Bull Mater Sci (2020)43:317
https://doi.org/10.1007/s12034-020-02148-w

Ó Indian Academy of Sciences
Sadhana(0123456789().,-volV)F
T3](0123456789().,-volV)

Structure and physical properties of the solid solution
Gd2–xNdxPdSi3 (x = 0, 0.75, 1, 2)
TAPAS PARAMANIK1, ASHUTOSH KUMAR SINGH2,3, SOUMYABRATA ROY1,3
and SEBASTIAN C PETER1,3,*
1

New Chemistry Unit, Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore 560064, India
Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore 560064,
India
3
School of Advanced Materials, Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore 560064, India
*Author for correspondence (sebastiancp@jncasr.ac.in)
2

MS received 15 January 2020; accepted 20 May 2020
Abstract. The structural and magnetic properties of Gd2-xNdxPdSi3 (x = 0, 0.75, 1, 2) have been studied using X-ray
diffraction (XRD), exchange bias and magnetization measurements. The end compounds (x = 0, 2) along with the solid
solutions of them are found to crystallize in the hexagonal superstructure having space group P6/mmc. The rare-earth (RE)
ions are occupying at two different crystallographically inequivalent sites (2b and 6h), which is similar to all ordered
members of the RE2PdSi3 series. The absence of chemical phase separation and formation of true solid solutions are
confirmed by the XRD analysis. No signature of exchange bias has been observed signifying the absence of coexistence of
magnetic phases. The origin of complex magnetic behaviour in Gd2-xNdxPdSi3 is observed due to the separate magnetic
ordering and two available crystallographic sites for magnetic ion. The spin-glass behaviour near ferromagnetic transition
in Nd2PdSi3 and anomalous bifurcation in zero-field-cooled and field-cooled magnetization curves in Gd2PdSi3 originates
from the proximity and overlap of the transition temperatures of the two RE magnetic ions present in two inequivalent
sites, and strongly correlated to the interatomic and intra-atomic distances between RE atoms occupying two crystallographic sites.
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Introduction

Ternary intermetallic compounds with hexagonal AlB2-type
structure and its ordered superstructures having the general
composition RE2TX3 (RE = rare earth, T = transition metal,
X = main group elements) are very interesting for their
intriguing complex structural [1–3], physical and magnetic
properties [4–6], such as multiple magnetic transitions
[7–10], spin-glass behaviour [11–14], magnetocaloric effect
[15], high temperature reversible phase transition [16,17],
ferromagnetism [18], Kondo effect [19] and heavy fermion
behaviour [20]. For example, the ac susceptibility studies in
Nd2PdSi3 show spin-glass-like anomalies at the temperature
where long-range ferromagnetic ordering sets in around
14.5 K [8]. A bifurcation of zero-field-cooled (ZFC) and
field-cooled (FC) magnetization data was observed in polycrystalline Gd2PdSi3 sample below 15 K, although the
This article is part of the Topical Collection: SAMat Focus Issue.

transition temperature due to long-range anti-ferromagnetism
was observed at 21 K ([15 K) [21]. Later, it was confirmed
that this bifurcation was not intrinsic in nature when the
similar measurements were done on single crystal [22]. The
most interesting observation from the magnetism point of
view in this series is that all the compounds except with
RE = Nd and Eu show paramagnetic (PM)–antiferromagnetic (AFM) transition, although these two compounds are
believed to show PM–ferromagnetic (FM) transition [23,24].
Mukherjee et al [25] reported that the 4f hybridization effect
is responsible for the ferromagnetism in Nd2PdSi3. However,
this argument does not give insight into the origin of the
glassy magnetic behaviour in Nd2PdSi3 near transition temperature, ferromagnetic behaviour in Eu2PdSi3 and antiferromagnetic transition observed in Ce2PdSi3. Though Mallik
et al [24] previously predicted that the magnetic transitions
due to two different crystallographic inequivalent sites present in this compound as the possible origin of the multiple
transitions in Eu2PdSi3, there was no direct experimental

Electronic supplementary material: The online version of this article (https://doi.org/10.1007/s12034-020-02148-w) contains supplementary material, which is available to authorized users.

