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The intermetallic compound Nd2Co0.85Si2.88 having a triangular lattice could be synthesized in single-phase

only with defect crystal structure. Investigation through different experimental techniques indicate the presence

of two magnetic transitions in the system. As verified experimentally and theoretically, the high-temperature

transition TH ∼ 140 K is associated with the development of ferromagnetic interaction between itinerant Co

moments, whereas the low-temperature transition at TL ∼ 6.5 K is due to the coupling among Nd-4f and Co-3d
moments, which is antiferromagnetic in nature. Detailed studies of temperature-dependent dc magnetic sus-

ceptibility, field dependence of isothermal magnetization, non-equilibrium dynamical behavior, viz. magnetic

relaxation, aging effect, magnetic-memory effect, and temperature dependence of heat capacity, along with den-

sity functional theory (DFT) calculations, suggest that the ground state is magnetically frustrated spin-glass in

nature, having competing magnetic interactions of equivalent energies. DFT results further reveal that the 3d/5d-

conduction carriers are blocked in the system and act as a barrier for the 4f -4f RKKY interactions, resulting in

spin-frustration. Presence of vacancy defects in the crystal are also conducive to the spin-frustration. This is an

unique mechanism of magnetic frustration, not emphasized so far in any of the ternary R2TX3 (R=rare-earth,

T=transition elements and X=Si, Ge, In) type compounds. Due to the competing character of the itinerant 3d
and localized 4f moments, the compound exhibits anomalous field dependence of magnetic coercivity. The

system also exhibits a considerable magnetic entropy change of −∆SM ∼ 13.3 J/kg-K with a relative cooling

power (RCP) of 220 J/kg and adiabatic temperature change ∆Tad of 6 K for magnetic field change of 70 kOe.

I. INTRODUCTION

Studies on magnetically frustrated systems are of signifi-
cant interest due to the intriguing and unusual physical prop-
erties vis-à-vis quantum spin-liquid behavior, spin-ice state
formation, spin-glass behavior, and multiple magnetic tran-
sitions [1–6]. Very recently, magnetic frustration is also
found to be responsible for producing and stabilizing novel
skyrmionic topological spin texture in different frustrated
magnets [7–10]. Frustration in a magnetic system can arise in
the presence of antiferromagnetic (AFM) interactions in trian-
gular or tetrahedral types of crystal lattices or in the presence
of simultaneous competing magnetic interactions [11, 12].
Generally, the presence of any kind of disorder in such mag-
netically frustrated systems lead to a spin-glass state forma-
tion [12]. The ground state of a frustrated glassy system is
known to have infinite degeneracy that could be lifted with
the application of external magnetic field, influencing the
spins to align along the field direction. Such an ordered ar-
rangement of spins reduces the magnetic entropy of the sys-
tem. Based on this principle, many frustrated systems have
recently been reported to exhibit a large magnetocaloric ef-
fect (MCE) [13, 14], agreeing with the theoretical predictions
made earlier [15, 16]. Besides different critical novel phenom-
ena, magnetically frustrated glassy systems are also known to
exhibit different interesting non-equilibrium properties, like
aging and magnetic memory that make the systems useful for
technological applications [17, 18]. Thus, the investigation of
different physical properties of most of the novel magnetically

frustrated systems always remain of interest.
R2TX3 (R=rare-earth, T=transition elements and X=Si, Ge,

In) type of systems are one where lattice geometry is incom-
patible with AFM interaction. Most of these systems crys-
tallize in hexagonal AlB2-type structure, where the R atoms
form edge-sharing triangular lattices which are hexagonally
stacked along the c-axis [18–23]. Between two such hexago-
nal layers of R atoms, T and X elements are randomly dis-
tributed, causing variation in the local electronic environ-
ment among the R atoms. Additionally, the nearest and next-
nearest-neighbour distances between the R atoms are compa-
rable, and thus conducive to magnetic frustration due to the
presence of competing magnetic interactions. With triangu-
lar lattice geometry, competing ferromagnetic (FM) and AFM
interactions and crystallographic disorders, many of the mem-
bers of this series exhibit magnetically frustrated glassy be-
havior and manifest fascinating properties, like Kondo behav-
ior, spin-glass behavior, multiple magnetic transitions, mixed-
valence behavior, large magnetocaloric effect, magnetic mem-
ory effect, and bidirectional frequency dependence of dynami-
cal susceptibility [14, 22, 24–30]. Recently, novel skyrmionic
phase was also observed in frustrated Gd2PdSi3 [31], fol-
lowed by a considerable number of fascinating studies on the
same material [32–35].

As such, the study for other new isostructural compounds in
order to search for different exotic physical properties is war-
ranted. Notably, in all the studied R2TX3 systems (T = Ni, Pd,
Pt, Cu, Rh) magnetism dominantly comes from localized 4f -
states of rare-earth elements, while the contribution from the
transition-element moment is rather negligible. In contrast,
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very recent study on Pr2Co0.86Si2.88 [20] reveals that itinerant
moment associated with Co also considerably contribute to
the magnetism of the compound along with the localized rare-
earth moments and both these interactions compete with each
other at low temperatures. The competing character of 3d (due
to Co) and 4f (due to Pr) moments triggers Pr2Co0.86Si2.88
to behave differently in comparison to other transition ele-
ment based systems in this series. Moreover, this compound
crystallizes in U2RuSi3-type structure, which has two non-
equivalent R-sites, ‘1a’ and ‘3f ’. The non-identical environ-
ment around these two rare-earth sites leads to bond-disorder
that may also contribute to competing magnetic-exchange in-
teraction. In this context, it will be quite interesting to study
other Co-based isostructural compounds to look for unusual
physical properties associated with any novel magnetic state
formation.

Here, we report the successful synthesis of Nd2Co0.85Si2.88
belonging to the R2TX3 series. The compound has been
studied through X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), energy-dispersive x-ray spectroscopy
(EDX), magnetic measurements versus temperature T , Mag-
netic field H , and time t, with a special emphasis on the non-
equilibrium dynamics, heat capacity, and magnetocaloric ef-
fect. For analysis, density functional theory (DFT) was used
to calculate energy per cell and site magnetization for each
spin configuration (with and without defects), vacancy forma-
tion energy, as well as spin-polarized local density of states.
Our experimental studies, and theoretical analysis, indicate
the simultaneous presence of competing magnetic interac-
tion between 3d and 4f moments, resulting a magnetically
frustrated glassy behavior at low temperatures and exhibits
fascinating non-equilibrium dynamical behavior typically ob-
served in spin-glass systems. The presence of both the mag-
netic contribution from localized Nd-moments and itinerant
Co-moments results an unusual magnetic-field dependence of
coercive field. The compound also shows considerable mag-
netocaloric effect in the low-temperature region.

II. EXPERIMENTAL DETAILS

Polycrystalline Nd-based and La-based (non-magnetic ref-
erence) samples were prepared using conventional arc-
melting procedure, by taking appropriate amounts of the pure
(≥ 99.9 %) constituent elements. To get a homogeneous for-
mation of the samples, the ingots were remelted several times
by flipping them after each melt. Then the samples were an-
nealed in an evacuated quartz tube at 1000◦C for 10 days
followed by normal cooling. XRD measurements were per-
formed on a TTRAX-III rotating anode diffractometer (M/s.
Rigaku Corp., Japan) using 9 kW power in the temperature
range 15-300 K. Structural characterizations were performed
using FullProf proggramme package [36], through the Ri-
etveld analysis of the XRD patterns. The homogeneity and
elemental composition of the prepared samples were investi-
gated through scanning electron microscopy (SEM) in the in-
strument EVO 18 (M/s. Carl Zeiss, AG, Germany) attached
with a energy dispersive x-ray spectroscopy (EDX) set-up

(M/s. EDAX, USA). DC magnetic measurements have been
carried out for different applied magnetic fields (- 70 kOe ≤
magnetic field (H) ≤ 70 kOe) in the temperature range 2-300
K, using an Evercool II VSM (M/s. Quantum Design Inc.,
USA) and SQUID VSM (M/s. Quantum Design Inc., USA).
Conventional zero-field-cooled (ZFC) and field-cooled (FC)
protocols were used for collecting the magnetization data of
our system. Magnetic isotherms (M vs. H) were taken in
ZFC condition. Zero-field heat capacity data has been taken
using a commercial Physical Property Measurement System
(PPMS) (M/s. Dynacool, Quantum Design Inc., USA).

