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The intermetallic compound Nd,Cog g5Si; gs 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 7y ~ 140 K is associated with the development of ferromagnetic interaction between itinerant Co
moments, whereas the low-temperature transition at 7 ~ 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
susceptibility, field dependence of isothermal magnetization, nonequilibrium dynamical behavior, viz., magnetic
relaxation, aging effect, magnetic-memory effect, and temperature dependence of heat capacity, along with
density 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 R, 7 X3 (R = rare
earth, 7 = 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 —ASy ~ 13.3 J/kg K with a
relative cooling power (RCP) of 220 J/kg and adiabatic temperature change AT,y of 6 K for magnetic field

change of 70 kOe.

DOI: 10.1103/PhysRevB.107.094421

I. INTRODUCTION

Studies on magnetically frustrated systems are of sig-
nificant interest due to the intriguing and unusual physical
properties vis-a-vis quantum spin-liquid behavior, spin-ice
state formation, spin-glass behavior, and multiple magnetic
transitions [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
magnetically frustrated systems lead to a spin-glass state for-
mation [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
arrangement of spins reduces the magnetic entropy of the
system. Based on this principle, many frustrated systems
have recently been reported to exhibit a large magnetocaloric
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effect (MCE) [13,14], agreeing with the theoretical predic-
tions made earlier [15,16]. Besides different critical novel
phenomena, magnetically frustrated glassy systems are also
known to exhibit different interesting nonequilibrium proper-
ties, like aging and magnetic memory that make the systems
useful for technological applications [17,18]. Thus, the inves-
tigation of different physical properties of most of the novel
magnetically frustrated systems always remain of interest.
R,TX; (R = rare earth, T = transition elements, and
X = Si, Ge, In) type of systems are one where lattice ge-
ometry is incompatible with AFM interaction. Most of these
systems crystallize in hexagonal AIB,-type structure, where
the R atoms form edge-sharing triangular lattices, which are
hexagonally stacked along the ¢ axis [18-23]. Between two
such hexagonal layers of R atoms, 7 and X elements are
randomly distributed, causing variation in the local electronic
environment among the R atoms. Additionally, the nearest
and next-nearest-neighbour distances between the R atoms
are comparable, and thus conducive to magnetic frustration
due to the presence of competing magnetic interactions. With
triangular lattice geometry, competing ferromagnetic (FM)
and AFM interactions and crystallographic disorders, many
of the members of this series exhibit magnetically frus-
trated glassy behavior and manifest fascinating properties,
like Kondo behavior, spin-glass behavior, multiple magnetic
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transitions, mixed-valence behavior, large magnetocaloric
effect, magnetic memory effect, and bidirectional frequency
dependence of dynamical susceptibility [14,22,24-30]. Re-
cently, novel skyrmionic phase was also observed in frustrated
Gd,PdSi; [10], followed by a considerable number of fasci-
nating studies on the same material [31-34].

As such, the study for other new isostructural compounds
in order to search for different exotic physical properties is
warranted. Notably, in all the studied R, T X3 systems (7 = Ni,
Pd, Pt, Cu, Rh) magnetism dominantly comes from localized
4 f states of rare-earth elements, while the contribution from
the transition-element moment is rather negligible. In contrast,
very recent study on PryCog g6Siz g3 [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 4 f (due to Pr) moments triggers Pr,Cog g¢Siz g3 to
behave differently in comparison to other transition element
based systems in this series. Moreover, this compound crystal-
lizes in U,RuSi3-type structure, which has two nonequivalent
R sites, “1a” and “3 f”. The non-identical environment around
these two rare-earth sites leads to bond-disorder that may
also contribute to competing magnetic-exchange interaction.
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 Nd,Cog 5515 g3
belonging to the R,7TX3 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 7', mag-
netic field H, and time ¢, with a special emphasis on the
nonequilibrium dynamics, heat capacity, and magnetocaloric
effect. 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
formation energy, as well as spin-polarized local density of
states. Our experimental studies, and theoretical analysis,
indicate the simultaneous presence of competing magnetic
interaction between 3d and 4f moments, resulting a mag-
netically frustrated glassy behavior at low temperatures and
exhibits fascinating nonequilibrium dynamical behavior typi-
cally observed in spin-glass systems. The presence of both the
magnetic contribution from localized Nd moments and itiner-
ant Co moments results an unusual magnetic-field dependence
of coercive field. The compound also shows considerable
magnetocaloric effect in the low-temperature region.

II. EXPERIMENTAL DETAILS

Polycrystalline Nd-based and La-based (non-magnetic
reference) samples were prepared using conventional arc-
melting procedure, by taking appropriate amounts of the pure
(299.9%) 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
annealed 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
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FIG. 1. Crystal structure of Nd,Cogg5Sipgs belonging to the
U,RuSi;-type structure (space group: P6/mmm), which is a super-
structure of AlB,-type structure.

range 15-300 K. Structural characterizations were performed
using FullProf proggram package [35], through the Rietveld
analysis of the XRD patterns. The homogeneity and elemen-
tal composition of the prepared samples were investigated
through scanning electron microscopy (SEM) in the instru-
ment 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). Conven-
tional 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 commer-
cial 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 func-
tional theory (DFT) to the cell of Nd4Co,Si¢ (Fig. 1), in
various magnetic configurations. In addition, we address in
this system the effect of limited vacancy formation and its
effect on relative energies and magnetic stability by cal-
culating the divacancy energy for the 2 x 2 x 1 supercell
Nd;6Co7Si;3, where we removed 1/8 Co (12.50%) and 1/24
Si (4.167%)—an effective composition of Nd,Co g7551> gs,
similar to that found experimentally. The DFT calculations
are based on the projector-augmented wave (PAW) method
[36], as implemented in the Vienna Ab initio Simulation
Package (VASP). For the exchange and correlation functional,
the Perdew-Burke-Ernzerhof generalized gradient approxi-
mation (PBE-GGA) is used [37]. We also used spin-orbit
coupling (SOC), an on-site electron correlation parameter,
i.e., an effective Hubbard parameter (|U-J«| = 5 eV) for the
strongly correlated Nd-4 f states. The present low-temperature
experimental lattice parameters of @ = b = 8.081 A and ¢ =
4.174 A are used in the DFT calculations. The convergence
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FIG. 2. (a) Room temperature XRD pattern of Nd,CoSis. (b) The
XRD patterns of Nd,Cogs5Sip 83 at T = 300 K (top) and 7 = 15 K
(bottom) along with full-Rietveld analysis. Top inset shows the major
peaks associated with the secondary phase NdCoSi, 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.

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 T-centered grid of 12 x 12 x 24 k-points was used for
Brillouin zone sampling.

IV. RESULTS AND DISCUSSIONS
A. Structural details and phase analysis

Full Rietveld analysis of the room-temperature XRD pat-
tern of stoichiometric composition Nd,CoSi; indicates the
presence of a few additional peaks those can not be indexed
with the fully ordered U,RuSis-type crystal structure (a ~
2¢), shown in Fig. 1. Those additional peaks appear due to the

sitions obtained from full Rietveld analysis and EDX analysis
are Nd,Cog g9Siz g0 and Nd,Cog 751, g7, 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 ¢ directions. In addition to this,
two non-identical Wyckoff sites of Nd atom have different

TABLE 1. Crystallographic parameters and composition from
XRD and SEM-EDX analysis at room temperature.

