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Defect-induced formation and frustration driven multi-
ple magnetic transitions in Gd2Co0.90Si2.90

Mily Kundua,b, Santanu Pakhirac,∗, Shuvankar Guptab, Renu Choudharyd , Sourav
Sarkara, N. Lakshminarasimhane, f , R. Ranganathanb, Kalyan Mandala, Duane D.
Johnsond,g, and Chandan Mazumdarb

A new ternary compound Gd2Co0.90Si2.90 has been synthesized in chemically single phase by
deliberately introducing lattice vacancies in the Co and Si sites. The system is characterized
through dc magnetization, heat capacity, resistivity along with density functional theory (DFT)
calculations. A detailed experimental study reveals that the system exhibits an antiferromagneic
transition below TN = 11.3 K followed by spin freezing behaviour below TB ∼ 4.8 K. An additional
high-temperature magnetic transition could also be detected at TH ∼ 150 K, which is short range
in character and is associated with defect-induced polarization of the conduction electrons. The
spin-glass-like state formation in the system is additionally bolstered by the observation of mag-
netic relaxation and associated aging phenomena as well as magnetic memory effect. On the
basis of non-equilibrium dynamical behaviour, we argue that the glassy state in this compound
favours the hierarchical model over the droplet model. DFT calculations as well as experimental
outcomes establish that the ground state is magnetically frustrated due to small energy difference
between distinct spin configurations having closely spaced ground-state energies.

1 Introduction
Magnetically frustrated systems with highly degenerate ground
states always offer a fertile ground for exploring novel magnetic
and electronic states1–12. Magnetic frustration occurs when the
configuration of magnetic moments (spins) in a crystal lattice is
restricted by the crystal structure or competing interactions, hin-
dering it from aligning in a unique direction. Furthermore, the ex-
istence of local structural disorder is also conducive to the frustra-
tion by weakening the long-range nature of magnetic interaction
and triggers the system into a spin-freezing state through finding
a local free energy minima13–15. In the absence of substantial
disorder, novel magnetic states like spin-ice and spin-liquid states
can also be facilitated in the concerned system16–19. Such spin

a Department of Condensed Matter and Materials Physics, S. N. Bose National Centre
for Basic Sciences, Block JD, Sector III, Salt Lake, Kolkata 700106, India
bCondensed Matter Physics Division, Saha Institute of Nuclear Physics, 1/AF Bidhan-
nagar, Kolkata 700064, India
cDepartment of Physics, Maulana Azad National Institute of Technology Bhopal
462003, India
dAmes National Laboratory, Iowa State University, Ames, Iowa 50011, USA
eElectro-organic and Materials Electrochemistry Division, CSIR-Central Electrochemical
Research Institute, Karaikudi 630 003, India
f Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201 002, India
gDepartment of Materials Science and Engineering, Iowa State University, Ames, Iowa
50011, USA
∗ spakhira.phy@gmail.com

states are reported to exhibit a range of unusual properties, many
are of current interest, such as topological order, fractional exci-
tations20,21. Recently, skyrmion-like topological spin-textures are
also observed in magnetically frustrated systems, where frustra-
tion plays a crucial role for the development of such vortex-like
spin texture22–24. Such topological spin-textures have potential
applications in spintronics and data storage due to their stability
and the ease with which they can be manipulated using magnetic
fields25–28. Thus, besides helping us in resolving the underlying
origins of fundamental physics, magnetically frustrated systems
can also find numerous technological applications in fields such
as data storage, spintronics, and quantum computing. As such,
the exploration of magnetic frustration remains a vibrant field of
study in condensed matter physics, yielding regular discoveries
and insights.

One potential class of magnetically frustrated materials are
R2TX3 (R = rare-earth, T = transition elements and X = p block
elements) type of compounds, which have drawn considerable at-
tention due to its captivating characteristics such as Kondo effects,
various magnetic transitions, magnetic frustration, and spin-glass
behaviors, as well as mixed-valence state, significant magne-
tocaloric effects, magnetic memory effects, and dynamical suscep-
tibility with bidirectional frequency dependence, etc1,4,5,9,29–37.
These compounds form in hexagonal AlB2-type crystal structure.
Gd2PdSi3 is one such member that is recently discovered to host
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skyrmionic spin state having a centrosymmetric crystal structure,
where magnetic frustration drives the topological spin texture
formation in the absence of Dzyaloshinskii–Moriya interaction38.
Following the discovery of magnetic skyrmion in Gd2PdSi3, flur-
ries of research activities has been directed towards exploring dif-
ferent structurally related compounds and studying their mag-
netic spin structure and interactions. One prime example is
the recent report on R2RhSi3 (R = Gd, Tb, and Dy)39 which
shows magnetic and transport anomalies vis-à-vis those observed
in Gd2PdSi3 and are claimed to be related to the presence of
magnetic frustration. Another recent work on Gd2Ir0.97Si2.97

40

suggests that the material possesses a large number of possible
magnetic configurations, resulting in a highly degenerate ground
state with complex magnetic behavior.

