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Typically, atomic scale disorder is essential to show glassy behavior and amorphous materials can be the
optimum candidates in this regard. Generating local disorder in an ordered material by substitution of another
metal is a challenging task. In this paper, we successfully substituted Ni in EuGas (EuNig37Gasz63) to induce
spin glass (SG) behavior. The compound was characterized by single-crystal x-ray diffraction, dc magnetization,
frequency-dependent ac susceptibility, isothermal magnetization at various temperatures, spin relaxation, specific
heat, and electric resistivity. Two distinct anomalies were observed in dc susceptibility ~ 16.5 and 5.2 K corre-
sponding to long-range antiferromagnetic (AFM) ordering and SG transition, respectively. Their characteristic
peaks in specific heat capacity further support the AFM and SG behavior. The irreversibility temperature is fitted
with the Almeida-Thouless equation, confirming the Ising SG. The SG behavior is further confirmed by shift
of maxima to a high temperature in ac susceptibility with increasing frequency. Nonzero spin relaxation after
7200 s, fitted with stretched exponential model, provides the value of 8 = 0.41. This material can be identified
as a possible reentrant SG as AFM and SG behavior coexist in the low-temperature range. Additionally, a
spin-flip transition is observed in the AFM region (5.2 K < T < 16.5 K). Our first-principles calculations show
Ni substitution induces the distortion in electronic band structure as compared with parent EuGas. A minimal
difference between the different magnetic configurations for Ni-substituted EuGa, suggests the frustration in the

lattice, pointing toward SG behavior.

DOLI: 10.1103/PhysRevB.106.224414

I. INTRODUCTION

Spin glass (SG) is a phenomenon of disordered spins in
the crystal lattice, which shows a classical phase transition
at a critical temperature. However, SG differs from the fer-
romagnetism (FM) and antiferromagnetism (AFM) owing to
the lack of long-range magnetic ordering. Generally, SG in
a material is observed due to disorder and frustration, which
leads to competition in AFM and FM interaction [1-3]. In
some cases, dynamic frustration can also lead to SG behavior
[4]. Although SG behavior was initially observed in AuFe
solid solution [5], later, rare-earth (RE)-based intermetallics
have gained more attention due to the strong correlated elec-
trons and the presence of the crystal electric field, which
play important roles in observation of SG behavior [1].
Several RE-based intermetallics have been reported for SG
[6-9]. They are also known for complex magnetic behavior,
such as multiple magnetic transitions [10-13] and charge
density wave (CDW) [14-19]. The presence of long- and
short-range magnetic ordering increases the complexity, for
example, with the FM-to-SG transition in Cr7sFe,s [20] and
Ni,Mn; 36Sng 64 [21]. A material which exhibits the transition
from long- to short-range order upon lowering the temperature
is known as reentrant SG (RSG). The classic example of RSG
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is Eu,Sr;_,S [22], which is proposed by the Sherrington-
Kirkpatrick (SK) model theoretically [23].

The RETX; (T = transition metals, X = p—block ele-
ments) series of compounds are rich in structure and magnetic
properties [24-27]. In this class of intermetallic, mainly
Pr-based intermetallics (crystallizes in BaNiSnjz-type non-
centrosymmetric crystal structure) are known to exhibit SG
behavior [28,29], along with GdCuGa; [30] and CeRuGes
[31]. SG behavior in Pr-based intermetallics is interesting due
to the lack of frustration and disorder of the system, under-
stood as dynamic frustration [4]. In contrast, the SG property
in GdCuGaj and CeRuGes is believed to originate from spin-
reorientation Gd*t [30] and nonmagnetic atom disorder (Ge
disorder at 24k Wyckoff position), respectively. Furthermore,
EuT Ge; (T = Co, Ni, Rh, Pd, and Ir) compounds crystal-
lizing in the BaNiSns-type structure have been reported for
the AFM (Ty = 10-17 K) ground state [32,33]. Among them,
EuTX; (T = Co, Ni, and Ir) show multiple magnetic tran-
sitions. The magnetic structure of EuNiGes determined by
neutron diffraction reveals the equal-moment helicoidal struc-
ture with an incommensurate wave vector (k = /4 d 0) [34].
In EuNiGes, the paramagnetic (PM)-to-AFM phase transi-
tion is mediated by the incommensurately modulated phase
(collinear) determined by Mdssbauer spectroscopy [35].