III. COMPUTATIONAL DETAILS

To investigate the nature of the magnetic ground state and
associated magnetic interactions, we apply density-functional
theory (DFT) to the cell of Nd4Co2Si6 (Fig. 1), in vari-
ous magnetic configurations. In addition, we address in this
system the effect of limited vacancy formation and its ef-
fect on relative energies and magnetic stability by calculating
the divacancy energy for the 2×2×1 supercell Nd16Co7Si23,
where we removed 1/8 Co (12.50%) and 1/24 Si (4.167%)
an effective composition of Nd2Co0.875Si2.88, similar to that
found experimentally. The DFT calculations are based on
the projector-augmented wave (PAW) method [44], as imple-
mented in the Vienna Ab-initio Simulation Package (VASP).
For the exchange and correlation functional, the Perdew-
Burke-Ernzerhof generalized gradient approximation (PBE-
GGA) is used [45]. We also used spin-orbit coupling (SOC),
an onsite electron correlation parameter, i.e., an effective Hub-
bard parameter (|U-Jex| = 5 eV) for the strongly correlated
Nd-4f states. The present low-temperature experimental lat-
tice parameters of a = b = 8.081 Å and c = 4.174 Å are used
in the DFT calculations. The convergence criterion for the
self-consistent calculations is 10−7 eV for the total-energy per
cell, and an energy cutoff of 520 eV is used for the electronic
wave functions. The k-point integration was performed using
a tetrahedron method with Bloch corrections. A Γ-centered
grid of 12×12×24 k-points was used for Brillouin zone sam-
pling.

IV. RESULTS AND DISCUSSIONS

A. Structural details and phase analysis

Full Rietveld analysis of the room-temperature XRD pat-
tern of stoichiometric composition Nd2CoSi3 indicates the
presence of a few additional peaks those can not be indexed
with the fully ordered U2RuSi3-type crystal structure (a ≈
2c), shown in Fig. 1. Those additional peaks appear due to the
presence of NdCoSi2 (space group Cmcm) secondary phase in
addition to the main phase Nd2CoSi3 (U2RuSi3-type structure
with space group P6/mmm), as shown in Fig. 2(a). The single
phase nature of the compound could be achieved by deliber-
ately introducing appropriate vacancies in the Co and Si sites
(estimated by subtracting the secondary phase fraction in the
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FIG. 1. Crystal structure of Nd2Co0.85Si2.88 belonging to the

U2RuSi3-type structure (space group: P6/mmm) which is a super-

structure of AlB2-type structure.

TABLE I. Crystallographic parameters and composition from XRD

and SEM-EDX analysis at room-temperature.

Compound Nd2Co0.85Si2.88

Structure U2RuSi3 type

Space group P6/mmm

Lattice parameters

a (Å) 8.081

c (Å) 4.174

Rf (%) 2.29

RBragg(%) 2.02

χ2 8.4

Estimated composition

Full-Rietveld EDX

Nd2Co0.89Si2.89 Nd2Co0.87Si2.87

stoichiometric material described above), i.e., forming a de-
fect structure having nominal composition Nd2Co0.85Si2.88.
Single-phase character and homogeneity of the synthesized
material was further confirmed by taking SEM image in
back-scattered electron (BSE) mode and elemental mapping
through EDX measurements. The elemental compositions
obtained from full Rietveld analysis and EDX analysis are
Nd2Co0.89Si2.89 and Nd2Co0.87Si2.87, respectively and are
quite close to the starting elemental composition (Table I). It
could be seen from the Fig. 1 that the nearest-neighbour and
next-nearest-neighbour distances between the Nd-atoms are
comparable along a and c directions. In addition to this, two
non-identical Wyckoff sites of Nd atom have different envi-
ronment that results in bond-disorder in the system. The crys-
tal structure remains down to 15 K (Fig. 2(b)), similar to many
other members of the R2TSi3-type systems [18, 28]. The tem-
perature dependence of lattice volume could be utilized to es-
timate the Debye temperature (θD) as the lattice volume of the
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FIG. 2. (a) Room temperature XRD pattern of Nd2CoSi3. (b) The

XRD patterns of Nd2Co0.85Si2.88 at T = 300 K (top) and T = 15 K

(bottom) along with full-Rietveld analysis. Top inset shows the major

peaks associated with the secondary phase NdCoSi2 that is absent in

defect formation. Bottom inset presents the temperature dependence

of unit cell volume along with fit using Eq. 1. Estimated errors are

smaller than the symbol size.

system can be expressed as

V (T ) =
γU(T )

K0

+ V0, (1)

where V0 denotes the unit-cell volume at T= 0 K, K0 is the
bulk modulus, γ signifies the Grüneisen parameter, and U(T)

is the internal energy that could be written as

U(T ) = 9nRT

(

T

θD

)3 ∫ θD/T

0

x3

ex − 1
dx (2)

Here n indicates the number of atoms per formula unit (f.u.).
The fitting yields θD to be 335(6) K, which lies in the same



4

FIG. 3. (a) Backscattered electron (BSE) image and (b-d) presents

elemental mapping by SEM equipped with EDX on the polished sur-

face of Nd2Co0.85Si2.88 from the region presented in (a). (e) presents

EDX results of Nd2Co0.85Si2.88.

range reported for many R2TSi3-type of compounds [18, 20,
28].

B. DC Magnetic Susceptibility

The dc magnetic susceptibility (χ ≡ M/H) of
Nd2Co0.85Si2.88 measured in zero-field-cooled (ZFC) and
field-cooled (FC) protocols for H = 0.1 kOe and other mag-
netic fields are shown in Fig. 4(a) and Fig. 4(b), respectively.
The χ(T ) behavior measured for H = 0.1 kOe indicates the
presence of two cusp-like feature, one aroundTH ∼ 140 K and
another at a lower temperature TL ∼ 6.5 K (Fig. 4(a) inset).
The ZFC and FC magnetic susceptibility curves diverge from
each other below ∼ 140 K. The bifurcation between χZFC and
χFC, however, is not manifested when measured at H ≥ 1
kOe. Interestingly, both the χZFC and χFC increases with
lowering temperature even below TL, indicating the anomaly
at TL to be either due to the formation of magnetically glassy
state with short range correlation and/or having an additional
lower temperature ordering similar to that reported earlier in
Nd2Ni0.94Si2.94 [37]. As the material is essentially single
phase, the temperature dependence of magnetic susceptibility
behavior clearly suggests the presence of at least two differ-
ent magnetic transitions in the system, one at TL and another
at TH. The anomaly found in the high-temperature region,
TH ∼ 140 K, at H = 0.1 kOe is much more prominent in the
inverse susceptibility behavior (Fig. 4(a)) that goes on dimin-
ishing with increasing strength of magnetic fields (Fig. 4(c)).
Similar behavior was also observed in Pr2Co0.86Si2.88, where
it was established to originate due to the development of short-
range interaction among itinerant Co-3d moments [20]. It is
quite likely that the magnetic transition occurring around TH

in Nd2Co0.85Si2.88 might also have the very similar origin.
To confirm the presence of Co moment, the temperature de-
pendence of inverse susceptibility is fitted with a Curie-Weiss
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FIG. 4. (a) Left panel shows the temperature dependence of suscep-

tibility (χ) in ZFC and FC protocol at H = 0.1 kOe and right panel

represents the inverse susceptibility data for FC measurement. Inset

shows an expanded view of χ(T ) for both the ZFC and FC configu-

ration at low temperature region. (b) χ(T ) in ZFC and FC protocol

for various applied magnetic fields. The data are separated from each

other manually to have a clear view. (c) χ−1(T ) for FC mode at dif-
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(CW) law