In this study, we detail the synthesis of a novel member
Gd2Co0.90Si2.90, having rather close similarities in both crystal
structure as well as constituent elements with those of Gd2PdSi3,
and have studied its structural, magnetic and transport proper-
ties. Multiple magnetic transitions are noticed in the crystallo-
graphically single phase compound. Our experimental investiga-
tions, coupled with theoretical analysis, reveal the competitive
dynamics among various spin configurations, giving rise to pro-
nounced spin frustration. This, in conjunction with bond disor-
der, culminates in a magnetically frustrated glassy behavior at
low temperatures.

2 Experimental and Theoretical Details
Polycrystalline samples were synthesized by arc-melting tech-
nique using appropriate amounts of high-purity (purity ≥ 99.9
%) constituent elements. The ingots were melted several times to
ensure a homogeneous formation of the samples. The powder
x-ray diffraction (XRD) measurements of the synthesized sam-
ples were performed in a TTRAX-III diffractometer (M/s. Rigaku
Corp., Japan). The diffraction pattern was analyzed using Full-
Prof software package41 for structural characterization. The in-
strument EVO 18 (M/s. Carl Zeiss, AG, Germany) was utilized for
conducting scanning electron microscopy (SEM) measurements,
to ensure the homogeneity of the prepared sample, whereas el-
emental compositions were estimated through energy-dispersive
x-ray spectroscopy measurements in a commercial element EDS
system (M/s. EDAX, USA). A SQUID VSM (M/s. Quantum Design
Inc., USA) was employed to measure the magnetization as a func-
tion of temperature and applied magnetic field. Measurements
of zero-field heat capacity and resistivity have been conducted
through a commercial Physical Property Measurement System
(PPMS) (M/s. Quantum Design Inc., USA).

The electronic and magnetic properties of Gd2CoSi3 are studied
using density-functional theory (DFT). The DFT calculations em-
ploy pseudo potential within a projector-augmented wave (PAW)
method60,61, as implemented in the Vienna Ab-initio Simulation
Package (VASP)62. The Perdew-Burke-Ernzerhof-based general-
ized gradient approximation (PBE-GGA)63 is used as exchange-
correlational functions. We have applied an onsite electron-
correlation (effective Hubbard) parameter |U − J| of 6 eV and
spin-orbit coupling (SOC) for strongly correlated Gd-4 f states.
The low-temperature experimental lattice parameters are used

for our DFT calculations. The total-energy convergence criterion
for the self-consistent calculations was fixed to 10−7 eV per cell,
using an energy cutoff of 520 eV for the wave functions. The Bril-
louin zone integration was performed using a k-point mesh based
on the tetrahedron method with Bloch corrections. A Γ-centered
grid of 9× 9× 6 k-point meshes was used for Brillouin-zone inte-
gration.

3 Results and discussions

3.1 Structural details and phase analysis

The XRD pattern of stoichiometric material Gd2CoSi3 at room
temperature is shown in Fig. 1(a). Full-Rietveld analysis of the
diffraction pattern indicates the presence of ∼ 10% secondary
phase having composition GdCoSi2 in addition to the target phase
Gd2CoSi3 that can not be removed by thermal annealing. The sec-
ondary phase could be removed with the introduction of vacan-
cies in the Co and Si sites, as earlier demonstrated for different
other R2TSi3 (T = Ni, Co) compounds34,35,42,43. The amount
of Gd, Co, and Si responsible for forming the secondary phase
was calculated and subtracted from the initial amount of Gd, Co,
and Si used for the initial stoichiometric synthesis. This results in
a non-stoichiometric starting composition Gd2Co0.90Si2.90 (Occu-
pancies in the Co and Si sites were scaled considering full occu-
pancy on the Gd site) and it is found that the compound forms
in a single phase without any traceable amount of secondary
phase. The structural analysis confirms that the single-phase
compound crystallizes in the U2RuSi3-type structure with space
group P6/mmm (Fig. 1(c). In this crystal structure, Gd atoms oc-
cupy two independent Wyckoff sites having non-identical atomic
environments. Such type of inequivalent Wyckoff symmetries
along with the presence of vacancies introduced in the Co and
Si sites randomized the effective exchange interaction length
among the Gd ions creating a strong bond disorder in the sys-
tem. The refined composition obtained from the Rietveld analysis
is Gd2Co0.96(1)Si2.96(2) which is in close proximity to the starting
composition. The single phase nature as well as the homogeneous
character of the material is further confirmed through SEM image
captured using back-scattered electron (BSE) (Fig. 2). The ele-
mental composition determined through EDX spectrum analysis
for the prepared material is Gd2Co0.97(2)Si2.90(3), closely resem-
bling both the initial composition and the composition obtained
from the Rietveld refinement process. The low-temperature XRD
measurements in the temperature range 15 K ≤ T ≤ 300 K
(Fig. 3(a)) rule out the possibility of any structural transition for
the compound down to 15 K. The temperature dependence of
lattice unit cell volume follows the standard thermal contraction
behaviour.