The BaAly structure type has recently gained much atten-
tion due to its nontrivial band topology. A binary intermetallic
EuGay crystallizing in the centrosymmetric BaAly structure
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type with 14 /mmm space group hosts the AFM ground state
[36]. The EuXy (X = Ga, Al) compounds show giant magne-
toresistance [37], topological Hall effect [37,38], and CDW
(EuGay shows > 1 GPa) [16-18,39]. The neutron diffraction
and uSR study on EuGay shows the A-type AFM magnetic
structure [40,41]. However, the physical properties of these
materials can be altered by substitution or doping. The BaAly
lattice has three atomic positions, one for Ba and two for Al
atoms. Substitution at different atomic positions has led to
change in magnetic properties. For example, AFM transition
temperature Ty decreases from 16.5 to 13 K by substitution
of Yb at the Eu site in EuGay [36,42]. A similar lowering
of the AFM transition occurs upon Li and Mg substitution
at the Ga atomic position [43]. Additionally, the magnetic
ordering changed to FM upon Si substitution at the Al position
in EuAly [44].

Several compounds with a general formula of EuTGas
crystal were grown, but none crystallized in the BaAly-
structure type. However, Li and Mg atoms substituted at the
Ga site in nonstoichiometric amounts retain the crystal struc-
ture [43]. It indicates the robustness of the polar intermetallic
structure and resistance toward any foreign element, as Bobev
et al. [36] indicated in their attempt to replace Ga atoms
with Si and Sn atoms. Here, in this paper, we have substi-
tuted Ni atoms at the Ga site with a nominal composition of
EuNig 37Gas63. In contrast to the previous report, substitution
in the lattice induces more complex SG behavior <~ 5.2 K
while retaining the unchanged AFM transition in EuGay and
classifying it as a possible RSG. A detailed magnetic sus-
ceptibility (dc and ac), magnetic relaxation, thermodynamic,
electric, and first-principles calculations were performed to
study the SG behavior.

II. EXPERIMENTAL DETAILS

Eu, Ni, and Ga metals were taken in the ratio of 1:1:10 in
an alumina crucible. The weighing of the metals was done in
the Argon-filled glove box and later sealed in an evacuated
quartz ampoule. The ampoule was slowly heated to 1000 °C
in 24 h, kept for 24 h, and cooled down to 500 °C at a rate of
2 °C/h. The ampoule was decanted and centrifugated at that
temperature to remove the excess Ga flux. Any residue Ga
flux was cleaned using dimethylformamide and I, solution by
sonication. The shiny silver crystals obtained are cylindrical
shaped. The handpicked single crystals were used for single-
crystal x-ray diffraction (SCXRD) studies. The single-crystal
data were collected on a Bruker APEX3 diffractometer using
Mo-K« radiation (A = 0.71073 A) at 300 K. The structures
were solved with the SHELXS structure solution program using
direct methods and refined with the SHELXL refinement pack-
age using least squares minimization [45]. The structure was
solved in the /4 /mmm space group with mixed occupancy of
Ni at the Ga2 position. The structure was refined until the R
factor and goodness of fit attained values of 3.17 and 1.077,
respectively. Crystallographic data are listed in Table SI in the
Supplemental Material [46].

The composition and color mapping analyses were done
using scanning electron microscopy (SEM)-energy-dispersive
x-ray spectroscopy (EDS) on the Leica instrument. The color
mapping shows the uniform distribution of all the elements.

The phase purity of the bulk sample was determined using
powder x-ray diffraction (XRD). Data were collected using
Rigaku miniflex x-ray diffractometer with Cu—K, as the
x-ray source (A = 1.5406 A). No other phase was found
within the detection limit (< 2%) of powder XRD. A selected
area diffraction pattern (SAED) was collected using JEOL
200 KeV transmission electron microscopy (TEM) to confirm
phase purity further.