χ(T ) =
C

T − θp
, (3)
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where θp is the Weiss temperature, and C is Curie constant
given by

C =
NAg

2S(S + 1)µ2
B

3kB
=

NAµ
2
effµ

2
B

3kB
, (4)

where NA is Avogadro’s number, g is the spectroscopic split-
ting factor, S is the spin quantum number, kB is Boltzmann’s
constant, and µeff is the effective moment of a spin in units
of Bohr magnetons, µB. The linear CW fitting (Fig. 4(c))
in the temperature range 160-300 K yields, θp = −20.0(5)
K and µeff = 5.62(2) µB/f.u. Considering only rare-earth
Nd ion to be the moment carrying element, the effective mo-
ment per Nd-ion is found to be 3.97(2) µB/Nd-ion, which is
slightly higher than the theoretical value of 3.62 µB, expected
for one free Nd3+ ion. The 3d-spins from Co-atoms could be
the likely source of the additional 0.35 µB, estimated from the
analysis of magnetic susceptibility data.

Inserting the Gaussian (cgs) values of the fundamental con-
stants (where 1 emu = 1 G cm3/mol) into Eq. (4), the Curie
constant per mole of spins is expressed as

C(cm3 K/mol) ≈ µ2
eff

8
(µ2

B
/f.u.), (5)

and hence

µeff (µB/f.u.) ≈
√
8C (6)

For spins S with g = 2, the isotropic Curie constant in units
of cm3 K/mol spins is

C = 0.5002S(S + 1). (7)

Thus, in a local moment system with minimum spin value
S = 1/2, one expect C ≈ 0.375 cm3 K/mol spins, which
gives µeff ≈ 1.73 µB/f.u. The much lesser value of µeff ∼
0.35 µB obtained per Co-spins in Nd2Co0.85Si2.88 clearly
suggests that the magnetic moment associated with Co is itin-
erant in nature. The nature and estimated value of Co mo-
ments is in good agreement with the theoretical calculations,
discussed in sec. III.

Note, the estimated CW temperature (θp) is significantly
smaller than the transition temperature TH. In this system, al-
though both itinerant Co-moment and localized Nd-moment
contribute in towards the magnetism, the effect of localized
4f -spins of Nd have a grossly overwhelming influence over
the weak nature of itinerant 3d-spins of Co. The CW temper-
ature of a magnetic system reflects the strength of exchange
coupling/interaction present the system. In the present case,
RKKY exchange interaction strength between the Nd-atoms
is significantly stronger than the coupling between Co-spins.
Hence, although a magnetic transition associated with Co-
atoms is observed at TH ∼ 140 K, the estimated CW tem-
perature is significantly smaller. The negative sign of the CW
temperature is in accordance with the antiferromagnetic cou-
pling between the Nd and Co atoms, as inferred from our the-
oretical analysis.

The observed low-temperature transition at TL is relatively
broad in temperature than that generally observed for a long-
range magnetic ordering and only persists at lower applied

magnetic fields. At higher fields a field-induced behavior is
observed. The susceptibility cusp at TL and relatively frag-
ile nature of the ground state spin configurations indicate
a metastable state formation below TL for the compound.
Our DFT calculations (discussed in section III) further con-
firm that the magnetic ground state of the compound is in-
deed magnetically frustrated in nature and consists of multiple
equivalent low-energy configurations.

C. Field dependence of isothermal magnetization

To understand the field dependence of magnetic ground
state further, the field variant magnetization is measured at
different temperatures and are shown in Fig. 5(a). The M(H)
behavior for T ≤ TL is linear in the low field region and tends
to saturate at higher fields. The overall nature of the mag-
netic isotherms at low temperatures are quite similar to those
of earlier reported for different R2TX3-type of compounds
having fragile frustrated glassy magnetic ground states and
high-field-induced ferromagnetic behavior [18, 20]. The M -
H curves gradually turn out to be linear with increasing tem-
perature of the system and linearity in the whole field range is
only observed for T ≥ 140 K. The field dependent isothermal
magnetization at T = 2 K reaches a value of 4.17 µB/f.u. for
70 kOe applied field, that is itself much lower than the theoret-
ical saturation moment value of 7.24 µB/f.u. expected for the
system considering only Nd3+ contributes to the magnetism.
Such lower value suggests the critical role of crystalline elec-
tric field (CEF) in the system and/or an antiparallel coupling
between localized Nd moment and itinerant Co moment. The
progressive enhancement in M(H) even at a strong magnetic
field of 70 kOe further supports the presence of itinerant mag-
netism in the system [38]. As shown in the inset of Fig. 5(a),
the low-temperature isotherm at 2 K, could be well described
using a tangent-hyperbolic and a linear term that represents
the ferromagnetic and antiferromagetic (or paramagnetic) in-
teraction, respectively.

A careful investigation of the magnetic isotherms measured
as a function of temperatures (Fig. 5(b)) reveal the presence of
finite coercivity Hc in the system for T ≤ TH. At the lowest
measured temperature T = 2 K, Hc is found to be ∼ 125 Oe.
Interestingly, the Hc rapidly increases with increasing tem-
perature, reaches a maximum at around 30 K followed by a
sharp fall around 50 K and remains almost constant up to 100
K, and then gradually vanishes at ∼ 140 K (Fig. 5(c)). Such
a behavior of coercivity is quite similar to that observed for
isostructural Pr2Co0.86Si2.88 except the fact that in the present
case one sees finite coercivity in the entire temperature region
T ≤ TH, whereas in Pr-analogue Hc appears at a tempera-
ture much below TH and also vanishes below TL [20]. The
presence of Hc for T ≤ TH is associated with the gradual
development of ferromagnetic correlation among the itinerant
Co-moments. It is well known that for a ferromagnetic phase,
atomic spins are aligned parallely within separate domains.
Under the application of magnetic field, the spins of all the
domains tend to align along the field direction. However, on
removal of external magnetic field, the aligned spins in the



6

-80 -40 0 40 80

-4

-2

0

2

4

0 20 40 60 80
0

2

4

-30
0

30

-5

0

5

-1
0
1

-4 -2 0 2 4
-3

0

3

0 50 100 150 200
0.0

0.3

0.6

(a)

2 K

5 K

7 K

10 K

14 K

22 K

M
(µ

B
/

f.
u

.)
H (kOe)

30 K

40 K

60 K

100 K

140 K

200 K

AFM+PM moment

T = 2 K

FM moment
Total magnetic moment

M
(µ

B
/f

.u
.)

H (kOe)

(II)

(I)(b)

T = 2 K

(III)

T = 30 K

M
(1

0
-2

*
µ

B
/

f.
u

.)