V (T ) =
γU(T )

K0
+V0 (1)

where, V0 is the zero-temperature unit cell volume, K0 is bulk
modulus, γ is the Grüneisen parameter and internal energy is de-
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Fig. 1 XRD pattern of the powder samples (a) Gd2CoSi3 and (b) Gd2Co0.90Si2.90 along with full-Rietveld refinement at room temperature. Inset present
the presence of secondary phase of GdCoSi2 type in Gd2CoSi3 (upper), while Gd2Co0.90Si2.90 (lower) form in single phase, devoid of any detectable
secondary phase. (c) Crystal structure of Gd2Co0.90Si2.90 belonging to U2RuSi3-type structure with space group P6/mmm

Fig. 2 (a) Backscattered electron (BSE) image and elemental map-
ping [(b)–(d)] via SEM equipped with EDX on the polished surface of
Gd2Co0.90Si2.90 from the depicted region in (a). (e) EDX results of
Gd2Co0.90Si2.90.

noted by U(T) which could be expressed by Debye model as

U(T ) = 9nRT
(

T
θD

)3 ∫ θD/T

0

x3

ex −1
dx. (2)

Here, θD represents the Debye temperature and n stands for the
number of atoms per formula unit (f.u.). As shown in Fig. 3(b), a
good fitting of the temperature-dependent lattice unit-cell volume
using eq. 1 yields the Debye temperature to be θD= 370(6) K,
which is very close to that obtained from the Debye model of heat
capacity (section 3.3). This value is quite close to that obtained
for different other isostructural compounds5,34,42.
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Fig. 3 (a )XRD patterns of Gd2Co0.90Si2.90 at different temperatures with
corresponding full-Rietveld refinements. (b) Unit-cell volume as a func-
tion of temperature, fitted using Eq. 1.

3.2 DC Magnetization
The variation in dc magnetic susceptibility with temperature

(χ ≡ M/H) for Gd2Co0.90Si2.90 measured at H = 1 kOe, under
both zero-field-cooled (ZFC) and field-cooled (FC) protocols are
shown in Fig. 4(a) (left panel). The compound exhibits two
separate magnetic transitions at lower temperatures. The mag-
netic ordering appears to be antiferromagnetic (AFM)-type at
TN = 11.3 K, while the low-temperature transition around TB =
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Fig. 4 (a) Dc magnetic susceptibility as a function of system temperature for magnetic field H = 1 kOe. The red line corresponds to Curie-Weiss fitting
in the high temperature region and it is extrapolated down to 0 K. (b) Temperature dependent dc magnetic susceptibility (χ) for different magnetic fields.
Inset presents first order time derivative of magnetic susceptibility. (c) Variation of magnetic susceptibility in the low-temperature region for different
magnetic fields

4.8 K is manifested as a relatively broader peak in the χ(T ) data.
Magnetic susceptibility recorded under various applied magnetic
fields is plotted in Fig. 4(b). Similar multiple transitions are
also observed for many other structurally related compounds,
where a spin-glass state emerges beneath an antiferromagnetic
(AFM) ordered state due to the elevated degeneracy of magneti-
cally frustrated ground states42–44. Similar to those isostructural
compounds, here too a persistent bifurcation is observed between
the ZFC and FC magnetic susceptibility up to higher fields around
TB (Fig. 4(a-c)), signifying the metastable short-range nature of
the magnetic transition.

In these materials exchange interaction between the localized
rare-earth (R) ions is Ruderman–Kittel–Kasuya–Yosida (RKKY)
type, which is mediated through conduction electrons and oscil-
latory in nature depending upon the interatomic distances. In the
case of Gd2Co0.90Si2.90, the non-identical atomic environments
create bond-disorder in the system along the R-R exchange path.
The presence of such types of bond-disorder along with the pres-
ence of atomic vacancies in the Ni/Si sites are responsible for the
variation of local electronic environments in the system between
the R ions and results in competing exchange interactions in the
system between nearest-neighbor and next-nearest-neighbor lo-
calized spins. Additionally, the presence of defects on the Co
and Si sites is also responsible for the conduction carrier block-
ing by creating voids in the R-R exchange interaction path. As a
combined contribution of these, the system is magnetically frus-
trated with different possible competing ground state spin con-
figurations having equivalent energies. As a result, although the
system exhibits an AFM transition below TN, competing interac-

tions (that may come from higher-order neighbours) also develop
gradually with lowering the temperature, and as a consequence,
the system undergoes a glassy state formation below TB.