317

Page 2 of 7

realization for this physical explanation. A recent report on
the neutron powder diffraction and muon spin resonance
study (lSR) in Ce2PdGe3 by Bhattacharyya et al [9] clearly
explored the existence of two separate magnetic phase transitions due to two different crystallographically inequivalent
sites in these series of compounds. This invokes to reinvestigate the origin of the anomalous behaviour in Nd2PdSi3 and
Gd2PdSi3. The exchange coupling between RE ions in these
types of intermetallic compounds is mediated by the conduction electrons via Ruderman–Kittel–Kasuya–Yosida
(RKKY) interaction [26,27], which is an oscillatory function
and strongly dependent on the distance between the magnetic
ions. The distance between the magnetic ions determines both
the nature, strength of interaction and thereby magnetic
transition temperature. A drastic change in the ratio of lattice
parameters (c/a changes from [1 to \1) was known in the
RE2PdSi3 series with the change of the RE ions.
To understand the magnetic properties and structural–
magnetic relationship, a detailed study involving X-ray
diffraction (XRD), exchange bias and magnetizations have
been carried out on the end members Nd2PdSi3, Gd2PdSi3
and solid solutions of Gd2-xNdxPdSi3 (x = 0.75, 1). No
indication, either of chemical or magnetic phase separation
was observed in the XRD patterns and exchange bias
measurements on the studied compounds. Detailed analysis
of lattice parameters and magnetic transition temperature
explore that the tuning of lattice parameters originates
complex magnetism in the end members of Gd2-xNdxPdSi3,
through the proximity of the transition temperatures of the
two different RE sites.

2.

Experimental

Four compositions of Gd2-xNdxPdSi3 series, with x = 0,
0.75, 1, 2, were prepared by arc melting of the constitutional
elements of purity [99.99% in argon gas atmosphere. To
achieve homogeneity in the samples, the ingots were melted
more than three times by flipping it after each melting. The
ingots were subsequently annealed in sealed evacuated
quartz tubes at 750°C for 5 days. The crystal structures and
phases present in all the prepared compounds were characterized by powder XRD using Cu-Ka radiation, acquired
with a Bruker D8 Discover X-ray diffractometer. The dc
magnetic properties were measured using a commercial
superconducting quantum interference device vibrating
sample magnetometer (SQUID VSM, Quantum Design)
system. For the ZFC and FC magnetization measurements,
the samples were cooled from room temperature down to
lowest temperature, and magnetization (M) data as a function of temperature (T) were subsequently collected in the
heating cycle at a constant value of magnetic field (H). In
case of ZFC measurement, magnetic field was applied after
cooling down the sample to lowest temperature, and in FC
measurement magnetic field was applied at room
temperature before starting the cool-down procedure.
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The isothermal magnetic hysteresis (M–H) loops between
?70 and –70 kOe magnetic field were measured after
cooling down the sample to the desired temperature in ZFC
condition. For exchange bias studies, the samples were cooled
down from 300 to 5 K in the presence of 500 Oe magnetic
field, and five quadrant magnetization data were collected by
varying magnetic field between ?70 and –70 kOe.