The magnetic measurements were catried out with a Quan-
tum Design Magnetic Property Measurement System, Super-
conducting Quantum Interference Device (MPMS-SQUID)
dc. Temperature-dependent magnetization data were collected
in the field-cooled (FC) and zero-FC (ZFC) modes in a tem-
perature range of 2-300 K with a varying magnetic field.
Isothermal magnetizations were done at various temperatures
in the magnetic field of —7 to 7 T. Heat capacity was measured
in relaxation mode, and transport properties were measured by
a four-probe connection using the Physical Property Measure-
ment System (PPMS, Quantum Design).

We implemented the first-principles calculations based on
density functional theory (DFT) embedded in the QUANTUM
ESPRESSO code [47]. The generalized gradient approximation
exchange-correlation energy functional used for these calcula-
tions are parametrized by Perdew, Burke, and Ernzerhof [48].
The projector augmented-wave function was used [49]. Elec-
tronic wave functions and charge density were represented in
a plane-wave basis set truncated with cutoff energy of 45 and
400 Ry, respectively. The integration over the Brillouin zone
was sampled with a dense 10 x 10 x 5 mesh of k points.

III. RESULTS AND DISCUSSION

EuNij37Gaze; crystallizes in body-centered tetragonal
space group I4/mmm [Fig. 1(a)], determined by SCXRD,
powder XRD, and SAED. The lattice parameters deter-
mined using SCXRD are a =b = 4.4015(2) A and ¢ =
10.6781(7) A, in close agreement with parent EuGa, [36].
The a and b lattice parameters decrease, while the c lattice pa-
rameter increases marginally. All the relevant crystallographic
data are provided in Tables SI-SIII in the Supplemental
Material [46]. The SCXRD raw data integration gives the
mean |E2—1| statistic of 0.766, which is close to the
noncentrosymmetric crystal system (|E2—1| = 0.73 for non-
centrosymmetric and 0.98 for centrosymmetric). However,
the structure solution in /4mm results as nonpositive def-
inite (NPD), indicating the wrong structure model for the
structure refinement. Subsequently, data were solved in the
centrosymmetric space group /4/mmm and refined. The struc-
ture was refined in the /4/mmm space group, containing the
2a Wyckoff position for Eu atoms and 4d and 4e for Ga
atoms. It is reported in the literature that mostly dopants are
substituted in the 4d position [17,43,50,51], separated by the
4e Ga atoms forming square pyramidal geometry. However,
to find the best-suited structure model, we mixed the Ni
with Ga atoms at 4d and 4e Wyckoff positions in separate
refinements. Both refinements give a satisfactory structure
solution. The anisotropic displacement parameter (ADP) was
used to determine the correct atomic position of Ni. The
lower ADP value was conclusive for Ni atoms to occupy the
4e Wyckoff position. In a theoretical study on site occupancies
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FIG. 1. Structure characterization of EuNij 37Ga3 ¢3. (a) The unit
cell of EuNij3;Gaz 63, where Ni atoms are mixed at 4e¢ Wyckoff
with Ga atoms. (b) The selected area diffraction pattern (SAED)-
transmission electron microscopy (TEM) image along the zone axis
110 matches closely with the simulated SAED pattern from single-
crystal x-ray diffraction (SCXRD) and PTCLab software. (c) The
scanning electron microscopy (SEM)-energy-dispersive x-ray spec-
troscopy (EDS) color mapping shows a representative single crystal
and uniform distribution of Eu, Ni, and Ga. The corresponding
atomic percentage is written for each element.

of the dopant in the BaAls structure type, Hdussermann
et al. [52] state that elements with higher electronegativity
(EN) occupy the 4e Wyckoff position (EN of Ni = 1.91, EN
of Ga = 1.81 on the Pauling scale), which further supports
our SCXRD determined site occupancies. The SAED pattern
[Fig. (1b)] was collected at room temperature (300 K) along
the 110 zone axis, which corroborates with simulated SCXRD
and PTCLab [inset of Fig. 1(b)] [53], confirming the cen-
trosymmetric space group of this compound. The SEM-EDS
mapping shows uniform elemental distribution, but the Ni
concentration is lower than the expected ~ 9 at. %, Fig. 1(c). It
can be attributed to the relative K-edge values for Ni and Ga,
where a broad Ga peak hinders determining the true atomic
concentration of Ni.