In addition to these transitions at low temperatures, one may
find a signature of another weak magnetic transition at a high
temperature TH ∼ 150 K, which gets suppressed with an increase
in H. No secondary phases, capable of causing the observed
high-temperature anomaly in magnetic susceptibility, were iden-
tified through XRD and EDAX data analyses. On the other hand,
a similar feature had also been detected earlier in some other
isostructural as well as structurally related compounds, where it
was shown that such high-temperature transition is not associated
with any additional phase in the system and rather intrinsic to
it, which may originate due to the defect-induced polarization of
the conduction electrons34,35,40. This anomaly, however, could be
suppressed rather easily by applying a moderately high externally
applied magnetic field. Such high-temperature short-range mag-
netic correlation above the long-range magnetic ordering in this
system with site defects could manifest a Griffith-like phase11,45,
which is not addressed in this work.

To estimate the effective paramagnetic moment (µeff) of the
system of interest, the inverse magnetic susceptibility data for
H = 1 kOe in the temperature range 240-380 K, is fitted with
the help of Curie-Weiss (CW) law χ = C/T − θp, as shown in
Fig. 4(a)(right panel). The fitting yields the paramagnetic Curie
temperature θp = −16.7 K and µe f f = 12.40 µB/f.u. If the mag-
netic interaction is primarily due to the localized Gd-4 f electrons,
the effective moment anticipated to closely match the theoretical
value of 11.23 µB/f.u., considering the presence of 2 Gd atoms
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in the formula unit. The slightly elevated estimated value of µe f f

suggests an additional contribution coming from the d electrons
as well, akin to that found out in many members of R2TX3 se-
ries34,35.

Enhancement of the applied magnetic field strongly suppresses
the low-temperature transition at TB. However, the peak in
the magnetic susceptibility at TN is still observable even at H =

70 kOe, although the peak position moves to a lower temperature
as the field strength increases (Fig. 4(c)). This is consistent with
the field-dependent isothermal magnetization measurements per-
formed below TN (Fig. 5), where almost linear M(H) behavior is
observed up to H = 70 kOe without a saturation tendency. This
suggests the presence of dominant long-range AFM ordering in
the system at TN. The combined results of magnetic susceptibility
and field-dependence of isothermal magnetic measurements in-
dicate that multiple magnetic phases coexist in the system, two
short-range in nature around TH and TB, along with one long-
range ordered phase at TN. Similar magnetic phase inhomogene-
ity are also reported for isostructural compounds Sm2Ni0.87Si2.87,
Er2NiSi3, Tb2Ni0.90Si2.94, Nd2Co0.85Si2.88

35,43,44,46. The short-
range ordered states are metastable in nature and easily get spin-
polarized in the field direction with increasing H. Moreover,
the long-range AFM-ordered state is quite dominant restricting
the overall ferromagnetic polarization within the system until
H = 70 kOe.
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Fig. 5 Variations in magnetization with respect to magnetic field ob-
served at different temperatures.

3.3 Heat capacity
To comprehend the magnetic transitions observed at different
temperatures, zero-field heat capacity (Cp) measurements have
been carried out for Gd2Co0.90Si2.90. A lambda (λ)-like peak
around TN = 11.3 K is observed in the Cp(T ) behavior along with
an additional hump around TB ∼ 4.8 K, as shown in Fig. 6. This
also indicates the formation of long-range ordering within the
system below TN, whereas the magnetic transition below TB is
short-range in nature. The magnetic contribution (Cmag(T)) cor-
related with the localized 4- f electrons of Gd ions can be de-
termined by subtracting the heat capacity of the isostructural
analogue La2Co0.99Si2.99 with suitable adjustment for lattice vol-
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Fig. 6 (a) (Left panel) Zero-field heat capacity (C(T))of Gd2Co0.90Si2.90
and its non-magnetic analogue La2Co0.99Si2.99 in the temperature range
2-300 K, along with estimated magnetic contribution of heat capacity
(Cmagnetic). (Right panel) Calculated magnetic entropy (Smagnetic) as a func-
tion of temperature. Inset presents the magnetic contribution in an ex-
panded view. (b) Heat capacity of Gd2Co0.90Si2.90 fitted using Debye
model. Inset presents temperature dependence of lattice unit cell vol-
ume fitted through corresponding Debye model.