3.
3.1

Results and discussion
Crystal structure

The powder XRD patterns of the prepared compounds are
presented in figure 1. The Rietveld refinement of the XRD
data confirms the formation of the end members of this
series, viz., Nd2PdSi3 and Gd2PdSi3, in single phase. Like
all other members of the RE2PdSi3 series, Nd2PdSi3 and
Gd2PdSi3 crystallize in the ordered superstructure of
AlB2-type with Lu2CoGa3 structure space group P6/mmc.
In this hexagonal structure, the RE ions occupy the two
different inequivalent Wyckoff positions 2b and 6h, designated as RE1 and RE2, respectively. A quarter of RE
ions present in this structure occupy 2b position and the
remaining ions occupy 6h site. Noticeably, the local
environments of the RE ions present at 2b and 6h sites are
markedly different.
To check whether true solid solutions between Nd and Gd
on the RE sites are formed or not, intermediate compounds
(with x = 0.75 and 1) were prepared and careful analysis of
the XRD data for those compounds have been performed.
First of all, no trace of peak splitting has been observed in
the XRD patterns. Most importantly, a gradual left shift of
the diffraction pattern (see the inset figure 1a) from
Gd2PdSi3 to Nd2PdSi3 side has been observed with the
increase in ‘x’ (figure 1). The absence of structural phase
separation on the RE sublattices has been confirmed from
the Rietveld refinement, and the variation of lattice
parameter has been presented in figure 2. Plot of Rietveld
Refinement is given in supplementary figure S1.
A linear variation of lattice parameters with ‘x’ has been
observed, which follows Vegard’s law [28]. The lattice
parameters of other reported compounds of the RE2PdSi3
series are listed in table 1 of Tang et al [29] and table 2 of
Kotsanidis et al [23]. The variation of lattice parameter ‘c’
is very sensitive to the size of the RE ions, however the
variation of ‘a’ is very little [23]. Though the value of ‘a’
and ‘c’ changes very systematically with the change of RE
ions, exceptionally high value of ‘c’ had been reported for
Eu2PdSi3 [24]. However, in the Eu2PdSi3 [24], the lattice
parameters measured were incorrect and authors assumed
on the basis of structure of Ce2PdSi3, where doubling of
both the axis were taken into consideration and that leads to
formation of superstructure. Later, it was confirmed by
single crystal XRD data analysis that there is doubling of
a-axis but not along the c-axis [30].
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Figure 1. (a) The powder XRD patterns of (Gd2-xNdx)PdSi3 (x = 0, 0.75, 1, 2). The inset figure is projected view of
the 002 crystallographic plane, which confirms the change of 2h value upon substitution. (b) c-Direction view of
crystal structure of RE2PdSi3 (colour codes were on the basis of Wyckoff position and corresponding site symmetry).

Figure 2. Variation of lattice parameter ‘a’ (left y-axis) and
c/a ratio (right y-axis) on varying the composition (x) in
Gd2-xNdxPdSi3 (x = 0.0, 0.75, 1.0, 2.0).

3.2

Magnetic properties

The ZFC and FC dc magnetic susceptibilities (v = M/H) were
measured under an applied magnetic field of H = 100 Oe for
Gd2PdSi3 and Nd2PdSi3, which are shown in figure 3a and b,
respectively. A peak in the ZFC and FC v(T) curves for
Gd2PdSi3 at TAF = 16 K, a broad hump in the ZFC curve
around TK = 13 K and bifurcation in FC–ZFC curves has
been observed below TK in Nd2PdSi3. The paramagnetic
Curie temperature and effective magnetic moments measured
from the linear fit of the inverse susceptibility curves are
20.85 K, 7.86 lB and 3.95 K, 3.73 lB for Gd2PdSi3 and
Nd2PdSi3, respectively (plotted curves are shown in supplementary figure S3). The positive values of hP signify the
dominance of FM interaction in these compounds. However,
magnetic ordering temperature being higher than the Curie
temperature signifies the competition between FM and AFM
interaction in the paramagnetic state [25].

Figure 3. Temperature-dependent dc magnetic susceptibility
measurement: (a) Gd2PdSi3, bifurcation in ZFC and FC curve is
evident below 16 K and (b) Nd2PdSi3, a continuous rise in FC
curve till the lowest measurable temperature and continuous dip of
FC curve below the ordering temperature 12 K. Y2 axis in both the
curve shows the dM/dT.
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The temperature dependence of dvZFC/dT in figure 3a
shows sign reversal around the long-range AFM ordering at
TAF and also clearly shows a kink at TK. A peak in the ZFC
v(T) curve has been observed for Nd2PdSi3 at To = 12 K.
Interestingly the ZFC dc susceptibility value drastically
falls below To, which is not generally expected for longrange ordered ferromagnetic systems. In case of ferromagnetic system, magnetization below the ordering temperature
varies as the inverse of demagnetization factor, which is
expected to be constant, as the demagnetization factor is
size- and shape-dependent value of the particle, e.g., for
sphere it is 4p/3. In case of Nd2PdSi3, bifurcation in FC–
ZFC curves starts above To and the FC v(T) curve continuously rises to lowest temperature of measurement, instead
of saturating at a constant value (as expected for ferromagnetic transition).