All dc magnetic measurements were done on the polycrys-
talline sample. The ZFC and FC susceptibility measurements
at the various magnetic fields as a function of temperature
are presented in Fig. 2(a). The magnetic susceptibility at
0.1 T of the applied magnetic field shows the two mag-
netic anomalies at 16.5 and 5.2 K in ZFC and FC modes.
The different bifurcation behavior in ZFC and FC curves

below anomaly temperature indicates a different type of mag-
netic transition. The overlap of ZFC and FC curves until
16.53 K and A-shaped transition in specific heat data confirm
the AFM transition (7y), which is in close agreement with
previous reports [36,37,41]. The bifurcation in ZFC and FC
curves is a preliminary indicator of SG behavior. The nature
of bifurcation in dc magnetic susceptibility is probed with
a dissimilitude magnetic field (0.005-0.5 T). The cusplike
behavior (~ 16.5 K) is retained until the highest applied mag-
netic field without any shift in temperature. In contrast, the
cusplike behavior at 5.2 K shifts toward lower temperature and
vanishes out on the high magnetic field (0.5 T), confirming
the short-range ordering, Fig. 2(a). The Curie-Weiss fit in the
temperature range of 220-300 K results in the effective PM
moment () of 6.98 pg/f.u., which is in close agreement
with the DFT-calculated magnetic moment of 6.73 pg/f.u.
However, it is considerably less than the theoretical magnetic
moment of Eu?* of 7.93 pg, Fig. 2(b). The lower value of
WUefr can be explained by two factors: (1) crystalline electric
field and (2) change in the valence state of Eu’* to Eu’*
[54-57]. The Curie-Weiss temperature of —98.8 K shows the
dominant AFM interaction. The magnetic frustration defined
as f = |0cw|/Tn = 5.85 indicates a moderately frustrated
system [58,59]. The bifurcation in the ZFC and FC curves
(defined as Tj,;) decreases upon an increase in the magnetic
field, confirming short-range ordering in the system, as shown
in Figs. 2(c)-2(e).

The magnetic field dependence of Tj, is used to character-
ize Ising SG, using the Almeida-Thouless (AT) line [60]. The
AT line represents the SG phase boundary separating from
the PM region. According to mean-field theory, the AT line
is represented as

Tiw(H) = Tix(0)(1 — CH"),

where T, (0) is the bifurcation temperature for zero magnetic
fields, C is constant, and n has a theoretical value of 2/3 for
Ising SG [3]. Figure 2(g) shows the experimental data best fit-
ting with the AT line. The fitting parameter obtained at7;, (0)
is 5.655 (9) K, and n is 0.653 (1), which is in complete agree-
ment with Ising SG of 0.66. The isothermal magnetization at
different temperatures is shown in Fig. 2(h). The M(H) curve
at 300 K shows a typical PM nature of the sample, while at
25 K, an S-like shape is observed. At 10 and 7 K, the magnetic
moment does not saturate until the highest applied magnetic
field (7 T); however, a slope change is observed. The change
in slope of magnetization under the applied magnetic field can
be associated with the reorientation of spin [metamagnetic
transition (MMT)]. A slope change is observed at 0.34 and
6.27 T and 0.15 and 5.72 T for 7 and 10 K isotherms, respec-
tively. However, slope change is small compared with the high
magnetic field spin-flip transition. A similar kind of MMT is
observed in Al-substituted EuGa, but absent in parent EuGay
[17,39], which shows the A-type AFM [41]. The observed
MMT in the present sample can be attributed to the magne-
tocrystalline anisotropy, spin-canting, and magnetic exchange
interactions due to varying Ruderman-Kittel-Kasuya-Yosida
interaction, which originate from Ni substitution in the lattice
[61]. Surprisingly, the MMT point increases with a de-
crease in temperature, indicating the canted AFM behavior in
Ni-substituted EuGay [17,62].
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FIG. 2. dc magnetic measurement on a polycrystalline sample of the crushed single crystals. (a) Zero-field-cooled (ZFC) and field-cooled
(FC) magnetic susceptibility data with various applied magnetic fields. (b) The FC inverse susceptibility at 0.1 T fitted with the Curie-Weiss
law in the linear temperature range of 225-300 K. (c)—(e) Bifurcation in ZFC and FC curve < 5.5 K. With an increasing magnetic field, it
ceases. (f) The antiferromagnetic (AFM) transition ~ 16.53 K does not shift with an increased magnetic field. (g) Fitting of spin freezing
temperature with Almeida-Thouless (AT) line, data best fitted for n = 0.653 (1), in agreement with Ising spin glass behavior (n = 0.66).
(h) Isothermal magnetization (ITM) curve against varying magnetic fields at different temperatures. (i) Presence and absence of hysteresis at