ume47. As can be seen from Fig. 6, a clear sharp peak is observed
in the Cmag(T) data associated with the long-range AFM ordering
of Gd3+ spins with S = 7/2, while the weak hump around TB is
due to the short-range ordering associated with lower magnetic
entropy. The magnetic entropy has been calculated using the re-
lation Smag =

∫ T
0

Cmag
T dT . The estimated value of Smag at TB and

TN are about 28% and 81%, respectively, of expected theoretical
value Rln(2J + 1) = 17.289 J/mole-Gd-K. The notably low value
in the vicinity of TB is quite consistent with the system’s glassy
characteristics as identified in the non-equilibrium investigation
(section 3.5). The reduced value of magnetic entropy at TN sug-
gests that it is plausible that a majority of the magnetic ions con-
tribute to the ordering process, while the remaining ones exhibit
frustrated characteristics, playing a role in the emergence of the
glassy phase at lower temperatures. The full entropy is released
at temperatures significantly greater than TN, signifying the exis-
tence of short-range magnetic interactions above long-range mag-
netic ordering.

The heat-capacity data of Gd2Co0.90Si2.90 can be fitted using the
Debye model in which the lattice contribution (phonon) to heat
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capacity could be expressed as48

CD(T ) = 9nR
(

T
θD

)3 ∫ θD/T

0

x4ex

(ex −1)2 dx. (3)

Here n denotes the atom count per formula unit and x = θD/T ,
where θD is the Debye temperature. The best fit is obtained with
θD = 360(4) K. A large number of intermetallic34,46,49,50, as well
as oxide51 compounds are reported earlier to have θD in the simi-
lar temperature range in the absence of any magnon contribution.

3.4 Resistivity
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Fig. 7 Variation in resistivity (ρ) with temperature for Gd2Co0.90Si2.90. In-
set presents the enlarged view of low temperature region. Black open
circles represent experimental data and the red line is the fitted data us-
ing equation 4.

To further investigate different magnetic transitions observed
in the system, the temperature dependence of electrical resistiv-
ity ρ(T) of Gd2Co0.90Si2.90 is measured in the temperature regime
5-300 K in absence of magnetic field taken in both cooling and
heating cycle (for clarity of the images only heating cycle data
presented here in Fig. 7). No irreversibility between the heating
and cooling cycle in the ρ(T) behaviour is observed around the
observed transitions in the system, which is consistent with the
absence of structural transition at TN in the studied compound.
The resistivity rises as the temperature increases and shows a typ-
ical metallic behaviour throughout the measurement regime. A
sharp variation in the gradient of ρ(T) is seen at 11 K while a
weak but discernible slope change is also observed near 200 K.
Both of these anomalies are consistent with the observed mag-
netic transition. The rapid decrease in the resistivity below TN is
due to the reduction in spin disorder scattering, resembling what
was noted in the case of isostructural compound Gd2Ir0.97Si2.97

40.
In addition to the manifestation of various transitions in the same
line, as that observed in the magnetic and heat capacity behav-
ior, it is important to note that the resistivity value of the studied
compound is relatively high compared to that for the majority
of other R2TX3 systems. The estimated residual resistivity ratio
(RRR) is also low 2.26. Thus, it is conceivable that the metallic

nature of the material is far from ideal. The resistivity data in the
temperature region 50–300 K can be described using the parallel
resistor model52

1
ρ(T )

=
1

ρ1(T )
+

1
ρmax(T )

(4)

where ρmax is the saturation resistivity that is independent of tem-
perature and ρ1(T ) is the ideal temperature-dependent resistivity.
The ideal resistivity is given by the following expression:

ρ1(T ) = A
(

T
ΘD

)5 ∫ ΘD
T

0

x5

(ex −1)(1− e−x)
dx (5)

where A is the phonon scattering constant and ΘD is the Debye
temperature. The fit yielded ΘD = 355 K, approximating the
value obtained through heat capacity fitting.

3.5 Non equilibrium dynamics

3.5.1 Magnetic relaxation and ageing effect

The development of a spin-glass state below TB is confirmed
through the non equilibrium behaviour of the system below the
temperature TB. There are a huge number of frozen configura-
tions present in a glassy state and the system undergoes gradual
evolution from one such state to the energetically adjacent state
with time. The time required to attain thermal equilibrium when
subjected to an external magnetic field is too high and the time
required for the relaxation process is referred to as the relaxation
time. In order to verify the existence of such frozen magnetic
states in our system, the sample was initially cooled from a para-
magnetic state to a specific temperature below TB, without any
magnetic field. Subsequently, a rather small magnetic field (100
Oe) was applied following the stabilization of temperature (over a
waiting time tw) and the ZFC magnetization (M(t)) was recorded
for ∼ 7200 sec. We have plotted all the M(t) data after normal-
ization relative to the initial magnetization (M(0)) at t = 0 i.e.
in the form of M(t)/M(0). The time-dependent magnetization
data (M(t)/M(0)) as shown in Fig. 8(a), has been fitted using the
stretched exponential function

