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ARTICLE INFO ABSTRACT
Keywords: This study reports the synthesis of type-I BagCuNiy 5GajSiss 5 clathrate as a single crystal by the
Single crystal flux method and physical properties investigations such as structural, chemical, magnetic, and

Inorganic clathrate
Ferromagnetic
Metallic

Heat capacity

thermal properties. Structural refinements indicate Ba atoms are situated at 2a and 6d positions
with mixed occupancy across framework sites. Raman spectroscopy assessed host-guest in-
teractions, while the compound’s morphology and composition were investigated by the scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and X-ray photoelectron
spectroscopy (XPS) analyses. Magnetic properties revealed ferromagnetic interactions charac-
terized by a positive Weiss constant and weak ferromagnetic hysteresis. The compound’s metallic
nature is evidenced by increased resistivity with temperature. The Sommerfeld coefficient, esti-
mated at 12.59 mJ mol~* K~2 from heat capacity data, alongside a pronounced peak around 15 K
in the Cp/T3 vs T plot, suggests an Einstein contribution in heat capacity.

1. Introduction

The quest for materials with exceptional properties has driven researchers to explore unconventional crystalline structures, leading
to the discovery of single crystal inorganic clathrates [1-4]. Clathrate, a three dimensional structured polyhedral represents an
interesting class of crystalline host-guest compounds with NagSisg being the first member of the inorganic clathrate family [5]. The
three-dimensional framework structure consists of six tetrakaidecahedrons and two dodecahedrons units forming a cage for the
insertion of metal atom. Typically, this anionic framework structure is made up of group 13 or 14 element while the group 1 or 2
elements act as guest atoms. Of these, the group 14 clathrate type I materials have been studied extensively [6-8].

A careful manipulation of the guest atoms within the silicon cages tailors the electronic and thermal properties of these framework
structures thereby, opening up new avenues for novel electronic and optoelectronic devices [9,10]. One intriguing facet to studying
inorganic clathrates involves exploring the impact of cation occupancy and the influence of intermolecular interaction as well as
unique structural characteristics, in precisely adjusting their physical properties.

In single crystal inorganic clathrates, the host lattice and guest molecules or atoms interact in a manner that creates voids or
channels within the crystal structure [3,4]. These voids can accommodate guest species, which are often of a different size or chemical
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nature compared to the host atoms or molecules. The resulting clathrate compounds exhibit a range of remarkable properties,
including low thermal conductivity, intriguing electronic behavior, and even the potential for thermoelectric applications [9-11]. The
unique host-guest architecture of single crystal inorganic clathrates arises from a delicate interplay of factors, including the sizes,
shapes, and chemical affinities of the host and guest species. This intricate dance of interactions forms the basis for their remarkable
properties, making them appealing subjects for research in diverse fields. As researchers delve into their synthesis and character-
ization, a wealth of possibilities emerges, spanning from fundamental physics to cutting-edge technological applications.

Different methods are employed in the synthesis of clathrates, primarily determined by the chemical characteristics of the elements
involved in forming the clathrate lattice. The majority of intermetallic clathrates incorporate one of the Group 14 elements (Si, Ge, Sn),
and the choice of synthesis method depends on their reactivity [8,9]. Silicon, due to its high melting point, exhibits lower reactivity in
high-temperature reactions used for clathrate production. A common approach for creating silicon-based clathrates involves heating
the relevant elements above their melting points and subsequent annealing. This synthetic path is also conducive to producing ternary
or quaternary clathrates [5,9]. As an example, Beekman et al. achieved the crystal growth of Nay4Si;3¢ clathrate by heating Na,Siy
under 100 MPa uniaxial pressure and 823-973 K temperatures range using spark plasma sintering (SPS) system [12]. Other methods,
such as preceding arc melting and annealing, have been utilized for clathrate synthesis, as demonstrated in the case of KyB7Sisg [13].

The magnetic properties of single crystal clathrates can vary significantly depending on the specific composition and arrangement
of guest atoms within the cage-like structure [14,15]. Unlike traditional magnetic materials, clathrates do not inherently possess
magnetic moments in their host framework (e.g., silicon or germanium cages). Instead, the magnetic properties are primarily
attributed to the guest atoms that are encapsulated within the cages [14]. The interaction between the magnetic moments of guest
atoms and their surroundings plays a crucial role in prompting the magnetic properties. Extensive research on the thermoelectric
properties of type I clathrates have been carried out and a plethora of literature reports are available; but a similar investigation about
the magnetic properties of these framework structures is quite limited. This paper delves into the current state-of-the-art techniques
utilized in the growth of high-quality single crystal clathrates and the fundamental principles governing their crystallographic ar-
rangements. A careful structural investigation along with detailed magnetic properties have been reported in this paper.

