetallic materials should also possess high mag-
netocaloric effect (i.e. large values of�SM and�Tad in a broad
temperature range for its applications). So, several researches

are being carried out in search of materials with such tunable
properties [9–11]. It is known that transition metals show
itinerant magnetism which is due to partially filled 3d shell
with lower magnetic moment and high ordering temperatures.
Magnetism in rare earths (RE) is basically due to partially
filled 4f shell with lower temperature of magnetic ordering,
in general, lower than room temperature [12]. The magnetic
strength of a magnetic material is measured by its effective
magnetic moment, which is strongly correlated with the num-
ber of unpaired number of electrons. The rare earth transition
metal compounds with lower atomic weight rare earth ele-
ments (La–Eu) consists of small magnetic moment due to
less unpaired electrons in 4f shell and the compounds with
heavy rare earth elements (Gd–Yb) consists of large mag-
netic moment due to large number of unpaired electron in 4f
shell [12]. Magnetic refrigeration and MCE applications are
more significant with large magnetic moments of the mate-
rials. The combination of rare earths and transition metals
may often provide very intensive and interesting magnetic and
some other related properties as some of them also predicted
to act as a fine carrier for active MR applications [1,2,7–9].
With the above point of views, our interest is in RE2M2M1

compounds with RE = Dy−Tm and M = Cu, M1 = Cd for
the electronic, magnetic and thermodynamic studies [13–15].
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Table 1. Lattice parameters, a0, c0 (Å), bulk modulus, B0 (GPa),
pressure derivative of bulk modulus, B′

0 (GPa) equilibrium con-
dition (at 0K) for Dy2Cu2Cd, Ho2Cu2Cd, Er2Cu2Cd and Tm2Cu2Cd
using PBE—GGA.

Compounds a0 c0 B0 B
′
0

Dy2Cu2Cd 7.70 3.08 116.37 1.00
Expt. [2,20] 7.49 3.74 — —
Ho2Cu2Cd 7.67 3.83 77.40 8.82
Expt. [5] 7.46 3.76 — —
Er2Cu2Cd 7.67 3.81 58.68 1.73
Expt. [20] 7.46 3.70 — —
Tm2Cu2Cd 7.65 3.79 57.56 1.26
Expt. [2] 7.43 3.68 — —

The grouping of rare earth elements and transition metals
are known to show interesting magnetic properties [16] and
a series of materials with different RE and transition metals
(M/M1), RE2M2M1 (M = Cu and M1 = Mg, In, Sn or Cd)
were considered to study their magnetic and electrical prop-
erties [17–19]. Magnetic ordering in the transition metals,
affects the concentration of conduction electrons. Such rare
earth intermetallics are condensed in the tetragonal Mo2B2Fe-
type configuration having space group P4/mbm [19]. Yang
et al, Zhang et al and Li et al [2,5,20–23] have revealed a
large reversible magnetocaloric effects in RE2Cu2In (RE =
Dy−Tm)- and Ho2T2In (T = Cu and Au)-based compounds.
Magnetic and MCE properties for ternary cadmium com-
pounds viz. X2Cu2Cd (X = Gd, Er) have been investigated
by Zhang et al [21], who observed a switch of magnetic phase
of second order at curie temperatures, Tc ∼ 120 and 36 K with
a large reversible MCE near its curie temperature. The synthe-
sis and magnetocaloric properties of Ho2Cu2Cd were studied
by Yi et al [5] and reported a wide change in magnetic entropy
in a wide temperature range. In another study, magnetic and
MCE have been studied for Dy2Cu2Cd and Tm2Cu2Cd poly-
crystalline samples [2]. Several other experimental reports are
available on RE2M2M1 type systems [20–23].

Furthermore, in reference to magnetic refrigeration, the
magnetic material with large MCE is needed, which is an
intrinsic thermal response of the magnetic materials with
application of magnetic field. So, extensive studies are going
on to a series of magnetic materials (experimental as well
as theoretical) with large MCE for its application as good
magnetic refrigerants [16–24]. So far, we have focussed our
study on spin-dependent electronic and magnetic proper-
ties to understand the basic nature of RE2M2M1 (RE =
Dy−Tm, M = Cu and M1 = Cd), which may be fruitful
for further applications in magnetic refrigeration. The varia-
tion in bulk modulus, B; volume of unit cell, V ; entropy, S;
and specific heat,Cv against temperature, have also been stud-
ied to understand the effect of temperature on thermodynamic
behaviour of the materials.

Figure 1. Total energy vs. unit cell volume for (a) Dy2Cu2Cd,
(b) Ho2Cu2Cd, (c) Er2Cu2Cd and (d) Tm2Cu2Cd with PBE–GGA
approximation.