Figure 4. Magnetization curve for (a) Gd2PdSi3 and (b)
Nd2PdSi3 measured at 2 K on a polycrystalline sample. Inset of
figure (a) shows the very small hysteresis in Gd2PdSi3. Inset of
figure (b) shows the unusual hysteresis curve, where the virgin
curve lies outside the hysteresis curve marked as 1. This type of
nature is associated with disordered broadened first-order
transition.
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The isothermal M(H) curves measured at 2 K for
Gd2PdSi3 and Nd2PdSi3 are presented in figure 4a and b,
respectively. The magnetization curves do not saturate for
both compounds at maximum applied magnetic field of
70 kOe. Previously this tendency of non-saturation of
magnetization was also observed in Nd2PdSi3 to persist
even on application of magnetic field as high as 160 kOe
[25]. The M/H loop for Nd2PdSi3 shows a hysteresis with
coercivity HC = 850 Oe. Another very interesting feature in
M/H loop is that the virgin curve stays outside of the
envelope curve at 2 K (inset of figure 4b marked as 1). This
feature also observes in the magnetization measurement in
single crystal of Nd2PdSi3 [25], where the virgin curve steps
outside the loop in magnetization measurement at 1.8 K. It
can be observed that the AFM correlation is present in
virgin state and this kind of behaviour is generally associated with disordered-broadened first-order transition [25].
We have observed this feature also in the M(H) loop
measured at 5 K (supplementary figure S2), where virgin
curve starts to overlap with fifth quadrant magnetization
curve and at 10 K it completely goes inside the virgin
curve. Though the non-saturating tendency of the
M(H) curve and the S-shaped nature for Nd2PdSi3 are very
surprising and also not expected for FM materials, from the
hysteretic signature of M(H) and ZFC–FC bifurcation in
iso-field temperature-dependent magnetization curves
Nd2PdSi3 was concluded to be FM in earlier reports.
Moreover, real part of ac susceptibility was previously
reported to show a maximum around To with frequency
dependence in Nd2PdSi3. The hysteresis in the M(H) loop
and bifurcation of ZFC–FC curves below To can also
originate due to other possibilities, e.g., the spin glass
behaviour of the material. In recent report [31], a temperature-dependent neutron and muon spin relaxation study on
polycrystalline sample Nd2PdSi3 confirms the magnetic
ordering below 17 K with the maxima of antiferromagnetic
ordering at 11 K, with incommensurate modulation vector,
and subsequently at lower temperature the strength of ferromagnetic ordering increases [31].
On the other hand, close look on the M(H) curve measured at 2 K for Gd2PdSi3 (shown in figure 4b) shows a
hysteresis with coercivity HC = 300 Oe. The hysteresis
behaviour along with the observed bifurcation in ZFC–FC
iso-field magnetization curves below TK clearly establish
that below the AFM ordering at TAF, another magnetic
phase transition occurs in Gd2PdSi3. In the previous studies,
ac susceptibility in Gd2PdSi3 a sharp peak around TAF and a
shoulder around TK were reported to show in the real part of
ac susceptibility. No frequency dependence in the transition
temperatures was observed in Gd2PdSi3, negating the possibilities of spin glass behaviour [22].
The ZFC and FC dc magnetic susceptibilities measured
under application of H = 100 Oe magnetic field for the solid
solutions with x = 0.75 and 1 are shown in figure 5a. There
are two significant changes in the nature of susceptibility curve
that can be observed in solid solution viz., transition
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Figure 6. Magnetization measurement on polycrystalline sample
of Gd2-xNdxPdSi3 (x = 0, 0.75, 1, 2) till 20 kOe of applied
magnetic field. Inset shows the magnetization curve for all the
samples till 60 kOe. There is non-saturating magnetization at
highest applied magnetic field of 60 kOe, except Nd2PdSi3.