Compound NdzCOO_gs Siz_gg
Structure U,RuSij type
Space group P6/mmm
Lattice parameters

a(A) 8.081
c(A) 4.174
R¢(%) 2.29
RErage (%) 2.02

x> 8.4

Estimated composition

Full-Rietveld

EDX

Nd;Cog.89Sis.89

Nd»Coy 87513 87
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environment that results in bond-disorder in the system. The
crystal structure remains down to 15 K [Fig. 2(b)], similar to
many other members of the R, T Siz-type systems [18,28]. The
temperature dependence of lattice volume could be utilized to
estimate the Debye temperature (6p) as the lattice volume of
the system can be expressed as

V(T) =

U(T
VK( ) e 1)

where V) denotes the unit-cell volume at 7= 0 K, K is the
bulk modulus, y signifies the Griineisen parameter, and U(7T)
is the internal energy that could be written as

T 3 op/T x3
U(T) = 9nRT<9—> / dx )
0

D

Here n indicates the number of atoms per formula unit
(f.u.). The fitting yields 6p to be 335(6) K, which lies in
the same range reported for many R,7 Siz type of com-
pounds [18,20,28].

B. DC magnetic susceptibility

The dc magnetic susceptibility (x =M/H) of
Nd,Cog g5Sir g measured in zero-field-cooled (ZFC) and
field-cooled (FC) protocols for H = 0.1 kOe and other
magnetic fields are shown in Figs. 4(a) and 4(b), respectively.
The x(T) behavior measured for H = 0.1 kOe indicates the
presence of two cusp-like feature, one around 7y ~ 140 K
and another at a lower temperature 7 ~ 6.5 K [Fig. 4(a)
inset]. The ZFC and FC magnetic susceptibility curves
diverge from each other below ~140 K. The bifurcation
between xzrc and xgc, however, is not manifested when
measured at H > 1 kOe. Interestingly, both the xzrc and xpc
increases with lowering temperature even below 71, indicating
the anomaly at 7p 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 Nd;Nig 94Si5.94 [38]. As the material
is essentially single phase, the temperature dependence of
magnetic susceptibility behavior clearly suggests the presence
of at least two different magnetic transitions in the system,
one at 7; and another at 7y. The anomaly found in the
high-temperature region, Ty ~ 140 K, at H = 0.1 kOe is
much more prominent in the inverse susceptibility behavior
[Fig. 4(a)] that goes on diminishing with increasing strength
of magnetic fields [Fig. 4(c)]. Similar behavior was also
observed in Pr,CoggsSizgg, 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 7y in Nd;Cog gsSis gg
might also have the very similar origin. To confirm the
presence of Co moment, the temperature dependence of
inverse susceptibility is fitted with a Curie-Weiss (CW)
law

x(T)=

T -6, ®
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FIG. 4. (a) Left panel shows the temperature dependence of sus-
ceptibility (x) 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 x(7') for both the ZFC and FC
configuration at low temperature region. (b) x(7') in ZFC and FC
protocol for various applied magnetic fields. The data are separated
from each other manually to have a clear view. (c) x ~'(T) for FC
mode at different magnetic fields. Curie-Weiss fitting of x ~!(T') is
presented for 160-300 K at H = 1 kOe.

where 6, is the Weiss temperature, and C is Curie constant
given by

_ Nag’S(S+ Dug _ Nargeiy @

3k]3 3kB
where N, is Avogadro’s number, g is the spectroscopic split-

ting factor, S is the spin quantum number, kg is Boltzmann’s
constant, and g is the effective moment of a spin in units of

C
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Bohr magnetons pg. The linear CW fitting [Fig. 4(c)] in the
temperature range 160-300 K yields, 6, = —20.0(5) K and
Metf = 5.62(2) ug/f.u. Considering only rare-earth Nd ion to
be the moment carrying element, the effective moment per Nd
ion is found to be 3.97(2) ug /Nd-ion, which is slightly higher
than the theoretical value of 3.62 ug, expected for one free
Nd** ion. The 3d spins from Co atoms could be the likely
source of the additional 0.35 py, estimated from the analysis
of magnetic susceptibility data.

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

2
C(em’ K /mol) ~ £ (] /t.u.), )
and hence
Met (up/fu.) =~ V/8C (6)

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

C = 0.50025(S + 1). @)

Thus, in a local moment system with minimum spin value
S =1/2, one expects C = 0.375cm?K/molspins, which
gives Legr ~ 1.73 ug/f.u. The much lesser value of e ~
0.35 ug obtained per Co spins in Nd,Coy g5Sis g3 clearly sug-
gests that the magnetic moment associated with Co is itinerant
in nature. The nature and estimated value of Co moments is in
good agreement with the theoretical calculations, discussed in
Sec. III.

Note, the estimated CW temperature (6,) is significantly
smaller than the transition temperature 7y. In this system,
although 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 in 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 Ty ~ 140 K, the estimated CW
temperature is significantly smaller. The negative sign of the
CW temperature is in accordance with the antiferromagnetic
coupling between the Nd and Co atoms, as inferred from our
theoretical analysis.

The observed low-temperature transition at 7y 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 7;. and relatively frag-
ile nature of the ground state spin configurations indicate a
metastable state formation below 7;, for the compound. Our
DFT calculations (discussed in Sec. III) further confirm that
the magnetic ground state of the compound is indeed magnet-
ically 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 7 < Tp, is linear in the low field region and
tends to saturate at higher fields. The overall nature of the
magnetic isotherms at low temperatures are quite similar to
those of earlier reported for different R,7 X3-type of com-
pounds 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
temperature of the system and linearity in the whole field
range is only observed for 7' > 140 K. The field dependent
isothermal magnetization at 7 = 2 K reaches a value of 4.17
ug/fu. for 70 kOe applied field, that is itself much lower
than the theoretical saturation moment value of 7.24 ug/f.u.
expected for the system considering only Nd** contributes
to the magnetism. Such lower value suggests the critical role
of crystalline electric field (CEF) in the system and/or an
antiparallel coupling between localized Nd moment and itin-
erant Co moment. The progressive enhancement in M(H)
even at a strong magnetic field of 70 kOe further supports
the presence of itinerant magnetism in the system [39]. 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 antiferro-
magetic (or paramagnetic) interaction, respectively.

A careful investigation of the magnetic isotherms measured
as a function of temperatures [Fig. 5(b)] reveal the presence
of finite coercivity H, in the system for T < Ty. At the lowest
measured temperature 7 = 2 K, H. is found to be ~125 Oe.
Interestingly, the H, rapidly increases with increasing temper-
ature, 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 Pr,Cog g6512.83 except the fact that in the present
case one sees finite coercivity in the entire temperature region
T < Ty, whereas in Pr analogue H, appears at a tempera-
ture much below Ty and also vanishes below 7p [20]. The
presence of H, for T < Ty 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
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 H.. Below around 100 K, H. remains almost temperature
independent down to ~50 K and rapidly rise with further
decrease in temperature. However, below T ~ 30 K, H, starts
to decrease, which is contrary to that expected for a pure
ferromagnetic phase. The only possibility for the observed
modification of H, could be the presence of other magnetic
interaction around 7 < Tp.. So, it is most likely that the mag-
netic spin fluctuations associated with localized Nd ions start
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FIG. 5. (a) Magnetic field dependence of magnetization at different temperatures. Inset shows the isothermal magnetization curve at
T = 2 K along with the estimated FM and AFM/PM contributions. (b) Isothermal magnetization at some selected temperatures, 7 = (I)
2 K; (ID) 30 K; (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.

to exert itself below 30 K and it is of competing character with
the itinerant Co-3d moment, resulting in the drop in H,. Also,
H. becomes almost temperature independent below 7, but a
finite value remains even at the lowest measured temperature,
which indicates a local antiferromagnetic ordering around
Ti. coexisting with finite ferromagnetic component down to
2 K. Thus, it is quite plausible that the Nd moments and Co
moments settle for an short-range antiferromagnetic coupling
below 7.