10 and 7 K, respectively.

An AFM state < 16.5 K and SG behavior < 5.2 K prompt
us to look for RSG behavior. RSG behavior is defined
as a system having a high-temperature long-range ordering
(FM/AFM) and a subsequent cooling leading to SG behavior
with the destruction of long-range ordering [58,63]. In the
M vs H data, a hysteresis at 10 K (~ 0.05 T), Fig. 2(i), the
magnetic field induced spin-flip transition ~ 5.64 T, and a
nonsaturating magnetic moment at the highest applied mag-
netic field confirm the AFM state in the temperature range
of 52K < T(K) < 16.5K. In the M vs H curve < 5.2 K,
the absence of hysteresis and magnetic field induced transi-
tion along with nonsaturating magnetic moment confirms SG
behavior upon the destruction of the AFM state. An essential
characteristic of SG behavior is its different behavior after
removing the magnetic field. Since SG is a nonequilibrium
state of the matter, theoretically, upon removing the magnetic
field, the SG state decays its magnetic moment in infinite time.
The following protocol mapped SG behavior using thermore-
manent magnetization (TRM).

The sample was cooled down to 2 K under the applied
magnetic field of 0.01 T and kept there for 1 min, followed
by the magnetic field being switched off, and the magnetic
moment was recorded as a function of time (until 7200 s).
The measured TRM data against the time on a logarithmic
scale are presented in Fig. 3. The Mgy decays slowly over
time and remains nonzero even after 2 h of decay (in fact, it
decays only ~ 4%), which is a clear signature of SG behavior.

The nature of decays can be better understood by fitting the
different relaxation mechanisms. There are three different
decay mechanisms that have been proposed: (1) power law,
(2) logarithmic decay, and (3) modified-stretched fractional
exponential decay (MSFED) [3,64]:

Mrrm(t) = Myt™", power law,

ey

Mrrm(t) = mo — Sn(¢), logarithmic decay, 2)

B
Mrrm(7) = mo — mgexp [—(%) } MSFED. (3)

The power law in Eq. (1) describes the relaxation mecha-
nism in a long-range ordered system such as AFM and FM
but failed in most system. However, Monte Carlo simulations
were successfully used in some SG systems (using the Ising
model) [65]. In contrast, Eq. (2) is widely used for the system
containing the uniform barrier over which magnetic relaxation
takes place (from zero to a maximum value) [3,66]. However,
a lousy fitting is obtained using Egs. (1) and (2), Fig. 3(a).

Equation (3) results in the best fitting, where my is initial
magnetization, m, is a contribution from the SG component,
T is the time constant, and f is the stretching component
(relaxation rate). All the fitting parameters are listed in
Table SIV in the Supplemental Material [46]. Here, 8 is the
most important parameter to look for, representing the energy
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FIG. 3. Spin glass dynamic study with time and frequency dependence. (a) Time dependence of thermoremanent magnetization (TRM) at
2 K. Different relaxation mechanisms have been used for fitting the raw data. The best fit was obtained using the modified-stretched fractional
exponential decay (MSFED) model. The power law and logarithmic decay model deviate during the initial spin-relaxation process. (b) Variation
of real part of ac susceptibility with increase in frequency to high temperature. (c) The imaginary part of ac susceptibility does not vary with

frequency after 100 Hz.

barrier in the system. A § value of 0 indicates no relaxation,
and MygrMm(¢) remains constant, while a 8 value of 1 indicates
uniform relaxation with a single time constant. An interme-
diate value of 0 < 8 < 1 confirms the multitude of energy
barriers present.