Figure 5. Susceptibility measurement of solid solution of sample Gd2-xNdxPdSi3 (x = 0.0, 0.75, 1.0, 2.0). (a) Susceptibility
values are normalized with respect to the maximum value. Peak
shifts to lower values as the Nd concentration increases in the
solution as well as the broadening in the peak also reduces. (b)
dv/dT vs. T plot clearly indicates the lowering of magnetic
ordering temperature on increase of Nd concentration in Gd2PdSi3.

temperature comes down towards lower temperature and the
bifurcation in FC–ZFC curves increases with increasing Nd
concentration in Gd2-xNdxPdSi3. This observation can be
understood in the terms of variation in long-range magnetic
ordering on mixing of magnetic sublattice in the system [20].
Since magnetic ordering in the system originates from f-orbital
hybridization with other d-orbital conduction electron, the
extent of hybridization changes with the change in RE atoms
concentration in magnetic sublattice. Nd atoms f-orbitals are
more localized than the Gd atoms f-orbitals [25]. So, the
effective hybridization varies in the solid solution. The changes in the transition temperature are clearly visible in dvZFC/dT
vs. T plots, shown in figure 5b. The isothermal magnetization
five quadrant curves are shown in figure 6. All these curves
also show non-saturating S-shaped behaviour. Interestingly,
the hysteresis loop opens with the increase of Nd concentration in Gd2-xNdxPdSi3.
To confirm the nature of magnetic transition occurring in
Nd2PdSi3 around To, we have studied exchange bias effect

in all the studied compounds. Exchange bias is a phenomenon that has been observed in certain magnetic
systems, where antiferromagnetic and ferromagnetic
phases coexist and are coupled through exchange interaction, e.g., RKKY interaction. In case of systems where
AFM/FM phases coexist, the hysteresis loop measured at
low temperature after cooling the system down in the
presence of magnetic field shifts horizontally or vertically
and centres at a certain value of magnetic field (instead of
at H = 0 Oe) [32]. Origin of exchange bias is understood
as, when materials is cooled down to temperature below
the magnetic ordering (T \ To) in the presence of static
magnetic field, the magnetic moment align themselves in
the corresponding magnetic ordering (FM or AFM).
When the temperature is lowered down further (T \
TFM/AFM \ To), a new domain boundary form at the
interface of FM and AFM domains, known as pinned FM
layer and spin as pinned FM spins, which give rise to the
shift in hysteresis loop. The M–H loops measured at 5 K,
after cooling it down from room temperature in the
presence of 500 Oe magnetic field, for the studied samples is shown in figure 7.
No shift in the FC M–H loops has been observed and they
exhibit nearly symmetric coercive fields. The absence of
exchange bias negates the possibility of magnetic phase
separation due to the coexistence of AFM and FM domains
interpenetrative in the studied compounds. Recently, Xia
et al [33] have demonstrated that exchange bias originates
from the global interactions among FM and AFM sublattices. In our studied series of solid solutions, exchange bias
was very much expected if Gd2PdSi3 and Nd2PdSi3 were
AFM and FM, respectively. Unfortunately, the investigation
of the origin of these two anomalies using neutron
diffraction studies, which can give direct proof of the
magnetic structure, is difficult due to high adsorption in