D. Heat capacity

To clarify the nature of ground-state magnetic interactions,
zero-field heat-capacity measurements have been carried out
for Nd,Coyg g5Siy g3 and its non-magnetic isostructural analog
La;Co0.99Si3.99. The C,(T') for both compounds are shown in
Fig. 6(a). A peak around T, is observed for Nd,Cog g5Si g3
on the onset of magnetic transition, although the height of
the peak is much smaller than that observed in systems
exhibiting a long-range magnetic ordering. The magnetic
contribution to heat capacity [Cpag(T)] for Nd,Cog g5Siz g3
has been estimated by subtracting the lattice volume cor-
rected [40] C,(T') data of isostructural non-magnetic analog

LayCog.99Siz.g9. The CP(T) data of Nd,Coyg5Siygg and that
of La;Cogg9Siz g9 with lattice volume corrections perfectly
match with each other for T > Ty in the phonon contribution
dominated region. The estimated Ci,e(T') clearly reflects the
peak around 7; associated with the low-temperature mag-
netic transition in the system along with an additional broad
hump-like anomaly having a maximum around 30 K [Fig. 6(a)
inset]. It is quite plausible that the high-temperature hump
(~30 K) might be associated with Schottky-type anomaly due
to the likely presence of crystalline electric field (CEF) in
the system. The estimated magnetic entropy at 71, is found
to be about 60% of the minimum value of magnetic entropy
(RIn2) required for a system to be magnetically ordered hav-
ing doublet spin configurations. Such a low value of Sp,e (71)
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 argue that the estimation of magnetic
entropy as 60% of RIn2 might not be very accurate, as an
inappropriate subtraction of non-magnetic contribution or un-
derestimation of low temperature (7' < 2 K, which is beyond
our measurement range) magnetic entropy could even make
the magnetic entropy at 7. close to RI/n2. It may, however, be
prudent to compare the magnetic entropy of Nd,Cog g5Si g3
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FIG. 6. (a) Zero-field heat capacity of Nd,CoggsSirgs and its
non-magnetic analog La;Cog.99Si;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) The experimental C(7") data
in the region of magnetic ordering. (Bottom inset) The expanded
view of magnetic contribution for a limited range of temperature.
(b) Heat capacity of Nd,Coy g5Si, g fitted using Eq. (8).

with that of isostructural Pr,Coyg g¢Sis g3 where the magnetic
entropy is estimated to be 48% of RIn2 [20], very close to the
estimated value of 60% of RIn2 in Nd,Cog g5Si» gg. Since the
Neutron diffraction study on Pr,CoggsSiz gg does not indi-
cate the presence of any long-range magnetic order [20], a
similar characteristic is also expected in Nd,Co g5Si g3 as
well. The nonequilibrium 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 71 . Notably,
quite a few members of this series with different transition
elements are already reported to exhibit magnetically frus-
trated glassy behavior along with coexisting spatially limited
magnetically ordered phase [18,30]. Such magnetically or-
dered states having small coherence length can also exist
in this system, which remains a future study. Magnetic en-
tropy saturates above 140 K at a value ~14 J/mole-Nd-K,
which is about 73% of that expected for Nd** ion [RIn(2J +
1) = RIn10]. The lower estimation of magnetic entropy is in
consonance with our earlier arguments of presence of short-
range type of magnetic ordering. As it is earlier reported

that the magnetic correlation lengths in many other R,NiSi3-
type of compounds are quite low (35-250 A) [14,18,30],
and some of them are also reported to consist of multi-
ple magnetic structures with different k-vectors [18,41], a
considerable fraction of Nd ions in the intermediate re-
gions of different magnetic grains are not susceptible to
any magnetic order. Moreover, since Nd,Cog g5Si, gg 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
remain paramagnetic down to the lowest temperature and
would not contribute to the magnetic entropy of the sys-
tem. A similar or comparable lower value of magnetic
entropy has earlier been reported in a few other similar com-
pounds, ViZ., PI‘QCO()_%SiQ,gg (O76Rli’l9) [20], Pl‘gNio_95Sig_95
(0.76RIn9) [28], TbyNip.99Siz.04 (0.87RIn13) [30], etc.

The C,(T') data has been analyzed using Debye model of
heat capacity using the relation

G(T) =yT +Co(T) ®)

where yT 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, Cp(T')
could be written as

T\ /T x4er

D

where x = 0p /T and 6, is the Debye temperature. The fitting
of heat capacity data using Debye model [Eq. (8)] is shown
in Fig. 6(b). The C,(T') of Nd;Cogg5Si2gs could only be
described using the Debye model for T > Ty with a De-
bye temperature of 6p = 370(3) K, which is close to that
we have obtained from analysis of temperature-dependent
lattice volume parameters estimated from low temperature
XRD patterns (Sec. IV A). Similar values of 6p are also
reported for different other members of R, T X3 series of com-
pounds [42—44].

E. Computational results

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 34 state will
have 3 electrons in f state such that § = 2 x 3/2 = 3 g
and L = 6 ug, resulting in total moment of Nd3t ion =
6 —3 = 3 ug 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 Nd>* ion will be 3.62 ug. In materials,
due to crystal-field effect/SOC, the orbital moment may get
quenched. Our measured saturated magnetic moment of 4.17
ug/f.u. indicates a ferromagnetic 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 experimental 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. Nd,CoSis (the base f.u., which
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FIG. 7. Nd-4f spin configuration in Nd,CoSi; (pseudoprimi-
tive): I, Nd1 and Nd2 are antiparallel; II, one Nd-atom at site-2 is
antiparallel to others; 111, Nd spins of both sites are parallel.

differs from cell that we use from Fig. 1; Nd4Co,Si¢) 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 aver-
age Nd-4f spins. We find that spin configuration-I is lowest
energetically (and stable—with a negative formation energy,
see below). The energy difference (AE) for a 12-atom unit
cell (Fig. 1) between configuration I [Ey (I)= —82.39939 eV]
and configuration-II [Ey, (II)= —82.39582 eV per cell] and
III [Ey (IID)= —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),
respectively.

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 x 1x 1) and an ordered
arrangement along the z axis (VI-VIIL; supercell 1 x 1x2),
see Figs. 8 and 9. For configurations with long-range order
along the z axis, having planes separated by Co,Si layer, the
energies are 14-54 meV /atom higher, i.e., not competing. For
a single moment flip, the energy is 8 meV/atom, still not

E, = -6.8666 eV/atom

E, = -6.8480 eV/atom
E,- E, = 18.6 meV/atom

E, = -6.8659 eV/atom
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FIG. 9. Configurations I and III from Fig. 7 are extended into 1 x
1 x 2 supercell. VI, VII, and VIII are newly added configurations.

competing 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
determined the formation energy AFEf,m of Nd,CoSis (bulk
without vacancy), defined by

AEfom = Ep — 4 X fing — 2 X fico — 6 X Usi, (10

E, = -6.8659 eV/atom
En-E =

0.7 meV/atom

E, = -6.8548 eV/atom
Ey- E, = 11.8 meV/atom

FIG. 8. Configurations I and III from the Fig. 7 are extended into 2 x 1x 1 supercell. IV and V are newly added configurations.
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TABLE II. Spin-polarized and SOC-moments (atomic and total) in each spin-structure of Nd,CoSi; in Fig. 7. The arrows (4, | ) represent