2. Crystal structure and computational details

RE2M2M1 (RE = Dy, Er, Ho and Tm, M = Cu and
M1 = Cd) crystallizes in Mo2B2Fe-type structure having
space group P4/mbm, where RE atoms occupy the positions
(0.1723, 0.6723, 0.5), and M (Cu) and M1 (Cd) occupies the
positions (0.3783, 0.8783, 0) and (0, 0, 0), respectively [24].
To calculate the structural parameters, the self-consistent cal-
culations were performed (using FP-LAPW) for minimization
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Figure 2. Spin polarized electron dispersion curves along high symmetry directions in the Brillouin zone for (a) Dy2Cu2Cd_up and
(b) Dy2Cu2Cd_dn.

of total energy of the system for unit cell volumes under the
energy convergence limit 10−5 Ry. The equilibrium volume
for the system is obtained by fitting the total energy as a
function of volume to the Brich–Murnaghan’s equation of
state [25,26] and the lattice parameters are determined from
the equilibrium volume. The corresponding lattice parame-
ters are tabulated in table 1, which is found to be consistent
with available experimental values. The electronic and mag-
netic properties of the RE2M2M1 with different RE, M and
M1 elements were studied using FP-LAPW + lo approach
via density functional theory (DFT) by WIEN2K code [27].
The DFT consists of exchange-and-correlation functional
viz. local density approximation (LDA), generalized gradient
approximation (GGA), a Hartree–Fock exchange functional
(hybrids) and meta-GGA (or meta-hybrid) [28,29]. LDA
depends on the density at each point in space, whereas PBE–
GGA includes both the density and its gradient at each
point in the space. A hybrid GGA and meta-GGA is a com-
bination of a standard GGA with a part of Hartree–Fock
exchange, for example, B3LYP and depends also on the
kinetic energy density. However, hybrid GGA and meta-GGA
provide more accurate calculations on electronic properties
than LDA and GGA, but this facility has not been pro-
vided in WIEN2K code. The GGAs are more accurate than
LDA as they greatly reduce the bond dissociation energy
error, and less computing cost. Thus, PBE–GGA

approximation has been used as exchange–correlation
functional [28].

The structure of studied materials has been optimized using
self-consisting cycles with different Mokhorst–Pack k-points
(MP k-points) and Muffin-tin-radii along with charge con-
vergence limit 10−4ec. The values of MP k-points 11 ×
11 × 23 and muffin-tin radii (in Å) 2.25, 2.40 and 2.50 for
Dy/Ho/Er/Tm, Cu and Cd atoms were found to be adequate
for equilibrium state with separation energy − 6.0 Ry. The
value of RmtKmax has been set to 8.0. Rmt is known for the
minimum muffin tin sphere radius and Kmax is known for the
largest reciprocal lattice vector.

Thermodynamic properties of RE2M2M1 compounds have
been investigated by using Debye model of quasi-harmonic
well developed in the Gibbs2 package [30–32].

3. Results and discussion

3.1 Structural properties

Like other Mo2B2Fe-type structured compounds having space
group P4/mbm, RE2M2M1 (RE = Dy, Er, Ho and Tm, M =
Cu and M1 = Cd) compounds also crystallize in space group
P4/mbm. Birch–Murnaghan’s [25,26] equation has been used
for structural optimization. Energy vs. volume of unit cell
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Figure 3. Calculated TDOSs for (a) Dy2Cu2Cd, (b) Ho2Cu2Cd, (c) Er2Cu2Cd and (d) Tm2Cu2Cd for spin up and spin down channel.

plots are publicized in figure 1, suggesting that RE2M2M1

compounds are well stable with their corresponding minimum
energy values. Fully optimized structural parameters and their
experimental values for RE2M2M1 compounds have been tab-
ulated in table 1 [2,5,20], which is in well agreement to each
other. Finally, energy band structure, total and partial density
of states (DOS) for RE2M2M1 (RE = Dy−Tm, M = Cu
and M1 = Cd) compounds were calculated according to the
optimized lattice parameters.

3.2 Electronic and magnetic properties

To calculate the electronic properties for RE2M2M1 (RE =
Dy, Er, Ho and Tm, M = Cu and M1 = Cd) compounds, spin

included band structure and DOS have been plotted. The band
structure for spin up and spin down for Dy2Cd2Cd (band struc-
tures of other compounds: (Ho/Er/Tm)2Cu2Cd show same
feature as Dy2Cd2Cd, so not shown in figure 2) have been
shown in figure 2a, b, which shows the completely occupied
bands at the Fermi level for both the spins (up and down)
revealing the metallic character of RE2M2M1.