The MSFED fitting results of the 8 value of 0.41 confirms
the SG ground state in the system [1]. The mean relaxation
time T = 2214 s is comparable with the best-known SG sys-
tem [28,29,67,68]. To probe the origin of SG behavior, a
model developed by Ulrich et al. [69] has been employed.
After a crossover time, the negative logarithmic rate of change
of magnetic moment {w(t) = — % [Inm(t)]} decays with time
as a power law W (¢) = Ar~". However, a plot of w(¢) against
time does not correspond to available literature and is a poor
fit with the power law. Thus, the nature of SG, cluster SG, or
canonical SG cannot be determined from the Mtrym data.

Spin dynamics of the compounds are further investi-
gated using the temperature- and frequency-dependent ac
susceptibility. The real and imaginary parts of ac magnetic
susceptibility are shown in Figs. 3(b) and 3(c), respectively.
In the real part of ac magnetic susceptibility (x..), a peak at
~ 3.63 K at 10 Hz is observed, which moves toward higher
temperatures with an increase in applied frequency, confirm-
ing SG behavior. The falling shape of x,. below spin freezing
temperature is the characteristic nature of RSG behavior
[61,70]. However, maxima vary by 0.06 K in the 11-976 Hz
frequency range, Fig. 3(b). A frequency-dependent maximum
fitting in ac susceptibility using the Mydosh parameter (S)
has been used for characterizing SG, where S = %. For
canonical SG, the value of S is in the range of 0.0045-0.02
[71]. A partial change in frequency-dependent x,. hints at
noncanonical SG behavior. The imaginary part of ac magnetic
susceptibility (x”) shows the maxima at 3.03 K (at 10 Hz),
shifts to 3.25 for 100 Hz, and remains constant upon further
increased frequency [Fig. 3(c)]. Similar ac magnetic suscepti-
bility behavior is observed in PrRuSijz [29].

The specific-heat measurement was performed in PPMS
by a modified heat-pulse method in the temperature range of
2-50 K. The specific heat C,, vs T is plotted in Fig. 4. First,
there are two anomalies: a long-range ordering characteristic
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FIG. 4. Thermodynamic and transport measurement on
EuNij37Gas¢;. (a) Temperature-dependent specific heat of the
sample EuNij3;Gaz¢3. A long-range ordering at 16.5 K is inferred
as an antiferromagnetic (AFM) transition. The low-temperature
part 2-10 K is shown in the upper left corner, confirming the
broad hump; the orange and green line is used to show the point
of intersection at 5.2 K. Specific heat data in the glassy region are
fitted with two equations, and the best fit was obtained upon addition
of magnetic term. (b) Electrical resistivity (p) // and L to ¢ axis.
Metallic behavior in the temperature range of 2-300 K (lower inset).
Signature of AFM transition at 16.5 K p//c is observed (upper
inset).
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FIG. 5. Density functional theory (DFT) calculation for Ni-substituted EuGa,. Electron localization function (ELF) analysis for
Ni-substituted EuGa, and EuGay to understand electronic density distribution in a different plane. (a) The crystal structure of EuNig 37Gas g3
is marked with different planes. (b) Corresponding to plane in (a) electronic density compared with EuGay. (c) Comparison of 020 planes. (d)
Electronic band structure calculation for EuGa, without onsite Hubbard potential. (e) The electronic band structure for Ni-substituted EuGa,
(EuNiy 490Gas ¢9) induces several additional electronic bands. (f) Effect of onsite Hubbard potential of U = 6 eV, scatter the electronic bands.
(g) The partial density of states (pDOS) plot for Ni-substituted EuGay, an overlap of Eu-f, Ga-p, and Ni-d orbitals confirming the bonding of

Eu, Ni, and Ga atoms.

A peak at 16.5 K (AFM) and one broad hump ~ 5 K. The
frozen spin below the expected temperature results in a broad
hump Fig. 4 (inset top left), along with dc-ac susceptibility
and TRM, confirming SG behavior. Specific heat data are
fitted in the temperature range of 2-5.5 K. Two fitting models
were used:

Cp = AT + BT?, 4)

Cp = AT + BT> +8T%2, (5)

However, the best fitting was obtained upon adding a
magnetic term, Fig. 4(a) (inset bottom right). Since we have
ruled out any possibility of long-range magnetic ordering
at low temperature, the additional magnetic term confirms
the presence of short-range magnetic ordering. Temperature-
dependent resistivity was measured using PPMS on single
crystals in the temperature range of 2-50 K, Fig. 4(b).