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

Spin-polarized moment SOC L/S moment
Nd-§ Co-S Total S Nd1/Nd2-L Total-S/L
Configuration (up/atom) (up/atom) (up/fu.) (up/atom) (up/fu.)
I 3.03 0.24 | 2.79 4.11/2.7]) 2.75/2.04
1I 3.02 0.09 | 2.90 293 1/3.34128 | 2.87/2.51
I 3.03 0.24 | 5.78 3.511/5.38] 5.77/9.83

where Ej is total ground-state energy of a bulk spin config-
uration per cell of Nd4Co,Sie, and png, co and ps; are the
chemical potentials from pure bulk Nd, Co, and Si, respec-
tively. For thermodynamic purposes, the AEy,,, is reported
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 configura-
tion 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. Energies 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 (IIT) 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
total 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 [45-47].
As such, the orbital moment reported in the Table contains the
effect of SOC. Hence, in DFT, the total moment is the addition
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 pg per f.u., respectively. The total moment |L-S| of
structure-1 is 0.71 yg per f.u. In this case, L-moment of 2.04
ug per f.u. is quenched significantly from the Hund’s value
6 ug per f.u. In structure-II, where Nd2-4f spins are ferri-
magnetic, 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 ug per
f.u., respectively, result in a total moment of 4.05 pg per f.u.
Quenching of moments in this structure is smaller; Nd1 and
Nd2 have orbital moments of 3.51 and 5.38 ug per atom,
respectively. 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.

Figure 7 shows the initial configurations considered for
calculations, 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
resultant of moments in x and y direction. Therefore, we pre-
dict that all spin structures are competing at low temperatures,
indicating spin frustration; an anomaly in the experimental
magnetic 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-earths (R)-transition-metal (7)-based systems
like SmCos, quenching of orbital moment happens when
electrostatic crystal field (CF) energy competes with SOC
energy [48]. 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 con-
figuration by adding 12.5% vacancies on Co sublattice sites
and 4.167% vacancies on the Si sublattice sites, yielding a
supercell composition (Nd;Coy g75515.83) close to that experi-
mentally observed (Nd,Coyg g5Sis g3). We constructed 2 x 2 x
1 supercell of the Nd4Co,Si¢ 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 [49]

ch}efect = [Egefect — E,(N)] £ Z An;p; (11

where Egereet and E,(N) are the total energies of system with
and without defects, respectively, An; represents the number
of atoms of type “i”’, which are added (An; < 0; interstitials)
or removed (An; > 0; vacancy) to make a defective system,
and p; is the corresponding chemical potential associated with
each defect atom. Here, we remove one Co and one Si atom
from a 2 x 2 x 1 supercell composed of four Nd,Co,Sig cell
(as in Fig. 1) to make a divacancy supercell having 48 atom
sites total, i.e., Nd;sCo07Si,3. The divacancy formation energy
is then

E}* = [Evac — Eol + pco + i 12)

where Ej is the bulk (0 vacancy) energy (4End,co,si, for the su-
percell) and E,,. is the divacancy energy for the Nd;sCo7Siz3
supercell. Again, uc, and us; are the chemical potentials of
Co and Si elements as their ground-state energies, taken from
the Materials Project database [50,51]. Notably, the chemical
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> = Co-3d ug per atom) contribution from Nd-5d states. This indicates
2L that 3d /5d-conduction carriers are blocked in this system and
@0 act as a barrier for the 4f-4f interactions, resulting in spin
= frustration
cc .
E -1 The magnetic moment of the metal is correlated directly
2o ) with the exchange splitting of the DOS at the Fermi en-
@ ergy [56]. Therefore, the lack of exchange splitting in the DOS
a 3 supports the small Co moment (0.24 yg). In the Stoner model,
A collapsing of exchange splitting (or quenching of magnetic
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FIG. 10. Spin-polarized local density of states (LDOS) of
Nd,CoSis with spin structure-1II (see Fig. 7) for (a) 4 f 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.

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., O, 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. [52-54].

The E}’ac for configuration I (IIT) is 1.75 (1.79) eV per va-
cancy. If we compare the ground-state energies of parent (Ey)
and defective supercells (Ey,c), the difference (Ey,c — Ey) 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, E}* is roughly the same for I and III).

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

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 [57]. 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. Nonequilibrium dynamics

Quite a few members of R,TX; type indeed ex-
hibit glassy feature associated with localized rare-earth
spins [18,24,26,58]. The magnetization, heat capacity data,
and DFT calculations 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 7p. The possible presence of such glassy
magnetic phase in Nd;CoggsSipgg is examined through a
comprehensive study on the low-temperature nonequilibrium
dynamical behavior.

Magnetic relaxation behavior is a key characteristic fea-
ture of glassy state formation in a system. Such relaxation
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FIG. 11. (a) Time-dependent normalized magnetization of
Nd,Cogg5Sizgs at T = 2 K under ZFC protocol for different wait
times, along with stretched exponential fit [Eq. (13)]. (b) The relax-
ation rate S(¢) at T = 2 K for two different wait times in ZFC protocol
for Nd,Coy 35515 g, exhibiting aging phenomenon.

behavior can generally be measured in both ZFC and FC pro-
tocols in the dc magnetic measurements. Here, the relaxation
measurements have been carried out in ZFC protocol to avoid
any possible negative impact of residual magnetic field in the
commercial superconducting magnetometer. In ZFC proce-
dure, the sample was cooled down from paramagnetic region
to the measurement temperature (2 K < 7p) in the absence of
any magnetic field. After the temperature is stabilized for a
wait time #,,, a small amount of magnetic field (uoH < kgTy)
was applied followed by recording M (¢) for a long time scale,
as shown in Fig. 11(a) for two different #,,. The presence of
magnetic relaxation behavior clearly indicates the presence of
magnetic glassy component in the system below 7} . The time-
dependent magnetic relaxation for a magnetically frustrated
system is well described by [59,60],

B
M(t) = M, j:Mgexp|:—<£> :| (13)

where M, denotes intrinsic magnetization present in the com-
pound, M, is the glassy component of magnetization, 7 is the
relaxation time constant, and S is known as the stretching

exponent. The value of 8 depends on the nature of energy
barriers involves in the relaxation process. § = 0 implies no
relaxation and 8 = 1 is for single time constant relaxation
process. The value of B, which ranges between 0 and 1,
indicates the glassy nature of a system as well as it gives
an estimation of the distribution of energy barriers present in
the frozen state. The fitted M(¢) data of Nd,Cogg5Sip g for
different wait times 7, using Eq. (13) is shown in Fig. 11(a).
It is found that S value is 0.29(1) for both the cases, which is
in the same range observed for different other glassy systems
reported earlier [59,61] and also in the same range observed in
R, NiSis systems [18,28,38,43]. The estimated values of t is
found to increase with increase in t,, reflecting the fact that
the system 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

1 dM@)
H d(logt)’

which could be obtained from the logarithmic time derivative
of the ZFC susceptibility [62]. The time-dependent behav-
ior of S(z) for Nd,Co gsSi gs is shown in Fig. 11(b). The
inflection point in M(¢)/M(0) curves corresponds to a max-
imum in S(z). This maximum shifts to longer observation
time with increasing f,, implying continuous aging of the
system below 7i. The temperature and magnetic field evolu-
tion of the magnetic relaxation has been further investigated
by measuring M(¢) as a function of time (under ZFC con-
dition), at different temperatures and applied magnetic fields
(Fig. 12). According to a theoretical model proposed by Ulrich
et al. [63], the rate of change of normalized remanent magne-
tization W (¢) = —(d/dt)[Inm(t)] [where m(t)= M(t)/M(0)]
for a system consisting of interacting magnetic clusters decays
following the law:

S@t) = (14)

W)=At"", t >t (15)

where A is a constant, n is an exponent function of temper-
ature, and f( is the crossover time. The value of n indicates
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 in-
creasing density. The relaxation rates W of Nd,Cog g5Si» gg as
a function of time # in a log;,-log,, plot for different temper-
atures and different magnetic fields are shown in Figs. 12(a)
and 12(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 temper-
ature and applied magnetic field, signifies spin-cluster glass
behavior [18,64,65] of the present system at low temperatures.