T = 100 K

(IV)

T = 140 K

H (kOe)

(c)

H
c

(k
O

e)

T (K)
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(III) 100 K and (IV) 140 K, close to the low field region. (c) Temperature dependence of coercive field. Solid line is guide to the eye.

domains cannot attain its previous magnetic state that results
in appearance of coercivity. As the temperature of the system
decreases, as expected, the ferromagnetic interaction firms up
further between the Co-moments causing the enhancement of
Hc. Below around 100 K, Hc remains almost temperature
independent down to ∼ 50 K and rapidly rise with further de-
crease in temperature. However, below T ∼ 30 K, Hc starts
to decrease which is contrary to that expected for a pure fer-
romagnetic phase. The only possibility for the observed mod-
ification of Hc could be the presence of other magnetic inter-
action around T ≤ TL. So, it is most likely that the magnetic
spin fluctuations associated with localized Nd-ions start to ex-
ert itself below 30 K and it is of competing character with the
itinerant Co-3d moment, resulting in the drop in Hc. Also,
Hc becomes almost temperature independent below TL but a
finite value remains even at the lowest measured temperature,
which indicates a local antiferromagnetic ordering around TL

coexisting with finite ferromagnetic component down to 2 K.
Thus, it is quite plausible that the Nd moments and Co mo-
ments settle for an short-range antiferromagnetic coupling be-
low TL.

D. Heat capacity

To clarify the nature of ground-state magnetic interac-
tions, zero-field heat-capacity measurements have been car-
ried out for Nd2Co0.85Si2.88 and its non-magnetic isostruc-
tural analogue La2Co0.99Si2.99. The Cp(T ) for both com-
pounds are shown in Fig. 6(a). A peak around TL is ob-
served for Nd2Co0.85Si2.88 on the onset of magnetic transi-
tion, although the height of the peak is much smaller than that
observed in systems exhibiting a long-range magnetic order-
ing. The magnetic contribution to heat capacity (Cmag(T ))
for Nd2Co0.85Si2.88 has been estimated by subtracting the
lattice volume corrected [39] Cp(T ) data of isostructural
nonmagnetic analogue La2Co0.99Si2.99. The Cp(T ) data of
Nd2Co0.85Si2.88 and that of La2Co0.99Si2.99 with lattice vol-
ume corrections perfectly match with each other for T > TH

in the phonon contribution dominated region. The estimated
Cmag(T ) clearly reflects the peak around TL associated with
the low-temperature magnetic transition in the system along
with an additional broad hump-like anomaly having a maxi-
mum around 30 K (Fig. 6(a) inset). It is quite plausible that
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FIG. 6. (a) Zero-field heat capacity of Nd2Co0.85Si2.88 and its non-

magnetic analogue La2Co0.99Si2.99. The magnetic contribution to

the heat capacity (left panel) and magnetic entropy (right panel) as a

function of temperature have been estimated by subtracting the non-

magnetic contribution. (Top Inset) presents the experimental C(T )
data in the region of magnetic ordering. (Bottom Inset) presents the

expanded view of magnetic contribution for a limited range of tem-

perature. (b) Heat capacity of Nd2Co0.85Si2.88 fitted using Eq. 8.

the high-temperature hump (∼ 30 K) might be associated
with Schottky-type anomaly due to the likely presence of crys-
talline electric field (CEF) in the system. The estimated mag-
netic entropy at TL is found to be about 60% of the minimum
value of magnetic entropy (Rln2) required for a system to
be magnetically ordered having doublet spin configurations.
Such a low value of Smag(TL) suggest the absence of any
true long-range magnetic ordering in the system and points
towards a short-range ordering. In general, one can even ar-
gue that the estimation of magnetic entropy as 60% of Rln2
might not be very accurate, as an inappropriate subtraction of
nonmagnetic contribution or underestimation of low temper-
ature (T < 2 K, which is beyond our measurement range)
magnetic entropy could even make the magnetic entropy at
TL close to Rln2. It may however be prudent to compare the
magnetic entropy of Nd2Co0.85Si2.88 with that of isostructural
Pr2Co0.86Si2.88 where the magnetic entropy is estimated to be
48% of Rln2 [20], very close to the estimated value of 60%
of Rln2 in Nd2Co0.85Si2.88 . Since the Neutron diffraction
study on Pr2Co0.86Si2.88 does not indicate the presence of any

long range magnetic order [20], a similar characteristic is also
expected in Nd2Co0.85Si2.88 as well. The non-equilibrium
dynamical behavior (viz., magnetic-relaxation behavior, aging
phenomena, and magnetic memory effect both in ZFC and FC
protocols discussed in sec. IV F) further confirm the glassy-
state formation below TL. Notably, quite a few members
of this series with different transition elements are already
reported to exhibit magnetically frustrated glassy behavior
along with coexisting spatially limited magnetically ordered
phase [18, 30]. Such magnetically ordered states having small
coherence length can also exist in this system, which remains
a future study. Magnetic entropy saturates above 140 K at a
value ∼ 14 J/mole-Nd-K which is about 73% of that expected
for Nd3+ ion [Rln(2J + 1) = Rln10]. The lower estimation
of magnetic entropy is in consonance with our earlier argu-
ments of presence of short range type of magnetic ordering.
As it is earlier reported that the magnetic correlation lengths in
many other R2NiSi3-type of compounds are quite low (35-250
Å) [14, 18, 30], and some of them are also reported to con-
sist of multiple magnetic structures with different k-vectors
[18, 40], a considerable fraction of Nd ions in the intermedi-
ate regions of different magnetic grains are not susceptible to
any magnetic order. Moreover, since Nd2Co0.85Si2.88 form in
non-stoichiometric defect structure, different Nd-ions would
respond differently to the magnetic field depending on their
local environment. As a result, some of the Nd-ions would re-
main paramagnetic down to the lowest temperature and would
not contribute to the magnetic entropy of the system. A sim-
ilar or comparable lower value of magnetic entropy has ear-
lier been reported in a few other similar compounds, viz.,
Pr2Co0.86Si2.88 (0.76Rln9) [20], Pr2Ni0.95Si2.95 (0.76Rln9)
[28], Tb2Ni0.90Si2.94 (0.87Rln13) [30], etc.

The Cp(T ) data has been analyzed using Debye model of
heat capacity using the relation,

Cp(T ) = γT + CD(T ) (8)

where γT is the electronic contribution and the second term
represents the Debye lattice heat capacity. n is the number of
atoms per formula unit. According to Debye model, CD(T )
could be written as

CD(T ) = 9nR

(

T

θD

)3 ∫ θD/T

0

x4ex

(ex − 1)2
dx (9)

where x = θD/T and θD is the Debye temperature. The fit-
ting of heat capacity data using Debye model (Eq. 8) is shown
in Fig. 6(b). The Cp(T ) of Nd2Co0.85Si2.88 could only be
described using the Debye model for T > TH with a De-
bye temperature of θD = 370(3) K, which is close to that
we have obtained from analysis of temperature dependent lat-
tice volume parameters estimated from low temperature XRD
patterns (Sec. IV A). Similar values of θD are also reported
for different other members of R2TX3 series of compounds
[41–43].
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E. Computational Results

Nd1

Nd2

Co

Si

b

a

I. II. III.

FIG. 7. Nd-4f spin configuration in Nd2CoSi3 (pseudo-primitive): I.

Nd1 and Nd2 are antiparallel, II. one Nd-atom at site-2 is antiparallel

to others, III. Nd spins of both sites are parallel.