M(t) = M0 ±Mgexp

[
−
(

t
τ

)β
]

(6)

where M0 is the intrinsic FM component, Mg is the glassy compo-
nent of magnetization, τ is the characteristic relaxation time and
β is the stretching parameter. It is observed that the magnitude
of β = 0.31 lies in a comparable range of other glassy materi-
als belonging to R2TSi3 series35,42,43. The estimated value of τ

increases with a rise in tw indicating that the spins are becoming
more stiffened, exhibiting ageing phenomenon. The phenomenon
of aging can be depicted in a more convenient manner by finding
the relaxation rate

S(t) =
1
H

dM(t)
d(logt)

(7)

which shows that the apex in the S(t) curve moves towards an ex-
tended observation time. as tw increases(Fig. 8(b)) that indicates
the nonequilibrium dynamics of domain growth in the system.
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Fig. 8 (a) Temporal variation in the normalized magnetization of
Gd2Co0.90Si2.90 at T = 2 K under the ZFC protocol for varying wait dura-
tions, accompanied by a fit using a stretched exponential model (Eq. 6).
(b) The relaxation rate S(t) at T = 2 K for two different wait times in ZFC
protocol for Gd2Co0.90Si2.90, exhibiting aging phenomenon.

3.5.2 Magnetic memory effect

The investigation of memory effect has been conducted in both
field-cooled (FC) and zero-field-cooled (ZFC) modes, adhering to
the protocol established by Sun et. al53. In FC protocol, the sam-
ple was initially cooled down from the paramagnetic region (300
K) to the lowest temperature (2 K) under the application of 100
Oe magnetic field with intermittent stops at Tstop= 15 K and 5 K
for tw= 1 hr, during which the magnetic field was switched off.
After the lapse of wait-time tw, the same field was reapplied to
the sample at each stop-temperatures and cooling was resumed.
Magnetization measured in this process is presented as Mstop

FCC in
Fig. 9(a). After attaining 2 K, the sample was warmed up con-
tinuously up to 300 K with the same applied field and the cor-
responding magnetization data is depicted as Mmem

FCW. There is a
tendency of the memory curve (Mmem

FCW) to follow the Mstop
FCC curve

at 5 K but it is not emphasized at 15 K, which implies that the
system has memory effect at 5 K but the effect disappeared at
15 K. It is worth noting that the memory effect in FC protocol
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Fig. 9 Magnetic memory effect of Gd2Co0.90Si2.90 in (a) field-cooled (FC)
condition and (b) zero-field-cooled (ZFC) condition for 100 Oe applied
field.

can also result for a phase-separated or superparamagnetic sys-
tem54, whereas the memory effect is observed exclusively in au-
thentic spin-glass systems during both the FC and ZFC processes.
To identify the actual origin of the memory effect, the measure-
ment has also been conducted in the ZFC protocol, where the
sample was first continuously zero-field cooled without an exter-
nal magnetic field, from the paramagnetic region to specific se-
lected stopping temperatures (Tstop = 15 K and 5 K) applying a
stopping time of 1.5 hr at each of the Tstops. Subsequently, the
cooling process was continued until reaching 2 K, followed by
reheating the sample and recording the magnetization under a
100 Oe magnetic field. This M(t) curve is designated as Mmem

ZFCW
(Fig. 9(b)). The typical ZFC magnetization at 100 Oe was also
documented and presented as Mref

ZFCW in Fig. 9(b). The differ-
ence curve, ∆M = Mmem

ZFCW −Mmem
ZFCW exhibits memory dip at 5 K

which is in close proximity to TB, but no such dip was found at
15 K (above TB). Such a characteristic feature is quite consistent
with the FC memory data and confirms the glassy-state formation.
The basic ingredients for a spin glass state formation are disorder
or randomness, competing interactions, and associated frustra-
tion, which are all present in Gd2Co0.90Si2.90 that cause multi-
ple numbers of possible ground state spin configurations having
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Fig. 10 Magnetic relaxation characteristics of Gd2Co0.90Si2.90 at 5 K under H = 100 Oe with temporary cooling at 2 K, demonstrated through (a) FC
method and (b) ZFC method. Magnetic relaxation behaviour at 5 K, featuring a reverse relaxation during temporary cooling at 2 K employing (c) the
FC and (d) ZFC protocol. The insets display the relaxation data correlated with the total time elapsed at 5 K, accompanied by the fit (solid red line)
employing a stretched exponential function [Eq. 6].

equivalent energies. The presence of local disorder helps the sys-
tem to freeze in a short-range ordered state with a local mini-
mum in the free energy landscape. Randomness/disorder which
is essential to have a glassy system, can be introduced either as
site-randomness or as bond-randomness. The crystal structure of
Gd2Co0.90Si2.90 is conducive of bond-disorder, as discussed ear-
lier. Additionally, atomic vacancies also contribute to breaking the
magnetic periodicity creating additional local disorder in the sys-
tem, causing the system to freeze in a short-range ordered glassy
state.