Magnetically frustrated glassy systems exhibit another
most spectacular manifestation of the nonequilibrium dy-
namics below blocking temperature, known as magnetic
memory effect [66]. Memory effect has been investigated for
Nd»Cog 8551583 in both FC and ZFC conditions, following
the protocol introduced by Sun er al. [66]. 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 Tyo, = 4 K (< Tp), where
the magnetic field was switched off allowing the system to
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FIG. 12. (a) Magnetic relaxation rate as a function of time on
a log-log plot for Nd,Coy g5Si, gg 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.

relax for ¢, = 1 h amount of time. After the time lapse of
ty, same amount of magnetic field was switched on again
followed by resumed cooling. Magnetization measured in this
process is depicted as Mpop. 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
measured magnetization is presented as MpSy. A reference
curve (Ml‘;ecfw) was also measured for the compound, which
is the conventionally measured FC magnetization curve. The
magnetic memory effect measured in the FC protocol, for the
compound is shown in Fig. 13(a). The magnetization curve
shows that MM tries to follow the step-like My curve at
the Tyop, exhibiting memory effect, similar to different spin-
glass systems reported earlier to exhibit this kind of memory
effect [17,67,68]. As a phase-separated or superparamagnetic
systems are also known to exhibit memory effect in the FC
process [69], it is indeed necessary to investigate the mag-

M (emu/mole)

M (emu/mole)
AM (emu/mole)

mem ref
M= MZFCW - MZFCW

>
|

T (K)

FIG. 13. Magnetic memory effect of Nd,Cog g5Si; gs in (a) field-
cooled (FC) condition and (b) zero-field-cooled (ZFC) condition for
100 Oe applied field.

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 nonequilibrium systems. In the ZFC protocol, the
sample was zero-field-cooled from the paramagnetic region
to the stopping temperatures (Tgop) in the absence of mag-
netic field, where the cooling was temporarily stopped for
t, = 1.5 h. The cooling was then resumed down to the lowest
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
MEEm,. The conventional ZFC magnetization M5y, 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, AM (= MR, — M5t -y) exhibit memory dip at
Titop- 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 different
glassy systems within the framework of two different theoreti-
cal models, viz., the droplet model [70-72] or the hierarchical
model [73,74]. According to droplet model, both the heating
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FIG. 14. Magnetic relaxation behavior of Nd,Cog g5Sizss at 4 K for H = 100 Oe with temporary cooling at 2 K in (a) FC method and
(b) ZFC method. Magnetic relaxation behavior at 4 K with an opposite relaxation during temporary cooling at 2 K using (c) the FC and
(d) ZFC protocol. The insets present the relaxation data as a function of total time spent at 4 K along with the fit (solid red line) using stretched

exponential function [Eq. (13)].

and cooling cycles of magnetic relaxation are symmetric,
as a system favours only one equilibrium spin configuration
at a given temperature. On the other hand, the hierarchical
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 hierarchical
model, a system supports asymmetric behavior in magnetic
relaxation upon cooling and heating. We have investigated the
influence of temperature and field cycling on the behavior
of magnetic relaxation in both the ZFC and FC methods
following the protocol of Sun et al. [66]. In ZFC mode, the
sample was cooled with a constant cooling rate in the absence
of magnetic field, from paramagnetic region to a temperature
Ty, which is below Ti. After reaching 7p, a small magnetic
field is applied and magnetization M(t) was recorded for
t; = 1 h. Then the sample was cooled to a lower value
To — AT in the same field and M (¢) was measured for a time
t, = 1 h. Finally, the sample temperature was restored to T
and M (t) was measured for 73 = 1 h. In FC process, the sample
was initially cooled to 7Ty from paramagnetic region in the
presence of a small magnetic field. Once T was reached, the

magnetic field was switched off and subsequently M () was
measured following temperature cycle similar to ZFC. The
FC and ZFC relaxation process with temporary cooling for the
present system is shown in Figs. 14(a) and 14(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 #3 seems to be a smooth continuation of that during #;,
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 mem-
ory effect in these compounds. We have also investigated the
opposite relaxation behavior of the samples by switching on
and off the applied field alternatively, to check the strength of
memory effect. In FC method, field was off during #; and #3
and while a magnetic field is applied during #, and M () was
measured throughout, as shown in Fig. 14(c). In ZFC process,
M (t) was measured in the presence of magnetic field during #;
and #3, while field remain switched off during #,. The related
curve is shown in Fig. 14(d) that shows that instead of such
opposite relaxation during #,, magnetic relaxation during #;
and #; are almost continuous and can be well described using
Eq. (13).
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FIG. 15. Magnetic relaxation behavior of Nd,Coy g5Si, s at 4 K
with temporary heating at 6 K measured using ZFC and FC protocol
for H = 100 Oe.

The system behaves differently when it is temporarily
heated to Ty + AT. In ZFC process, the sample was cooled
from paramagnetic region to Ty (Tp < Tr) in zero-field fol-
lowed by M(¢) measurement during ¢#; = 1 h at 7 in presence
of field. After lapse of #;, the sample was heated to Ty +
AT with same applied field and M(¢) was recorded for time
period #, = lh. Finally, the temperature of the system was
turned back to 7 and M(¢) was measured for another time
period t3 = 1 h. In FC process the sample was cooled to Tj
in presence of magnetic field followed by M () measurement
during #; = 1 h after switching off the magnetic field. Then
the sample was temporarily heated to 7o + AT and M (¢) was
recorded for r, = 1 h. The sample was finally cooled back to
Tp and M(t) was measured for another #3 = 1 h. From the
Fig. 15, it is clear that both in the ZFC and FC protocol,
magnetic relaxation behavior during #; is quite different from
that during #;. 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 favors the
hierarchical model of memory effect for the studied glassy
compound NdzCOo_gs Sig_gg.

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.
It could also map with other experimental observations, along
with the possible technological aspects. Earlier it was found
that R,TSi3 systems having magnetic frustration, exhibits
large entropy change [14,18,75] due to the fragile nature of
their ground states. The detailed magnetic and heat capacity
studies for Nd,CoggsSir s 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 under the

FIG. 16. Field dependence of isothermal magnetization for
Nd;Cog 551, g3 at different temperatures during field change 0 Oe
— 70 kOe.

influence of perturbing magnetic field is generally expected to
release a considerable magnetic entropy, i.e., yielding signifi-
cant MCE. The field dependence of magnetization at different
temperatures for the compound Nd,Cog g5Sis gg is shown in
Fig. 16. The data was taken in the temperature range 2 K
< T £ 20K 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 < 7 < 50 K. The isothermal
magnetic entropy change has been calculated from the M (H)
isotherms using the Maxwell’s relation

oM
ASy = f <—)dH (for an isothermal-isobaric

m \ 0T
process). (16)
o
' Nd2C00 85812 88 E‘J 200¢ /0/
/e = 150F 9
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7 5\ < o
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FIG. 17. Temperature dependence of isothermal magnetic en-

tropy change (—ASy) for Nd»,CogssSirgs at different applied
magnetic fields. Inset presents Relative cooling power (RCP) as a
function of applied field changes.
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FIG. 18. Temperature dependence of adiabatic temperature
change (AT,g) of Nd,Coy s5Si, gg for different magnetic fields.