As is well known, most rare-earth elements are in a 3+ state
and, according to Hund’s rule, their spin (S) and orbital (L)
moments can be estimated easily. Nd in 3+ state will have 3
electrons in f -state such that S = 2 × 3/2 = 3 µB andL = 6 µB,
resulting in total moment of Nd3+ ion = 6− 3 = 3 µB without
considering any SOC-effect (from Hund’s rule: L−S for light
rare-earths and L+ S for heavy rare-earths). Due to the SOC
effect, i.e., including g-factor, the total moment for Nd3+ ion
will be 3.62 µB. In materials, due to crystal-field effect/SOC,
the orbital moment may get quenched. Our measured sat-
urated magnetic moment of 4.17 µB/f.u. indicates a ferro-
magnetic coupling of two Nd atoms per f.u. – probably with
the quenched orbital moment, when Co-contribution is much
weaker, as experimentally observed. Therefore, based on ex-
perimental results and basic knowledge of rare-earth ions, we
have considered the configuration III along with two others (I
and II: ferrimagnetic coupling of Nd atoms per cell) just by
reorienting one spin to see the results of spin frustration and
the possibility of ferrimagnetic coupling between Nd-atoms
per cell. Nd2CoSi3 (the base f.u., which differs from cell that
we use from Fig. 1; Nd4Co2Si6) has two Nd-sites; Nd1 is the
second nearest-neighbor (2NN) of Co and Nd2 is the first NN
of Co.

Here, three configurations (Fig. 7) are considered as input:
I. Nd1 and Nd2 are antiparallel; II. One of the Nd2-spins is
antiparallel to the others; III. All Nd-atom spins are parallel.
And, in all spin structures, Co-spin is antiparallel to average
Nd-4f spins. We find that spin configuration-I is lowest en-
ergetically (and stable - with a negative formation energy, see
below). The energy difference (∆E) for a 12-atom unit cell
(Fig. 1) between configuration I (E0 (I)= −82.39939 eV)
and configuration-II (E0 (II)= −82.39582 eV per cell) and
III (E0 (III)= −82.39162 eV per cell) are 1.79 meV/f.u.(or
0.30 meV/atom) and 3.89 meV/f.u. (or 0.65 meV/atom), re-
spectively.

To further support our interpretation, we have checked a
few more configurations arranging Nd-spins ordered in an in-
plane arrangement (IV-V; supercell 2×1×1) and an ordered
arrangement along the z-axis (VI-VIII; supercell 1×1×2), see
Figs. 8 and 9. For configurations with long-range order along
the z-axis, having planes separated by Co,Si layer, the ener-
gies are 14-54 meV/atom higher, i.e., not competing. For a
single moment flip, the energy is 8 meV/atom, still not com-
peting with local disordered moments. Within a single Nd
plane, configurations I and III (taken from Fig. 7) are extended

into the supercells and shown for comparison. After compar-
ing the ground-state energies, we still have lower energies for
configurations I-III. Even single planar antiparallel moment is
12 meV/atom higher. This supports the experiment that there
is no long-range order amongst the Nd ions in this system.
And furthermore, the Nd-spins are frustrated locally, as shown
by the energetics.

For all three configurations (I, II, and III in Fig. 7), we de-
termined the formation energy, ∆Eform, of Nd2CoSi3 (bulk
without vacancy), defined by:

∆Eform = E0 − 4× µNd − 2× µCo − 6× µSi, (10)

where E0 is total ground-state energy of a bulk spin-
configuration per cell of Nd4Co2Si6, and µNd, µCo and µSi

are the chemical potentials from pure bulk Nd, Co and Si, re-
spectively. For thermodynamic purposes, the ∆Eform is re-
ported per atom, where a negative value indicates the stability
of the systems relative to the pure end point elemental forms.
We find the formation energy in Eq. 10 for configuration I
is lowest at 0.78133 eV/atom, but configuration II (0.78103
eV/atom) and III (0.78068 eV/atom) are higher in energy by
less than 1 meV/atom, specifically, 0.30 and 0.65 meV/atom,
respectively, the same as from cell energy differences. Ener-
gies differ for configurations I and II (III) by less than 7 K.

Magnetic frustration is common in spin glasses and linked
to multiple ground states. Theory results support the magnetic
frustration as the energy difference between the considered
configurations is very small. As such, there FM and AFM
spin coupling between nearest-neighbours are competing, as
expected in a spin glass. With all three configurations com-
peting [II (III) is 1.8 (3.9) meV/f.u. higher than I, as found
above], we find that configuration III has a total moment close
to the measured saturated moment-value, suggesting that the
atomic arrangements are in a configuration-III state with the
canted spin and quenched orbital moment. The atomic and to-
tal spin-moment values (with and without SOC) in each con-
figuration are given in Table II. The orbital magnetic moment
(L) appears as a manifestation of SOC within DFT [46–48].
As such, the orbital moment reported in the Table contains the
effect of SOC. Hence, in DFT, the total moment is the addi-
tion of spin and orbital moment that directly correlates with
the saturated moment in experiment.

The Nd S-moments with and without SOC are the same as
expected. The L-moment of structure-I for Nd1 and Nd2 are
4.1 and 2.7 µB per f.u., respectively. The total moment |L-
S| of structure-I is 0.71 µB per f.u. In this case, L-moment
of 2.04 µB per f.u. is quenched significantly from the Hund’s
value 6 µB per f.u. In structure-II, where Nd2-4f spins are fer-
rimagnetic, the L-moment of each atom on site-2 is different.
L-moments with “down” direction are quenched. Whereas
S- and L-moments of structure-III are 5.78 and 9.83 µB per
f.u., respectively, result in a total moment of 4.05 µB per f.u.
Quenching of moments in this structure is smaller; Nd1 and
Nd2 have orbital moments of 3.51 and 5.38 µB per atom, re-
spectively. The Co-moment is antiparallel in all structures
(similar to the case without SOC). Also, the S- and L-moment
of Nd-atoms are antiparallel with each other.
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FIG. 8. Configurations I and III from the Fig. 7 are extended into 2×1×1-supercell. IV and V are newly added configurations.

TABLE II. Spin-polarized and SOC-moments (atomic & total) in each spin-structure of Nd2CoSi3 in Fig. 7. The arrows (↑, ↓) represent the

direction of respective in-plane L/S-spins.

Spin-polarized moment SOC L/S-moment

Configuration Nd-S Co-S Total S Nd1/Nd2-L Total-S/L

(µB/atom) (µB/atom) (µB/f.u.) (µB/atom) (µB/f.u.)

I 3.03 0.24↓ 2.79 4.1↑/2.7↓ 2.75/2.04

II 3.02 0.09↓ 2.90 2.93↓/3.34↑ 2.8↓ 2.87/2.51

III 3.03 0.24↓ 5.78 3.51↓/5.38↓ 5.77/9.83

Figure 7 shows the initial configurations considered for cal-
culations, which converged to canted (random orientation)
Nd-spins in xy-plane; more prominent for structure I and II
and less so in III. The moment values, see Table II, are the re-
sultant of moments in x and y-direction. Therefore, we predict
that all spin-structures are competing at low temperatures, in-
dicating spin frustration; an anomaly in the experimental mag-
netic susceptibility (Fig. 4) and heat capacity (Fig. 6) at low
temperature is due to a reduction in the moment, especially,
quenching the orbital moment along with canted spins. In
rare-earth (R)transition-metal (T)-based systems like SmCo5,
quenching of orbital moment happens when electrostatic crys-
tal field (CF) energy competes with SOC energy [49]. The
SOC affects the R-4f prolate charge, which is the origin of
L-quenching.