In general, two models can be employed to explain the memory
effect observed in a glassy system, namely, the droplet model55–57

and the hierarchical model58,59. According to the droplet model,
the system favors only a single equilibrium spin configuration at a
particular temperature, leading to the restoration of the original
spin configuration during both temporary heating and cooling.
However, the hierarchical model supports an infinite number of
metastable states in the free-energy landscape and as a result, the
original spin configuration cannot be restored in temporary heat-
ing. In order to understand the mechanism demonstrated by our
system, we examined the impact of temperature cycling on mag-
netic relaxation behavior following the protocol proposed by Sun

et. al.53. The relaxation response during temporary cooling un-
der ZFC and FC conditions is illustrated in Figs. 10(a) and 10(b),
respectively. In the ZFC technique, the sample was brought to a
lower temperature of T0 = 5 K from paramagnetic region in the
absence of external magnetic field. Then a small field 100 Oe
was applied and magnetization (M(t)) was recorded for t1 = 1 hr.
After the lapse of t1, the sample was cooled to a much lower tem-
perature T0 −∆T = 2 K in the similar field strength and M(t) was
documented for another t2 = 1 hr time. Ultimately, the sample
temperature was elevated to T0, and the measurement of M(t)
was conducted for an additional time t3 = 1 hour. In the FC
method, the sample was initially cooled from the paramagnetic
region to T0 under the influence of a 100 Oe magnetic field. After
reaching T0, the field was switched off and M(t) was measured
following a similar process as of ZFC. It can be observed from
Fig. 10 that when the system temperature is restored to T0, the
magnetization returns to the level it attained before temporary
cooling in both ZFC and FC processes. One may easily notice that
the relaxation curve during t3 is an extension of that observed
during t1 (insets of Fig. 10(a) and 10(b)) and the combined curve
can be fitted well with Eq. 6. The strength of the memory phe-
nomenon has been examined through the investigation of oppo-
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site relaxation behaviour by toggling the applied field on and off
alternatively in both FC and ZFC methods. Magnetization was
measured by keeping the magnetic field switched off during t1
and t3 while a 100 Oe field was applied to the system during t2
in FC process (Fig. 10(c)). In ZFC process, M(t) was measured in
the presence of a magnetic field during t1 and t3, while the field
remained deactivated throughout t2 and the data has been shown
in Fig. 10(d). It is indeed interesting to figure out that instead
of reverse relaxation during t2, the magnetic relaxation behaviour
during t3 almost preserves a sense of continuity, as shown in the
insets of Fig. 10(c) and 10(d), and can be well described through
the stretched exponential relation (Eq. 6). This kind of behaviour
implies a strong memory of the studied system below TB

35,43.
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Fig. 11 Magnetic relaxation behaviour of Gd2Co0.90Si2.90 at 5 K with
temporary heating at 8 K measured using ZFC and FC protocol for H =
100 Oe.

We have additionally examined the magnetic relaxation behav-
ior during temporary heating to find out whether the original spin
configuration is restored akin to temporary cooling or not, while
restoring the system temperature. The impact of positive tem-
perature cycling on the magnetic relaxation behavior is depicted
in Fig. 11. In the ZFC method, the sample was zero-field-cooled
from the paramagnetic region down to T0 = 5 K which is close
to TB. Then a small magnetic field of 100 Oe was applied to the
sample and magnetization (M(t)) was recorded for t1 = 1 hr. Fol-
lowing this, the sample was momentarily heated to T0 +∆T = 8
K under the same field strength, and M(t) was documented for
an additional time period, t2 = 1 hour. Finally, the system tem-
perature was again brought down to T0 and magnetization was
measured for time period t3 = 1 hr. It is clearly observed from
the figure that the value of magnetization at the beginning of t3
is quite different from the value it had reached just before tempo-
rary heating i.e. during t1. Equivalent magnetic relaxation behav-
ior was noted in the FC method as well (Fig. 11). Thus the system
cannot restore its previous spin-configuration during temporary
heating, either in ZFC or FC protocol, which implies the absence
of memory in the positive temperature cycling. The asymmetrical
nature of magnetic relaxation upon heating and cooling suggests

that our system Gd2Co0.90Si2.90 favours the hierarchical model of
magnetic relaxation.