Figure 17 depicts the temperature dependence of mag-
netic entropy change —ASy for different field changes. All
the curves show a maximum around 7; for different H.
The maximum value achieved by —ASy is 13.3 J/kg K for
a field change of 70 kOe, that makes this compound one
of the potential candidate among Nd-based magnetocaloric
materials [38,76,77]. — ASm(T) behavior is found to be asym-
metric around maximum indicating that the system undergoes
spin-fluctuation [78-80] or spin-flop transition [81]. In gen-
eral, the —ASy value turns out to be negative at a low
magnetic field for systems having long-range AFM type or-
dering [38,82,83]. The positive value of —ASy; even for a low
field for Nd,Cog gsSis g3 again gives a hint towards a short-
range character of AFM coupling. The RCP that quantifies
the efficiency of a magnetic refrigerant, is defined as

T
RCP = / ASudT (17)
T

RCP value is also found to be considerable due to the asym-
metric broadening of —ASy(7) 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
AT,q has been calculated using

ATy =I[T(S.H) =T(S,0)]s (18)

where T'(S, H) and T (S, 0) are the temperatures at Hypplied =
H and 0O respectively for a particular entropy S. Temperature
dependence of AT,y for different field changes have been
shown in Fig. 18. As similar to —ASy, an asymmetrical
broadening is found also in AT,. Such a broadening with
large values of AT,4 makes this compound usable over a wide
temperature range. The maximum value of AT,y obtained
is 6 K for 70 kOe magnetic field change. The parameters
related to MCE obtained for Nd,Coy g5Si5 g3, are comparable
to other Nd-based good magnetic refrigerant in the cryogenic
temperature region [38,77,84—-86].

V. CONCLUDING REMARKS

Here, we report the successful synthesis of a triangular lat-
tice compound Nd,Coyg g5Si5 3, forming in single-phase only
with defect structure with vacancies. Magnetization measure-
ments suggest the presence of two magnetic phase transitions
in the system, at Ty ~ 140 K and at 7 ~ 6.5 K. From our
detailed studies on temperature, magnetic field, and time
dependent magnetization, heat capacity, together with DFT
calculations, we have argued that the high-temperature phase
transition is associated with the development of ferromag-
netic interaction among the itinerant Co-3d moments, while
the low-temperature transition is due to an antiferromagnetic
coupling between localized Nd-4 f 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 fluctuations
associated with the localized Nd-4f ions start to develop
below 30 K and compete with the itinerant FM interactions
of Co spin-clusters, giving rise to an anomalous tempera-
ture dependence of magnetic coercivity. The detailed studies
on low-temperature nonequilibrium dynamical behavior (in-
cluding magnetic relaxation and associated aging phenomena
along with magnetic memory effect both in ZFC and FC
conditions) clearly suggest a short-range glassy state forma-
tion below Tp for the compound. The glassy component is
originated 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 sensitiv-
ity of the ground-state spin texture, the compound exhibits
considerable magnetocaloric effect with isothermal entropy
change —ASy ~ 13.3 J/kg K, relative cooling power RCP
~ 220 J/kg and adiabatic temperature change ATy ~ 6 K
for 70 kOe magnetic field change. The unique mechanism of
magnetic frustration discussed for Nd,Coyg g5Si, gg is expected
to contribute significantly to understand the origin and the
mechanism of competing magnetic interactions as well as
related phenomena in isostructural materials.

ACKNOWLEDGMENTS

A major part of this work has been carried out and
supported through CMPID project at SINP and funded by
Department of Atomic Energy (DAE), Govt. of India. The
authors are thankful to Anish Karmahapatra for techni-
cal support during XRD measurements. We are grateful to
Shibasis Chatterjee and Tridib Das for SEM & EDX mea-
surements. The research at Ames National Laboratory (in
part) was supported by the U.S. Department of Energy, Office
of Basic Energy Sciences, Division of Materials Sciences
and Engineering. Ames National Laboratory is operated for
the U.S. Department of Energy by lowa State University
under Contract No. DE-AC02-07CH11358. S.C. acknowl-
edges University Grants Commission (UGC) for research
fellowship. N.L. acknowledges the Council of Scientific and
Industrial Research (CSIR), New Delhi for PPMS facility
through XII Five Year Plan project MULTIFUN (CSC-0101)
and thankful to the Director, CSIR-CECRI for the support
(CECRI/PESVC/Pubs./2021-153).

094421-15



MILY KUNDU et al.

PHYSICAL REVIEW B 107, 094421 (2023)

[1] J. A. Mydosh, J. Magn. Magn. Mater. 157-158, 606 (1996).

[2] J. E. Greedan, J. Mater. Chem. 11, 37 (2001).

[3] A. P. Ramirez, Handbook of Magnetic Materials (Elsevier, Am-
sterdam, 2001), Vol. 13, pp. 423.

[4] B. Martinez, X. Obradors, F. Sandiumenge, and A. Labarta,
Complex Behavior of Glassy Systems (Springer, New York,
1997), Vol. 414.

[5] R. Moessner and J. T. Chalker, Phys. Rev. B 58, 12049
(1998).

[6] R. Moessner and A. P. Ramirez, Phys. Today 59, 24 (2006).

[7] V. Lohani, C. Hickey, J. Masell, and A. Rosch, Phys. Rev. X 9,
041063 (2019).

[8] V. Ukleev, K. Karube, P. M. Derlet, C. N. Wang, H. Luetkens,
D. Morikawa, A. Kikkawa, L. Mangin-Thro, A. R. Wildes, Y.
Yamasaki et al., npj Quantum Mater. 6, 40 (2021).

[9] Y. Hu, X. Chi, X. Li, Y. Liu, and A. Du, Sci. Rep. 7, 16079
(2017).

[10] T. Kurumaji, T. Nakajima, M. Hirschberger, A. Kikkawa, Y.
Yamasaki, H. Sagayama, H. Nakao, Y. Taguchi, T. Arima, and
Y. Tokura, Science 365, 914 (2019).

[11] C. Lacroix, P. Mendels, and F. Mila, Introduction to Frustrated
Magnetism: Materials, Experiments, Theory (Springer Science
& Business Media, New York, 2011), Vol. 164.

[12] S. Blundell, Magnetism in Condensed Matter (American Asso-
ciation of Physics Teachers, College Park, MD, 2003).

[13] A. Midya, N. Khan, D. Bhoi, and P. Mandal, Appl. Phys. Lett.
101, 132415 (2012).

[14] S. Pakhira, C. Mazumdar, R. Ranganathan, and M. Avdeev, Sci.
Rep. 7, 7367 (2017).

[15] M. E. Zhitomirsky, Phys. Rev. B 67, 104421 (2003).

[16] M. E. Zhitomirsky and H. Tsunetsugu, Phys. Rev. B 70,
100403(R) (2004).

[17] N. Khan, P. Mandal, and D. Prabhakaran, Phys. Rev. B 90,
024421 (2014).

[18] S. Pakhira, C. Mazumdar, R. Ranganathan, S. Giri, and M.
Avdeev, Phys. Rev. B 94, 104414 (2016).

[19] S. Majumdar and E. V. Sampathkumaran, Phys. Rev. B 63,
172407 (2001).