317

Page 6 of 7

Gd2PdSi3 and proximity of the two transitions in Nd2PdSi3.
Recently, neutron powder diffraction studies on Ce-based
compound of RE2TX3 series revealed that only one out of
two Ce sites becomes magnetically ordered adopting an
antiferromagnetic arrangement of magnetic moments at
Neel temperature. Similarly, the second Ce-site orders at a
lower temperature below the Neel temperature. The same
concept of the magnetic transitions due to two different
crystallographic inequivalent sites was also predicted as the
possible origin of the multiple transitions in another member of this series Eu2PdSi3.
The literature about the members of this RE2TX3 series
shows that most of the members have two magnetic transitions, and that can be predicted due to magnetic ordering
of two inequivalent RE ions at two different crystallographic sites. As a consequence, the possible origin of two
characteristic temperatures TAF and TK observed in the isofield M(T) curves of Gd2PdSi3 can be predicted due to the
magnetic ordering of RE ions present at two different
Wyckoff positions 2b and 6h, respectively. With the substitution of Gd atoms with Nd, TAF decreases and come
closure to TK (which almost remain constant) and for x = 2
these two transitions occur at same temperature. Also, as all
the RE ions in different sites are at same distances with
triangular configuration huge frustration in Nd2PdSi3 is
generated, which gives rise to the exceptional magnetic
behaviour in this system. The results overall establish that
the magnetic ordering of Nd2PdSi3 is not completely ferromagnetic. The FC–ZFC bifurcation and M(H) loop at low
temperature is manifested by strong magnetic frustration
originated from antiferromagnetic ordering of two different
inequivalent lattice sites having triangular lattice structure
at same temperature.

Figure 7. Exchange bias effect measurement at 5 K. Magnetization at 5 K on the sample Gd2-xNdxPdSi3 (x = 0.0, 0.75, 1.0,
2.0) upon field cooling at 2 kOe till 5 K. Curve is highly
symmetrical around the origin and giving the evidence of
coexistence of ferro and anti-ferromagnetism in the sample.
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4.

Conclusions

From the extensive investigation of structural and magnetic
properties of the solid solutions Gd2-xNdxPdSi3, we can
conclude that there is a coexistence of ferromagnetism and
antiferromagnetic ordering in Nd2PdSi3, a complex magnetic structure like other members of the series. We have
used novel exchange bias study to understand the magnetic
behaviour of these interesting magnetic compounds. The
complicated magnetic behaviour in RE2TX3 systems originates from the separate ordering of the magnetic ions at
two different sites. However, these ferromagnetic and
antiferromagnetic domains in the system are not well separated and the magnetic domains are interpenetrating.

Acknowledgements
We thank Jawaharlal Nehru Centre for Advanced Scientific
Research, Sheikh Saqr Laboratory and Department of
Science and Technology (DST), India, for financial support
(Grant SB/FT/CS-07/2011). TP thanks DST for project
fellowship (Grant SB/FT/Cs-07/2011), AKS thanks
JNCASR for research fellowship and SR thanks UGC for
research fellowship. SCP thanks DST for SwarnaJayanti
Fellowship (DST/SJF/CSA-02/2017-18). We are grateful to
Prof C N R Rao for his constant support and
encouragement.

References
[1] Peter S C, Malliakas C D, Chondroudi M, Schellenberg I,
Rayaprol S, Hoffmann R D et al 2010 Inorg. Chem. 49 9574
[2] Sarkar S, Gutmann M J and Peter S C 2013 CrystEngComm
15 8006
[3] Sarkar S, Mumbaraddi D, Halappa P, Kalsi D, Rayaprol S
and Peter S C 2015 J. Solid State Chem. 229 287
[4] Kalsi D, Subbarao U, Rayaprol S and Peter S C 2014 J. Solid
State Chem. 212 73
[5] Kalsi D, Rayaprol S, Siruguri V and Peter S C 2014 J. Solid
State Chem. 217 113
[6] Sarkar S, Kalsi D, Rayaprol S and Peter S C 2015 J. Alloys
Compd. 632 172
[7] Mo J A, Shen J, Gao X Q, Liu Y, Tang C C, Wu J F et al
2014 J. Alloys Compd. 626 145
[8] Li D X, Nimori S, Shiokawa Y, Haga Y, Yamamoto E and
Onuki Y 2003 Phys. Rev. B 68 012413
[9] Bhattacharyya A, Ritter C, Adroja D T, Coomer F C and
Strydom A M 2016 Phys. Rev. B 94 014418
[10] Pakhira S, Mazumdar C, Ranganathan R, Giri S and Avdeev
M 2016 Phys. Rev. B 94 104414
[11] Paulose P L, Sampathkumaran E V, Bitterlich H, Behr G and
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