1. Vacancy Defects

We also investigated the effect of vacancies on each config-
uration by adding 12.5% vacancies on Co sublattice sites and
4.167% vacancies on the Si sublattice sites, yielding a super-
cell composition (Nd2Co0.875Si2.88) close to that experimen-
tally observed (Nd2Co0.85Si2.88). We constructed 2 × 2 × 1-
supercell of the Nd4Co2Si6 cell and removed two atoms (a
Si and Co) for defect-modified composition and considered
spin-configuration I and III for comparison. The ground state-
energy differences of these configurations with divacancies is
2.4 meV/atom, compared to 0.65 meV/atom without vacan-
cies given above.

A formation energy for a defected cell is calculated in a
supercell as [50]:

Edefect
f = [Edefect − Eo(N)]±

∑

∆niµi (11)
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FIG. 9. Configurations I and III from Fig. 7 are extended into

1×1×2-supercell. VI, VII and VIII are newly added configurations

where Edefect and Eo(N) are the total energies of system
with and without defects, respectively, ∆ni represents the
number of atoms of type ‘i’ which are added (∆ni < 0; inter-
stitials) or removed (∆ni > 0; vacancy) to make a defective
system, and µi is the corresponding chemical potential asso-
ciated with each defect atom. Here, we remove one Co and
one Si atom from a 2 × 2 × 1 supercell composed of four
Nd4Co2Si6 cell (as in Fig. 1) to make a divacancy supercell
having 48 atom sites total, i.e., Nd16Co7Si23. The divacancy
formation energy is then:

Evac
f = [Evac − E0] + µCo + µSi (12)

where E0 is the bulk (0 vacancy) energy (4ENd4Co2Si6 for
the supercell) and Evac is the divacancy energy for the
Nd16Co7Si23 supercell. Again, µCo and µSi are the chem-
ical potentials of Co and Si elements as their ground-state
energies, taken from the Materials Project database [51, 52].
Notably, the chemical potential of elements is equal to the
DFT total energy of their ground states in most cases, but,
in some cases, due to over/under-binding nature of elements
in the solids, that gives an error in formation energies, e.g., O2

molecule in oxides. Therefore, chemical potentials reported in
the database are corrected based on comparison of experiment
and theory, according to the scheme in refs. [53–55].

The Evac
f for configuration I (III) is 1.75 (1.79) eV per va-

cancy. If we compare the ground-state energies of parent (E0)
and defective supercells (Evac), the difference (Evac−E0) for
spin-configuration I (III) is found to be 0.050 eV/atom (0.052
eV/atom). This suggests local magnetic states are affected by
the presence of vacancies, but the overall electronic structure
is little affected (that is, Evac

f is roughly the same for I and
III).

FIG. 10. Spin-polarized local density of states (LDOS) of Nd2CoSi3
with spin structure-III (see Fig. 7) for (a) 4f and 3d states of Nd and

Co, (b) 3p, 3d, 5d, and 4f states showing hybridization. Note: Nd-

5d and Si-3p states are magnified by a factor of 5 and 2, respectively,

in the figure.

2. Electronic Properties

To explore the electronic structure, the spin-polarized local
density of states (LDOS) of spin structure-III (whose mag-
netic moment matches with the observed value) is shown in
Fig. 10. The Nd-4f DOS at both sites and Co-3d DOS in the
inset (top) are shown in Fig. 10(a). 4f -states are well local-
ized and split into three peaks in valence-band around −3.5
eV (zoom part is in the inset), representing magnetic quantum
number, m = +3,+2,+1 i.e. Nd3+ ion. Conduction-band
peaks are collection of m = 0,−1,−2,−3. On the other side,
Fig. 10(b) shows the atomic hybridization in the system. Si-3p
and Nd-5d states are magnified by a factor of 2 and 5, respec-
tively to highlight the hybridization. A strong hybridization
is predicted between Co-3d and Nd-5d states in the valence
band and at the Fermi energy (EF), there is a valley in the
majority channel, making a pseudo-gap. In addition, Co-3d
states have no spin-polarization at the EF which is highly spin-
polarized in FM Co-atom [56], and the majority and minority
spin states have almost equal weightage in the system. The
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cobalt behavior in the system is like a Cu-atom as its DOS
is very close to Cu’s [56]. Diminished spin-polarization of
Co causes the small Co-moment. Interestingly, Nd-5d states,
hybridizing with Co-3d states, also have missing spin polar-
ization at EF. Also, the weightage of states from both chan-
nels is almost equal results in almost zero (5d-moment ∼ 0.01
µB per atom) contribution from Nd-5d states. This indicates
that 3d/5d-conduction carriers are blocked in this system and
act as a barrier for the 4f -4f interactions, resulting in spin-
frustration.

The magnetic moment of the metal is correlated directly
with the exchange-splitting of the DOS at the Fermi en-
ergy [57]. Therefore, the lack of exchange splitting in the
DOS supports the small Co-moment (0.24 µB). In the Stoner
model, collapsing of exchange splitting (or quenching of mag-
netic moment of itinerant metal) may be because of single-
particle excitations whereas, in the Heisenberg model, local
spins can exhibit collective excitations, i.e., spin fluctuation
or spin canting [58]. No canting is found for Co moments, it
is quenched due to a collapse of exchange splitting, indicating
the itinerant nature of Co-moment.

Chemical hybridization, especially in the vicinity of the
Fermi energy, is an important factor. The electron localization
is the tendency of electrons to be confined in a small region
limiting localized states from being involved in chemical hy-
bridization with the other states. In the present system, Co-3d
states are strongly hybridized with Nd-5d states near to the
Fermi energy, additional supporting the itinerant nature of the
Co moments.

F. Non-equilibrium dynamics

Quite a few members of R2TX3 type indeed exhibit glassy
feature associated with localized rare-earth spins [18, 24, 26,
59]. The magnetization, heat capacity data and DFT calcu-
lations reveal the presence of strong spin frustration in the
system as a competition of localized Nd and itinerant Co
moments. In the presence of such frustration and inherent
bond-disorder in the system, the low temperature magnetic
state is expected to undergo spin-glass type of behavior below
TL. The possible presence of such glassy magnetic phase in
Nd2Co0.85Si2.88 is examined through a comprehensive study
on the low-temperature non-equilibrium dynamical behavior.

Magnetic relaxation behavior is a key characteristic feature
of glassy state formation in a system. Such relaxation behav-
ior can generally be measured in both ZFC and FC protocols
in the dc magnetic measurements. Here, the relaxation mea-
surements have been carried out in ZFC protocol to avoid any
possible negative impact of residual magnetic field in the com-
mercial superconducting magnetometer. In ZFC procedure,
the sample was cooled down from paramagnetic region to the
measurement temperature (2 K < TL) in the absence of any
magnetic field. After the temperature is stabilized for a wait
time tw, a small amount of magnetic field (µ0H < kBTL)
was applied followed by recordingM(t) for a long time scale,
as shown in Fig. 11(a) for two different tw. The presence
of magnetic relaxation behavior clearly indicates the presence

of magnetic glassy component in the system below TL. The
time-dependent magnetic relaxation for a magnetically frus-
trated system is well described by [60, 61],

M(t) = M0 ±Mgexp

[

−
(

t

τ

)β
]

(13)
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FIG. 11. (a) Time dependent normalized magnetization of

Nd2Co0.85Si2.88 at T = 2 K under ZFC protocol for different wait

times, along with stretched exponential fit (Eq. 13). (b) The relax-

ation rate S(t) at T = 2 K for two different wait times in ZFC proto-

col for Nd2Co0.85Si2.88, exhibiting aging phenomenon.