[20] M. Kundu, S. Pakhira, R. Choudhary, D. Paudyal, N.
Lakshminarasimhan, M. Avdeev, S. Cottrell, D. Adroja, R.
Ranganathan, and C. Mazumdar, Sci. Rep. 11, 13245 (2021).

[21] P. Zhi-Yan, C. Chong-De, B. Xiao-Jun, S. Rui-Bo, Z. Jian-Bang,
and D. Li-Bing, Chin. Phys. B 22, 056102 (2013).

[22] S. Pakhira, A. K. Kundu, R. Ranganathan, and C. Mazumdar,
J. Phys.: Condens. Matter 30, 215601 (2018).

[23] S. Pakhira, C. Mazumdar, D. Choudhury, R. Ranganathan, and
S. Giri, Phys. Chem. Chem. Phys. 20, 13580 (2018).

[24] C. Tien, L. Luo, and J. S. Hwang, Phys. Rev. B 56, 11710
(1997).

[25] Y. Zhang, D. Guo, Y. Yang, S. Geng, X. Li, Z. Ren, and G.
Wilde, J. Alloys Compd. 702, 546 (2017).

[26] Z. J. Mo, J. Shen, X. Q. Gao, Y. Liu, C. C. Tang, J. F. Wu,
F. X. Hu, J. R. Sun, and B. G. Shen, J. Alloys Compd. 626, 145
(2015).

[27] D. X. Li, S. Nimori, Y. Shiokawa, Y. Haga, E. Yamamoto, and
Y. Onuki, Solid State Commun. 120, 227 (2001).

[28] S. Pakhira, C. Mazumdar, A. Basu, R. Ranganathan, R. N.
Bhowmik, and B. Satpati, Sci. Rep. 8, 14870 (2018).

[29] S. Pakhira, C. Mazumdar, and R. Ranganathan, J. Magn. Magn.
Mater. 512, 167055 (2020).

[30] S. Pakhira, C. Mazumdar, M. Avdeev, R. N. Bhowmik, and R.
Ranganathan, J. Alloys Compd. 785, 72 (2019).

[31] M. Hirschberger, T. Nakajima, M. Kriener, T. Kurumaji, L.
Spitz, S. Gao, A. Kikkawa, Y. Yamasaki, H. Sagayama, H.
Nakao, S. Ohira-Kawamura, Y. Taguchi, T.-H. Arima, and Y.
Tokura, Phys. Rev. B 101, 220401(R) (2020).

[32] M. Hirschberger, L. Spitz, T. Nomoto, T. Kurumaji, S. Gao, J.
Masell, T. Nakajima, A. Kikkawa, Y. Yamasaki, H. Sagayama,
H. Nakao, Y. Taguchi, R. Arita, T.-H. Arima, and Y. Tokura,
Phys. Rev. Lett. 125, 076602 (2020).

[33] T. Nomoto, T. Koretsune, and R. Arita, Phys. Rev. Lett. 125,
117204 (2020).

[34] H.Zhang, Q. Huang, L. Hao, J. Yang, K. Noordhoek, S. Pandey,
H. Zhou, and J. Liu, New J. Phys. 22, 083056 (2020).

[35] J. Rodriguez-Carvajal, Phys. B: Condens. Matter 192, 55
(1993).

[36] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).

[37] G. Kresse and J. Furthmiiller, Phys. Rev. B 54, 11169 (1996).

[38] S. Pakhira, C. Mazumdar, R. Ranganathan, and S. Giri, Phys.
Chem. Chem. Phys. 20, 7082 (2018).

[39] Y. Takahashi, Spin Fluctuation Theory of Itinerant Electron
Magnetism (Springer, New York, 2013), Vol. 9.

[40] V. K. Anand and D. C. Johnston, Phys. Rev. B 91, 184403
(2015).

[41] S. Pakhira, A. V. Morozkin, M. Avdeev, and C. Mazumdar,
J. Magn. Magn. Mater. 536, 168083 (2021).

[42] 1. M. Siouris, R. K. Kremer, and M. Hoelzel, J. Magn. Magn.
Mater. 323, 2903 (2011).

[43] S. Pakhira, C. Mazumdar, R. Ranganathan, and S. Giri,
J. Alloys Compd. 742, 391 (2018).

[44] K. K. Iyer and E. V. Sampathkumaran, Physica C Supercond.
466, 51 (2007).

[45] S. Steiner, S. Khmelevskyi, M. Marsmann, and G. Kresse, Phys.
Rev. B 93, 224425 (2016).

[46] 1. V. Solovyev, A. . Liechtenstein, and K. Terakura, Phys. Rev.
Lett. 80, 5758 (1998).

[47] K. Knopfle, L. M. Sandratskii, and J. Kiibler, J. Phys.: Condens.
Matter 9, 7095 (1997).

[48] B. Das, R. Choudhary, R. Skomski, B. Balasubramanian, A. K.
Pathak, D. Paudyal, and D. J. Sellmyer, Phys. Rev. B 100,
024419 (2019).

[49] X. Zhang, B. Grabowski, T. Hickel, and J. Neugebauer,
Comput. Mater. Sci. 148, 249 (2018).

[50] A. Jain, G. Hautier, C. J. Moore, S. P. Ong, C. C. Fischer, T.
Mueller, K. A. Persson, and G. Ceder, Comput. Mater. Sci. 50,
2295 (2011).

[51] A. Jain, S. P. Ong, G. Hautier, W. Chen, W. D. Richards, S.
Dacek, S. Cholia, D. Gunter, D. Skinner, G. Ceder, and K. A.
Persson, APL Mater. 1, 011002 (2013).

[52] A. Wang, R. Kingsbury, M. McDermott, M. Horton, A. Jain,
S. P. Ong, S. Dwaraknath, and K. A. Persson, Sci. Rep. 11,
15496 (2021).

[53] L. Wang, T. Maxisch, and G. Ceder, Phys. Rev. B 73, 195107
(2006).

[54] A. Jain, G. Hautier, S. P. Ong, C. J. Moore, C. C. Fischer, K. A.
Persson, and G. Ceder, Phys. Rev. B 84, 045115 (2011).

[55] M. Ziese and M. J. Thornton, Spin Electronics (Springer, 2007),
Vol. 569.

[56] D. P. Kozlenko, E. Burzo, P. Vlaic, S. E. Kichanov, A. V.
Rutkauskas, and B. N. Savenko, Sci. Rep. 5, 8620 (2015).