To extract detail information about the band structure pro-
file, total and partial densities of states (TDOS, PDOS) have
been plotted. Figure 3 shows the spin-polarized TDOS for
the above compounds within GGA–PBE. It is noted that both
the spin up and spin down channels have shown metallic
behaviour. Spin down channel shows denser spin DOS as
compared to spin up channel at or above the Fermi level.
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Figure 4. Calculated TDOSs for (a) Dy2Cu2Cd, (b) Dy, (c) Cu and Cd; and PDOSs for (d) Dy-s, Dy-p, (e) Dy-d, (f) Dy-f, (g) Cu-s,
Cu-p, (h) Cu-d, (i) Cd-s, Cd-p, (j) Cd-d for spin up and spin down channel.
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Table 2. Calculated spin-magnetic moments (μB) and magnetization
(emu g−1) of Dy2Cu2Cd, Ho2Cu2Cd, Er2Cu2Cd and Tm2Cu2Cd using
PBE–GGA.

Dy2Cu2Cd Ho2Cu2Cd Er2Cu2Cd Tm2Cu2Cd

Interstitial region 0.29933 −0.14691 −0.23380 −0.60309
Dy/Ho/Er/Tm 4.70614 3.54254 2.40765 1.26329
Cu 0.00545 −0.00953 −0.02865 −0.02267
Cd 0.00386 −0.00668 −0.00987 −0.02580
Total 9.42704 7.05934 4.74813 2.45544
Expt. [2,5,20] 10.84 10.90 9.72 7.72
M 221.3 164.2 109.5 56.18
Expt. [2,5,20] 254.2 253.5 224.2 176.6

To detect the contribution of each atom to the electronic
structure, the complete profile of TDOS for RE2Cu2Cd and
RE, Cu, Cd and PDOS for RE, Cu, Cd (for s, p, d and f orbitals)
have been calculated and shown in figure 4. From the PDOS
plot, it has been clear that the Dy-f spin down states have the
major contribution at or above the Fermi level. Contribution
of other calculated spin down bands, such as Dy-s, p, d; Cu-
s, p, d and Cd-s, p, d have small contribution compared to
Dy-f bands as magnitude of their DOS is small (< −0.15
states per eV-cell) compared to DOS of Dy-f (∼ −8.0 states
per eV-cell) at the Fermi level. So, Dy-f bands are liable for
the metallic character of present studied materials. Again,
large difference between DOSs for spin up (D ↑) and spin
down (D ↓) (see values of (D ↑) and (D ↓) as indicated in
figure 4f) of Dy-f states at the Fermi level also seems respon-
sible for the resultant magnetic moment of the compounds
which could play a vital role for their applications in mag-
netic refrigeration. Similar results have also been observed
for other ((Ho/Er/Tm)2Cu2Cd) compounds. The calculated
and experimental values of magnetic moment (μB) and mag-
netization (M) are tabulated in table 2. Magnetic moment
calculated for the studied compounds (Dy/Ho/Er/Tm)2Cu2Cd
shows large difference with the experimental results [2,5,20].
This large difference between calculated and experimental
values of magnetic moment (μB) and magnetization (M) may
be attributed to our calculated values, because they have been
estimated in equilibrium condition and zero magnetic field,
whereas experimental values are available at room tempera-
ture and 1 Tesla magnetic field. Moreover, it can be observed
from table 2 that RE atoms (i.e. Dy/Ho/Er/Tm) have high
value of magnetic moment, which contributes significantly to
the total spin-magnetic moment of compounds.

Calculated DOS for spin up (D ↑) and spin down (D ↓)
channel along with the electron spin-polarization (S) are
tabulated in table 3. The electron spin-polarization (S) is cal-
culated by

S = D ↑ (EF) − D ↓ (EF)

D ↑ (EF) + D ↓ (EF)

Table 3. Calculated DOSs for spin up (D ↑) and spin down
(D ↓) at Fermi level (states per eV-cell) and electron spin
polarization (S) of Dy2Cu2Cd, Ho2Cu2Cd, Er2Cu2Cd and
Tm2Cu2Cd.

Dy2Cu2Cd Ho2Cu2Cd Er2Cu2Cd Tm2Cu2Cd

D↑ 2.67 2.77 3.22 2.63
D↓ 38.14 198.80 116.73 147.32
S −86.91% −97.25% −94.63% −96.49%

The value of S identifies the type of materials [33,34] viz. zero
value of S represents paramagnetic and anti-ferromagnetic
characters of materials even below the magnetic transition
temperature. The finite value of S indicates the ferromagnetic
material below Curie temperature [33,34]. When the value
of either D ↑ (EF) or D ↓ (EF) is zero, then electron spin-
polarization, S is equal to 1 (i.e. 100%) and the material is said
to be fully spin-polarized. In our case, neither D ↑ (EF) nor
D ↓ (EF) vanish at the Fermi level (see values of D ↑ (EF)

or D ↓ (EF) as indicated in figure 3a–d) which gives finite
value of S (−0.8691,−0.9725,−0.9463 and −0.9649%,
implying (Dy/Ho/Er/Tm)2Cu2Cd compounds are typically
metallic ferromagnets in equilibrium condition. Again the cal-
culated values of S were found to be −86.91,−97.25,−94.63
and−96.49% for (Dy/Ho/Er/Tm)2Cu2Cd, respectively, imply
that (Ho/Er/Tm)2Cu2Cd are nearly fully spin-polarized as
S approaching to 100%, but Dy2Cu2Cd has S ∼ 87%,
so it is not fully spin-polarized. The negative sign shows
the dominant character of spin down channel at the Fermi
level.