where M0 denotes intrinsic magnetization present in the com-
pound, Mg is the glassy component of magnetization, τ is
the relaxation time constant and β is known as the stretching
exponent. The value of β depends on the nature of energy
barriers involves in the relaxation process. β = 0 implies no
relaxation and β = 1 is for single time constant relaxation pro-
cess. The value of β, which ranges between 0 and 1, indicates
the glassy nature of a system as well as it gives an estima-
tion of the distribution of energy barriers present in the frozen
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FIG. 12. (a) Magnetic relaxation rate as a function of time on a log-

log plot for Nd2Co0.85Si2.88 at different temperatures obtained from

the corresponding ZFC magnetic relaxations in a 100 Oe field as

shown in the inset. The straight lines correspond to the linear fit

following Eq. 15 and the exponent values n are determined from the

slopes of the fit. (b) Time dependence of magnetic relaxation rate

on a log-log plot at 2 K for different magnetic fields, obtained from

corresponding ZFC magnetic relaxations as shown in the inset. The

exponent values n for different fields are determined from the linear

fits (Eq. 15) to the relaxation rate.

state. The fitted M(t) data of Nd2Co0.85Si2.88 for different
wait times tw using Eq. 13 is shown in Fig. 11(a). It is found
that β value is 0.29(1) for both the cases which is in the same
range observed for different other glassy systems reported ear-
lier [60, 62] and also in the same range observed in R2NiSi3
systems [18, 28, 37, 42]. The estimated values of τ is found
to increase with increase in tw reflecting the fact that the sys-
tem memorized the information about the wait time before the
relaxation process starts. This phenomena is known as aging
process for glassy systems. The aging phenomena can also be
exemplified by fitting the relaxation rate

S(t) =
1

H

dM(t)

d(logt)
, (14)

which could be obtained from the logarithmic time derivative
of the ZFC susceptibility [63]. The time dependent behav-
ior of S(t) for Nd2Co0.85Si2.88 is shown in Fig. 11(b). The
inflection point in M(t)/M(0) curves corresponds to a maxi-
mum in S(t). This maximum shifts to longer observation time
with increasing tw implying continuous aging of the system
below TL. The temperature and magnetic field evolution of
the magnetic relaxation has been further investigated by mea-
suring M(t) as a function of time (under ZFC condition), at
different temperatures and applied magnetic fields (Fig. 12).
According to a theoretical model proposed by Ulrich et al.

[64], the rate of change of normalized remanent magnetization
W (t) = −(d/dt)[lnm(t)] (wherem(t)= M(t)/M(0)) for a
system consisting of interacting magnetic clusters decays fol-
lowing the law,

W (t) = At−n, t ≥ t0, (15)

where A is a constant, n is an exponent function of tem-
perature, and t0 is the crossover time. The value of n in-
dicates the dipolar interaction strength among the magnetic
clusters present in the system. For dilute systems, dipolar
interaction is negligible but it becomes more important for
systems with increasing density. The relaxation rates W of
Nd2Co0.85Si2.88 as a function of time t in a log10-log10 plot
for different temperatures and different magnetic fields are
shown in Figs. 12(a) and (b), respectively. The value of n
estimated from the fit of W using Eq. 15, is found to be close
to 1, indicating strong dipolar interaction. The value of n is
sensitive to both temperature and applied magnetic field, sig-
nifies spin-cluster glass behavior [18, 65, 66] of the present
system at low temperatures.

Magnetically frustrated glassy systems exhibit another
most spectacular manifestation of the non-equilibrium dy-
namics below blocking temperature, known as magnetic
memory effect [67]. Memory effect has been investigated for
Nd2Co0.85Si2.88 in both FC and ZFC conditions, following
the protocol introduced by Sun et al [67]. In FC protocol, the
sample was cooled from room temperature 300 K to the base
temperature 2 K in the presence of 100 Oe magnetic field with
a intermittent stop at Tstop = 4 K (< TL), where the mag-
netic field was switched off allowing the system to relax for
tw = 1 h amount of time. After the time lapse of tw, same
amount of magnetic field was switched on again followed by
resumed cooling. Magnetization measured in this process is
depicted as M stop

FCC. After reaching to 2 K, the sample was
warmed up to room temperature with the same magnetic field
along with the same rate of temperature sweep and the mea-
sured magnetization is presented as Mmem

FCW. A reference curve
(M ref

FCW) was also measured for the compound which is the
conventionally measured FC magnetization curve. The mag-
netic memory effect measured in the FC protocol, for the com-
pound is shown in Fig. 13(a). The magnetization curve shows
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that Mmem
FCW tries to follow the step-like M stop

FCC curve at the
Tstop, exhibiting memory effect, similar to different spin-glass
systems reported earlier to exhibit this kind of memory ef-
fect [17, 68, 69]. As a phase-separated or superparamagnetic
systems are also known to exhibit memory effect in the FC
process [70], it is indeed necessary to investigate the mag-
netic memory effect in ZFC protocol. The true magnetically
frustrated glassy systems are known to exhibit memory ef-
fect in ZFC condition too, however it is forbidden in other
types of non-equilibrium systems. In the ZFC protocol, the
sample was zero-field-cooled from the paramagnetic region
to the stopping temperatures (Tstop) in the absence of mag-
netic field, where the cooling was temporarily stopped for tw
= 1.5 h. The cooling was then resumed down to the low-
est temperature 2 K. After reaching the lowest temperature,
a small amount of magnetic field (100 Oe) was applied and
the magnetization was recorded during heating, designated as
Mmem

ZFCW. The conventional ZFC magnetization M ref
ZFCW was

also measured at H = 100 Oe. The obtained data measured in
this protocol for the studied compound is shown in Fig. 13(b).
The difference between the reference curve and the curve with

aging, ∆M(= Mmem
ZFCW − M ref

ZFCW) exhibit memory dip at
Tstop. This phenomena indicates that the system remembers
the temperature where the cooling process was temporarily
stopped and gives another confirmation of true glassy state
formation. Usually, one can explain memory effect in dif-
ferent glassy systems within the framework of two different
theoretical models, viz., the droplet model [71–73] or the hi-
erarchical model [74, 75]. According to droplet model, both
the heating and cooling cycles of magnetic relaxation are sym-
metric, as a system favours only one equilibrium spin config-
uration at a given temperature. On the other hand, the hier-
archical model predicts a multivalley structure i.e. an infinite
number of metastable states separated by barriers in the free-
energy landscape. During temporary cooling, each metastable
state splits into new substates while these states merge into
new states with temporary heating. Thus, according to hierar-
chical model, a system supports asymmetric behavior in mag-
netic relaxation upon cooling and heating. We have inves-
tigated the influence of temperature and field cycling on the
behavior of magnetic relaxation in both the ZFC and FC meth-
ods following the protocol of Sun et al [67]. In ZFC mode, the
sample was cooled with a constant cooling rate in the absence
of magnetic field, from paramagnetic region to a temperature
T0 which is below TL. After reaching T0, a small magnetic
field is applied and magnetization M(t) was recorded for t1
= 1 h. Then the sample was cooled to a lower value T0 - ∆T
in the same field and M(t) was measured for a time t2 = 1 h.
Finally, the sample temperature was restored to T0 and M(t)
was measured for t3 = 1 h. In FC process, the sample was ini-
tially cooled to T0 from paramagnetic region in the presence
of a small magnetic field. Once T0 was reached, the magnetic
field was switched off and subsequently M(t) was measured
following temperature cycle similar to ZFC. The FC and ZFC
relaxation process with temporary cooling for the present sys-
tem is shown in Fig. 14(a) and (b), respectively. From the
measurements it is found that in both ZFC and FC processes,
the state of the system is preserved even after a temporary
cooling. One may notice that the relaxation curve during t3
seems to be a smooth continuation of that during t1, and as a
whole it can be fitted with a single curve following stretched
exponential form of Eq. 13. Such a restoration of the original
spin configuration suggest the presence of memory effect in
these compounds. We have also investigated the opposite re-
laxation behavior of the samples by switching on and off the
applied field alternatively, to check the strengthness of mem-
ory effect. In FC method, field was off during t1 and t3 and
while a magnetic field is applied during t2 and M(t) was mea-
sured throughout, as shown in Fig. 14(c). In ZFC process,
M(t) was measured in the presence of magnetic field during
t1 and t3, while field remain switched off during t2. The re-
lated curve is shown in Fig. 14(d) that shows that instead of
such opposite relaxation during t2, magnetic relaxation dur-
ing t1 and t3 are almost continuous and can be well described
using Eq. 13.