094421-16


https://doi.org/10.1016/0304-8853(95)01272-9
https://doi.org/10.1039/b003682j
https://doi.org/10.1103/PhysRevB.58.12049
https://doi.org/10.1063/1.2186278
https://doi.org/10.1103/PhysRevX.9.041063
https://doi.org/10.1038/s41535-021-00342-5
https://doi.org/10.1038/s41598-017-16348-8
https://doi.org/10.1126/science.aau0968
https://doi.org/10.1063/1.4754849
https://doi.org/10.1038/s41598-017-07459-3
https://doi.org/10.1103/PhysRevB.67.104421
https://doi.org/10.1103/PhysRevB.70.100403
https://doi.org/10.1103/PhysRevB.90.024421
https://doi.org/10.1103/PhysRevB.94.104414
https://doi.org/10.1103/PhysRevB.63.172407
https://doi.org/10.1038/s41598-021-90751-0
https://doi.org/10.1088/1674-1056/22/5/056102
https://doi.org/10.1088/1361-648X/aabc22
https://doi.org/10.1039/C8CP01280F
https://doi.org/10.1103/PhysRevB.56.11710
https://doi.org/10.1016/j.jallcom.2017.01.285
https://doi.org/10.1016/j.jallcom.2014.11.174
https://doi.org/10.1016/S0038-1098(01)00381-7
https://doi.org/10.1038/s41598-018-32740-4
https://doi.org/10.1016/j.jmmm.2020.167055
https://doi.org/10.1016/j.jallcom.2019.01.123
https://doi.org/10.1103/PhysRevB.101.220401
https://doi.org/10.1103/PhysRevLett.125.076602
https://doi.org/10.1103/PhysRevLett.125.117204
https://doi.org/10.1088/1367-2630/aba650
https://doi.org/10.1016/0921-4526(93)90108-I
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1039/C7CP08574E
https://doi.org/10.1103/PhysRevB.91.184403
https://doi.org/10.1016/j.jmmm.2021.168083
https://doi.org/10.1016/j.jmmm.2011.06.057
https://doi.org/10.1016/j.jallcom.2018.01.145
https://doi.org/10.1016/j.physc.2007.05.049
https://doi.org/10.1103/PhysRevB.93.224425
https://doi.org/10.1103/PhysRevLett.80.5758
https://doi.org/10.1088/0953-8984/9/33/012
https://doi.org/10.1103/PhysRevB.100.024419
https://doi.org/10.1016/j.commatsci.2018.02.042
https://doi.org/10.1016/j.commatsci.2011.02.023
https://doi.org/10.1063/1.4812323
https://doi.org/10.1038/s41598-021-94550-5
https://doi.org/10.1103/PhysRevB.73.195107
https://doi.org/10.1103/PhysRevB.84.045115
https://doi.org/10.1038/srep08620

MAGNETIC FRUSTRATION DRIVEN BY CONDUCTION ...

PHYSICAL REVIEW B 107, 094421 (2023)

[57] S. Eich, M. Plotzing, M. Rollinger, S. Emmerich, R. Adam, C.
Chen, H. C. Kapteyn, M. M. Murnane, L. Plucinsky, D. Steil
et al., Sci. Adv. 3, €1602094 (2017).

[58] S. Majumdar and E. V. Sampathkumaran, Solid State Commun.
117, 645 (2001).

[59] J. A. Mydosh, Spin Glasses: An Experimental Introduction
(CRC Press, Boca Raton, FL, 1993).

[60] K. Binder and A. P. Young, Rev. Mod. Phys. 58, 8§01
(1986).

[61] D. Chu, G. G. Kenning, and R. Orbach, Phys. Rev. Lett. 72,
3270 (1994).

[62] I. A. Campbell and C. Giovannella, Relaxation in Complex Sys-
tems and Related Topics (Springer Science & Business Media,
New York, 2013), Vol. 222.

[63] M. Ulrich, J. Garcia-Otero, J. Rivas, and A. Bunde, Phys. Rev.
B 67, 024416 (2003).

[64] K. Manna, D. Samal, A. K. Bera, S. Elizabeth, S. M. Yusuf, and
P. S. A. Kumar, J. Phys.: Condens. Matter 26, 016002 (2013).

[65] F. Rivadulla, M. A. Lopez-Quintela, and J. Rivas, Phys. Rev.
Lett. 93, 167206 (2004).

[66] Y. Sun, M. B. Salamon, K. Garnier, and R. S. Averback, Phys.
Rev. Lett. 91, 167206 (2003).

[67] A. Bhattacharyya, S. Giri, and S. Majumdar, Phys. Rev. B 83,
134427 (2011).

[68] K. Jonason, E. Vincent, J. Hammann, J. P. Bouchaud, and P.
Nordblad, Phys. Rev. Lett. 81, 3243 (1998).

[69] M. Sasaki, P. E. Jonsson, H. Takayama, and H. Mamiya, Phys.
Rev. B 71, 104405 (2005).

[70] D. S. Fisher and D. A. Huse, Phys. Rev. B 38, 373 (1988).

[71] D. S. Fisher and D. A. Huse, Phys. Rev. B 38, 386 (1988).

[72] W. L. McMillan, J. Phys. C: Solid State Phys. 17, 3179 (1984).

[73] V. S. Dotsenko, J. Phys. C: Solid State Phys. 18, 6023 (1985).

[74] E. Vincent, J. Hammann, M. Ocio, J.-P. Bouchaud, and L. F.
Cugliandolo, Complex Behaviour of Glassy Systems (Springer,
New York, 1997), Vol. 184.

[75] S. Pakhira, C. Mazumdar, and R. Ranganathan, J. Phys.:
Condens. Matter 29, 505801 (2017).

[76] S. M. Yusuf, M. Halder, A. K. Rajarajan, A. K. Nigam, and S.
Banerjee, J. Appl. Phys. 111, 093914 (2012).

[77] S. Gupta, K. G. Suresh, A. Das, A. K. Nigam, and A. Hoser,
APL Mater. 3, 066102 (2015).

[78] A. M. Tishin and Y. I. Spichkin, The Magnetocaloric Effect and
its Applications (CRC Press, Boca Raton, FL, 2016).

[79] S. Pakhira, C. Mazumdar, and R. Ranganathan, Intermetallics
111, 106490 (2019).

[80] S. Pakhira, M. Kundu, R. Ranganathan, and C. Mazumdar,
J. Phys.: Condens. Matter 33, 095804 (2020).

[81] O. Toulemonde, P. Roussel, O. Isnard, G. André, and O. Mentre,
Chem. Mater. 22, 3807 (2010).

[82] T. Samanta, I. Das, and S. Banerjee, Appl. Phys. Lett. 91,
152506 (2007).

[83] A. V. Morozkin, V. O. Yapaskurt, J. Yao, R. Nirmala, S.
Quezado, and S. K. Malik, Intermetallics 107, 81 (2019).

[84] B. Maji, K. G. Suresh, and A. K. Nigam, Appl. Phys. Lett. 102,
062406 (2013).

[85] B. Maji, K. G. Suresh, X. Chen, and R. V. Ramanujan, J. Appl.
Phys. 111, 073905 (2012).

[86] M. F. Md Din, J. L. Wang, M. Avdeev, Q. F. Gu, R. Zeng, S. J.
Campbell, S. J. Kennedy, and S. X. Dou, J. Appl. Phys. 115,
17A921 (2014).

094421-17


https://doi.org/10.1126/sciadv.1602094
https://doi.org/10.1016/S0038-1098(01)00011-4
https://doi.org/10.1103/RevModPhys.58.801
https://doi.org/10.1103/PhysRevLett.72.3270
https://doi.org/10.1103/PhysRevB.67.024416
https://doi.org/10.1088/0953-8984/26/1/016002
https://doi.org/10.1103/PhysRevLett.93.167206
https://doi.org/10.1103/PhysRevLett.91.167206
https://doi.org/10.1103/PhysRevB.83.134427
https://doi.org/10.1103/PhysRevLett.81.3243
https://doi.org/10.1103/PhysRevB.71.104405
https://doi.org/10.1103/PhysRevB.38.373
https://doi.org/10.1103/PhysRevB.38.386
https://doi.org/10.1088/0022-3719/17/18/010
https://doi.org/10.1088/0022-3719/18/32/013
https://doi.org/10.1088/1361-648X/aa9736
https://doi.org/10.1063/1.4709761
https://doi.org/10.1063/1.4922387
https://doi.org/10.1016/j.intermet.2019.106490
https://doi.org/10.1088/1361-648X/abcdb2
https://doi.org/10.1021/cm100571v
https://doi.org/10.1063/1.2798594
https://doi.org/10.1016/j.intermet.2019.01.016
https://doi.org/10.1063/1.4791674
https://doi.org/10.1063/1.3700243
https://doi.org/10.1063/1.4864249