Resistivity was measured using the standard four-probe
method using the Cu wire electrode. It shows metallic be-
havior in the entire temperature range of 2-300 K'in p L ¢
and linear behavior in the temperature range of 50-300 K.
Saturating behavior is observed < 20 K and a dip at 6.5 K,
closer to observed SG behavior. The p // ¢ shows anomalies at
16.5 K, originating from the ordering of spins in AFM fashion,
increasing resistivity. This anisotropic behavior in transport
properties is expected, as the c/a ratio is ~ 2.4.

DFT calculations were done using QUANTUM ESPRESSO
[47]. The electron localization function (ELF) is used for
understanding the bonding nature of constituent elements of
a crystal lattice. Its value varies between 0 and 1, where O in-
dicates the negligible probability of finding an electron in the
vicinity, while 1 indicates 100% probability. The intermediate
value of 0.5 indicates the shared electron density and covalent
nature. Electronically, Ni substitution to the EuGay lattice is
understood by a comparative ELF plot [Figs. 5(a)-5(c)]. A
decrease in ELF density is observed near corresponding
nuclei, increasing the covalent character compared with po-
lar EuGay [36]. The calculated electronic band structure and
partial density of states (pDOS) are shown in Fig. 5. The elec-
tronic band structure for EuGay is shown in Fig. 5(d). Several
bands crossing the Fermi level confirm the metallic nature
[36]. Ni substitution in the EuGay lattice retains the metallic
property observed in our resistivity measurement. However,
contrary to EuGay, several bands are generated along the high-
symmetry line X-M-I" and R-A-Z in Ni-substituted EuGag.
These additional bands originate from the Ni hybridization
of Ga and Eu atoms, as confirmed from pDOS calculations,
Fig. 5(e). The onsite Hubbard potential of U = 6 eV was
applied on the Eu atom, showing the Eu f orbital moves away
from the Fermi line, Fig. 5(f). Total energy was calculated in
different magnetic structures to get the ground state of the Ni-
substituted EuGay. The EuGay magnetic structure is taken as
the starting model [36]. Three magnetic configurations were
prepared by incorporating the Ni magnetic moment in the
system. The total energy for all three magnetic configurations
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is shown in Table SV in the Supplemental Material [46]. The
negligible energy difference between all magnetic configura-
tions in Ni-substituted EuGa, suggests competition between
FM and AFM ground states, which may lead to SG behavior
in the system. To validate these claims, the total energy of
EuGa, in AFM and FM states were calculated. The AFM state
is more stable than the FM state by 92 meV and follows the
measured A-type AFM structure [41]. A similar study was
performed on Mn,PtGa and EuTe, [72,73].

IV. CONCLUSIONS

In conclusion, we have successfully substituted Ni in a
very stable EuGay, a body-centered tetragonal lattice, to gen-
erate local disorder and SG behavior. Crystal structure and
magnetic and transport properties were studied in detail, and
bifurcation in ZFC and FC susceptibility < 5.4 K hints at SG
behavior. SG behavior is further confirmed by thermorema-
nent magnetization and ac susceptibility. Relaxation behavior
is best explained using the MSFED method. The thermore-
manent magnetization experiment in SG relaxes with a high
relaxation time T = 2214 s. A minute high-temperature shift

of ac susceptibility with frequency confirms the noncanonical
SG nature. The presence of the AFM transition at 16.5 K,
which disappears at SG freezing temperature < 5.2 K, leads
us to classify this material as a possible RSG, which warrants
additional experiments. It shows metallic behavior with sig-
nificant anisotropy. However, there are very few theoretical
attempts to understand noncanonical SG. One such theoretical
model is a scale-free network, where SG can be generated
solely in an AFM lattice with randomness [74,75]. Alteration
of band structure and electronic density distribution is further
confirmed by ELF analysis and band structure calculations.
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