3.3 Thermodynamic properties

Thermodynamic properties for (Dy/Ho/Er/Tm)2Cu2Cd com-
pounds were carried out by means of Debye approximation
of quasi-harmonic model [31–33] which is implemented in
the Gibbs programme. Thermodynamic parameters such as
volume of unit cell, bulk modulus, specific heat at constant
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Figure 5. Calculated temperature dependent variation in vol-
ume for (a) Dy2Cu2Cd, (b) Ho2Cu2Cd, (c) Er2Cu2Cd and (d)
Tm2Cu2Cd.

volume and entropy have also been investigated in the
temperature range of 0–300 K to see the effect of
temperature.

According to quasi-harmonic Debye approximation [30–
32,35,36]; Gibbs function can be expressed as:

G∗(V ; P, T ) = E(V ) + P(V ) + AVib(θ(V ); T ), (1)

Figure 6. Calculated temperature dependent variation in bulk
modulus for (a) Dy2Cu2Cd, (b) Ho2Cu2Cd, (c) Er2Cu2Cd and (d)
Tm2Cu2Cd.

where E(V ) represents the total energy per unit cell, P(V )

represents the hydrostatic pressure, θ(V ) shows the Debye
temperature and AVib the vibrational energy.
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Figure 7. Calculated temperature dependent variation in specific
heat at constant volume for (a) Dy2Cu2Cd, (b) Ho2Cu2Cd, (c)
Er2Cu2Cd and (d) Tm2Cu2Cd.

Figure 5a–d shows the variation of volume for the
(Dy/Ho/Er/Tm)2Cu2Cd compounds with temperature. It is
well known that volume tends to increase with the increase
in temperature. A linear decrease in bulk modulus with
increase in temperature has been observed for such com-
pounds. Such observation could be understood due to the
decrease in material hardness with temperature (figure 6).
We have also plotted heat capacity at constant volume,

Figure 8. Calculated temperature dependent variation in entropy
for (a) Dy2Cu2Cd, (b) Ho2Cu2Cd, (c) Er2Cu2Cd and (d)
Tm2Cu2Cd.

Cv, for (Dy/Ho/Er/Tm)2Cu2Cd compounds and is shown in
figure 7a–d. It can be seen from figure 7 that specific heat
increases rapidly up to a temperature of 100 K and beyond
this temperature, it gets a constant value. Such variation in Cv

against temperature is in accordance with Dulong–Petit law
[37]. At high temperature, Debye model follows the Dulong–
Petit law [37]. The estimated value of Cv at 300 K found to
be in the range of 200–250 J mol−1 K−1.
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Entropy is the measure of disorder of the system or random
activity. Here, random means the energy of atoms and
molecules that cannot be used for any work. Temperature
effect on entropy S of the systems has been plotted in fig-
ure 8a–d and it is clear from the figure that at 0 K, the entropy
is zero and entropy increases rapidly as temperature increases.
The increase in entropy with temperature is due to increase in
the vibrational motion of the atoms with temperature leading
to the increase in the internal energy of the system [38].

4. Conclusions

In summary, physical properties viz. structural, electronic,
magnetic and thermodynamic properties for the
(Dy/Ho/Er/Tm)2Cu2Cd compounds have been studied in
detail using first principle theory. The optimized lattice
parameters for structural investigations are in well harmony
with the experimental values. The electronic properties such
as band structure (spin-polarized electron dispersion curves)
for spin up and spin down channels along with DOSs show
that (Dy/Ho/Er/Tm)2Cu2Cd are metallic with dominant char-
acter of Dy-f spin down channels at the Fermi level. The
magnetic moment and magnetization show large discrepancy
with experimental values as our calculated values have been
estimated in equilibrium condition and zero magnetic field,
whereas experimental values are available at room tempera-
ture and 1 Tesla magnetic field. The electron spin-polarization
calculations show that studied materials are metallic ferro-
magnet and nearly fully spin-polarized. The variations in
entropy, S and specific heat, Cv were found to pursue the
Dulong–Petit law. Such magnetic, electronic and thermody-
namic properties for the compounds could be utilized for their
future application in magnetic refrigeration.
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