3.6 Computational Results

Fig. 12 The studied magnetic configurations in Gd2CoSi3 system (a)
C-type AFM, (b) G-type AFM, (c) E-type AFM, A-type AFM, (e) Ferro-
magnetic (FM) and (f) Ferrimagnetic (FiM).

To determine the magnetic properties of the Gd2CoSi3 system,
we used a 1× 1× 2 supercell. As experimentally observed, the
system has zero saturated magnetic moments per cell at low tem-
peratures, meaning that the system is antiferromagnetic (AFM).
The spin frustration is a key point of a spin glass13. Therefore, to
have an insight into spin frustration, different types of AFM con-
figurations, i.e., C-, G-, E-, and A-type AFM are considered, along
with the ferromagnetic (FM) and ferrimagnetic (FiM) configura-
tions (Fig. 12(a-f)).

Among the different AFM configurations, the C-type spin con-
figuration is known to has the lowest ground-state energy. How-
ever, we found that although the C-type AFM configuration is en-
ergetically the most stable, all the other AFM configurations have
competing energies. The energy difference (∆Econf. = Econf.−EC)
between the C-type AFM and G-, E-, A-AFM configurations is 0.3
meV/atom (∼ 3.5 K), 0.44 meV/atom (∼ 5.1 K) and 0.5 meV/atom
(∼ 5.8 K), respectively. The difference between the C-type and FM
configuration (∆EFM) is 0.63 meV/atom (∼ 7.3 K). The energy dif-
ference between AFM and FM configurations is the largest among
all considered configurations but still, the number is very small,
indicating the competing nature of AFM and FM magnetism in
the system. The energy difference between C-type AFM and FiM
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Fig. 13 Partial density of states (PDOS) of Co-atoms in Gd2CoSi3 sys-
tem for (a) antiferromagnetic (AFM) and (b) ferromagnetic (FM) configu-
rations.

configurations (∆EFiM) is 0.33 meV/atom (∼ 3.8 K) which is com-
parable to ∆EG. This indicates the competing nature of AFM and
FiM configurations as well. The small energy difference between
all these different spin configurations causes strong spin frustra-
tions. This makes the system very complex where AFM, FM, and
FiM configurations compete with each other. The origin of strong
spin frustration in Gd2Co0.90Si2.90 lies in its crystal structure that
has a planar triangular geometry made of in-plane Gd-Gd (1a-3 f
sites and 3 f -3 f sites) equal distances, similar to that reported
earlier in structurally related compound Gd2Ir0.97Si2.97

40. In
Gd2Co0.90Si2.90, Gd-moment per atom is theoretically estimated
to be 7.1 µB per atom in all configurations. The Co-moment is
negligible (0.041 µB) in C-type AFM, and zero in other AFM con-
figurations whereas it has a small value of 0.2 µB in FM configu-
ration, aligned antiparallel to Gd-moment.

To understand the electronic behavior of cobalt atom, the elec-
tronic properties of the system have been explored. Partial density
of states (PDOS) i.e. dxz, dxy, dyz, dx2−y2 , and dz2 orbital states, of
Co-atom in the C-type AFM and FM configurations are compared
in Fig. 13. The orbital states dxy overlap with the dx2−y2 and dyz

states overlap with dxz states in both AFM (Fig. 13(a)) and FM
(Fig. 13(b)) configurations. In both configurations, the exchange

splitting of Co-states is collapsed at the Fermi level which causes
the quenching of the Co-moment64. The Co-states show same
behavior in FiM configuration, not shown here. The electronic
structure of Co-atom in all configurations is almost the same i.e.,
collapsing of exchange splitting. This corroborates the intricate
nature of the magnetization within the system.

4 Concluding Remarks
In this study, we present the successful synthesis and physi-
cal characteristics of an new hexagonal intermetallic compound
Gd2Co0.90Si2.90 exhibiting multiple magnetic transitions. The
compound exhibits an antiferromagnetic transition below TN =

11.3 K. On the basis of non-equilibrium dynamical magnetic be-
haviour complemented with DFT calculations, it is illustrated that
the magnetic ground state of the compound is magnetically frus-
trated where different possible spin configurations (AFM, FM,
and FiM) with nearly degenerate ground-state energies compete
with each other. Due to the simultaneous presence of strong
spin-frustration and bond-disorder in the crystal structure, a spin-
glass-like state develops below TB ∼ 4.8 K, in this compound. The
detailed studies on low-temperature non-equilibrium dynamical
behavior, including magnetic relaxation, aging phenomena along
with magnetic memory effect both in ZFC and FC conditions, con-
firm the short-range glassy state formation in this metallic com-
pound. The dynamics of the non-equilibrium spin-frozen state are
better described by the hierarchical description over the droplet
model for spin-glasses.
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