The system behaves differently when it is temporarily
heated to T0 + ∆T . In ZFC process, the sample was cooled
from paramagnetic region to T0 (T0 < TL) in zero-field fol-
lowed by M(t) measurement during t1 = 1 h at T0 in pres-
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ence of field. After lapse of t1, the sample was heated to T0 +
∆T with same applied field and M(t) was recorded for time

period t2 = 1h. Finally, the temperature of the system was
turned back to T0 and M(t) was measured for another time
period t3 = 1 h. In FC process the sample was cooled to T0

in presence of magnetic field followed by M(t) measurement
during t1 = 1 h after switching off the magnetic field. Then
the sample was temporarily heated to T0 + ∆T and M(t) was
recorded for t2 = 1 h. The sample was finally cooled back to
T0 and M(t) was measured for another t3 = 1 h. From the
Fig. 15, it is clear that both in the ZFC and FC protocol, mag-
netic relaxation behavior during t3 is quite different from that
during t1. Thus the system can not restore its previous his-
tory during temporary heating implying absence of memory
in the positive temperature cycle. Such asymmetric behavior
of magnetic relaxation upon cooling and heating favours the
hierarchical model of memory effect for the studied glassy
compound Nd2Co0.85Si2.88.

G. Magnetocaloric effect (MCE)

Recently, studies on magnetocaloric effect (MCE) of dif-
ferent magnetic systems have also been utilized to probe the
different types of magnetic interactions present in the system.
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It could also map with other experimental observations, along
with the possible technological aspects. Earlier it was found
that R2TSi3 systems having magnetic frustration, exhibits
large entropy change [14, 18, 76] due to the fragile nature of
their ground states. The detailed magnetic and heat capac-
ity studies for Nd2Co0.85Si2.88 clearly suggests that the low
temperature magnetic spin configuration for the compound is
short-range fragile type in nature. Although isothermal mag-
netization exhibits a linear behavior in the low field region,
but it gets a saturating tendency with increase of magnetic
field. This kind of modification in the spin configuration un-
der the influence of perturbing magnetic field is generally ex-
pected to release a considerable magnetic entropy, i.e. yield-
ing significant MCE. The field dependence of magnetization
at different temperatures for the compound Nd2Co0.85Si2.88
is shown in Fig. 16. The data was taken in the temperature
range 2 K ≤ T ≤ 20 K at 1 K interval, in the temperature
range 20 K ≤ T ≤ 30 K at a 2 K interval and in the step of
4 K in the temperature range 30 K ≤ T ≤ 50 K. The isother-
mal magnetic entropy change has been calculated from the
M(H) isotherms using the Maxwell’s relation

∆SM =

∫ H2

H1

(

∂M

∂T

)

dH (for an isothermal-isobaric

(16)

process).
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Fig. 17 depicts the temperature dependence of magnetic
entropy change −∆SM for different field changes. All the
curves show a maximum around TL for different H . The
maximum value achieved by −∆SM is 13.3 J/kg-K for a field
change of 70 kOe, that makes this compound one of the po-
tential candidate among Nd-based magnetocaloric materials
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[37, 77, 78]. −∆SM(T ) behavior is found to be asymmet-
ric around maximum indicating that the system undergoes
spin-fluctuation [79–81] or spin-flop transition [82]. In gen-
eral, the −∆SM value turns out to be negative at a low mag-
netic field for systems having long-range AFM type ordering
[37, 83, 84]. The positive value of −∆SM even for a low field
for Nd2Co0.85Si2.88 again gives a hint towards a short-range
character of AFM coupling. The RCP that quantifies the effi-
ciency of a magnetic refrigerant, is defined as

RCP =

∫ T2

T1

∆SMdT (17)

RCP value is also found to be considerable due to the asym-
metric broadening of −∆SM(T ) behavior. The highest value
obtained for RCP is 220 J/kg at a field change of 70 kOe for
this material (Fig. 17(inset)). Adiabatic temperature change
∆Tad has been calculated using

∆Tad = [T (S,H)− T (S, 0)]S (18)

where T (S,H) and T (S, 0) are the temperatures at
Happlied = H and 0 respectively for a particular entropy S.
Temperature dependence of ∆Tad for different field changes
have been shown in Fig. 18. As similar to −∆SM, an asym-
metrical broadening is found also in ∆Tad. Such a broaden-
ing with large values of ∆Tad makes this compound usable
over a wide temperature range. The maximum value of ∆Tad

obtained is 6 K for 70 kOe magnetic field change. The pa-
rameters related to MCE obtained for Nd2Co0.85Si2.88, are
comparable to other Nd-based good magnetic refrigerant in
the cryogenic temperature region [37, 78, 85–87].
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V. CONCLUDING REMARKS

Here, we report the successful synthesis of a novel trian-
gular lattice compound Nd2Co0.85Si2.88, that is stabilized in
single-phase only with defect structure with vacancies. Mag-
netization measurements suggest the presence of two mag-
netic phase transitions in the system, at TH ∼ 140 K and
at TL ∼ 6.5 K. From our detailed studies on temperature,
magnetic field, and time dependent magnetization, heat capac-
ity, together with DFT calculations, we have argued that the
high-temperature phase transition is associated with the devel-
opment of ferromagnetic interaction among the itinerant Co-
3d moments, while the low-temperature transition is due to
an antiferromagnetic coupling between localized Nd-4f spin
and itinerant Co-3d spin sublattices. The long-range RKKY
exchange interaction among the localized Nd-ions breaks due
to the blocking of mediator d electrons as conduction carriers,
resulting in strong spin frustration in the compound. Spin fluc-
tuations associated with the localized Nd-4f ions start to de-

velop below 30 K and compete with the itinerant FM interac-
tions of Co spin-clusters, giving rise to an anomalous temper-
ature dependence of magnetic coercivity. The detailed studies
on low-temperature non-equilibrium dynamical behavior (in-
cluding magnetic relaxation and associated aging phenomena
along with magnetic memory effect both in ZFC and FC con-
ditions) clearly suggest a short-range glassy state formation
below TL for the compound. The glassy component is orig-
inated due to the simultaneous presence of bond-disorder in
crystal structure and strong spin frustration in the system. Due
to the fragile nature and strong magnetic field sensitivity of
the ground-state spin texture, the compound exhibits consid-
erable magnetocaloric effect with isothermal entropy change
−∆SM ∼ 13.3 J/kg-K, relative cooling power RCP ∼ 220
J/kg and adiabatic temperature change ∆Tad ∼ 6 K for 70
kOe magnetic field change. The unique mechanism of mag-
netic frustration discussed for Nd2Co0.85Si2.88 is expected to
contribute significantly to understand the origin and the mech-
anism of competing magnetic interactions as well as related
phenomena in isostructural materials.
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