2. Experimental section
2.1. Synthetic procedure

The single crystal clathrate synthesized by the flux reaction by using high purity Ba, Cu, Ni, Si and Ga elements in a stoichiometric
ratio of BagCuj.gNiz 5GajSisss. Ga acting as flux was taken in slight excess, later the residual flux was washed with dilute acid. The
respective weights (as per the required composition) of all these elements were heated to 1000 °C for 12 h followed by a slow cooling in
an electric box furnace. The whole procedure for the single crystal synthesis represented in Fig. 1.

2.2. Characterization

Powder X-ray diffraction (PXRD) of the grounded single crystal sample were measured from 26 = 10-70° on Bruker employing Cu
k, radiation for phase and structural investigation. Initially, the PXRD patterns were fitted by Le Bail method followed by Rietveld
refinements (GSAS + EXPGUI) program [16]. The set of refined parameters included lattice parameter, background, scale factor,
profile function coefficients, atomic positions, occupancies, thermal parameters. The atoms present on the identical sites were con-
strained to have same positional and thermal parameters. Raman analysis was performed using Renishaw with 513 nm laser source.

The morphology and composition analysis were carried out by SEM (MERLIN, Carl Zeiss, Germany) and EDX (Oxford instrument,
England). The oxidation state of the respective elements was measured by XPS analysis using K-Alpha (Thermo Fisher Scientific, U.S.
A.). Magnetic and specific heat measurements were conducted using the Physical Property Measurement System (PPMS Dynacool 14
T) by Quantum Design, USA, at temperatures below 300 K. Additionally, a vibrating sample magnetometer (VSM) option was
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Fig. 1. Schematic representation of BagCu;.oNiz 5GaoSiss s single crystal synthesis.
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employed. Electrical resistivity measurements were performed using the 4-point probe contact method, utilizing a cryogen-free
Physical Property Measurement System (PPMS Dynacool 14T) from Quantum Design, USA, without applying a magnetic field. The
Hall coefficient was determined using the van der Pauw technique with a current of 10 mA, employing the PPMS system.

3. Results and discussion

The X-ray diffraction (XRD) pattern of pulverized BagCuy.ooNiz 5GaioSiss s single crystal is consistent with type-I clathrate phase.
The crystal structure was analyzed based on the model of type-I inorganic clathrate and the crystallographic data was deduced by the
Rietveld refinement with the XRD data at room temperature. The refinement of BagCuj.9Nis 5Ga(Sis3 5 clathrate was performed using
Pm-3n (no. 223) space group with lattice parameter a = 10.54545 (9) A shown as Fig. 2.

The structural refinement resulted in a framework structure consisting of two cages formed by Si, Ga, Ni/Cu encapsulating Ba as the
guest atoms. The first cage consists of 20 atoms forming a small dodecahedra whereas the second cage consists of 24 atoms forming the
tetrakaidecahedra. In essence, the framework is formed by these face sharing polyhedra’s with guest atoms located in the cages. Both
these cages i.e; pentagonal dodecahedral and tetrakaidecahedral are shown in Fig. 3.

The heavier atoms i.e; Ba are situated at 2a and 6d positions while other atoms (Si, Ga, Cu, Ni) are forming the framework structure.
Based on literature reports, the site preference of Ga in the structure has a significant effect on the structure stability along with the
magnetic and thermoelectric properties. The trivalent atom usually gets shared among all the three framework sites in such a way that
decrease the energetically unfavorable bonding among them. Thus, the site preference (6¢ > 24k > 16i) of Ga here is quite similar to
other type-I clathrates [9]. Cu prefers to occupy the 6¢ site whereas Ni is located at 24k site, thus both these sites show mixed oc-
cupancy. The transition metals generally prefer to occupy the 6c site thus; a close competition between Cu and Ni is present [17,18].
Also, the 6c site has the lowest Mulliken population therefore, the element with less electronegativity occupies this site [19]. Cu and Ni
have comparable electronegativity values (ycy = 1.90 and ynj = 1.91) but Cu has a slightly lower value and thus further justifying the
6¢ site preference for Cu. Thus, Cu prefers to occupy the 6¢ site whereas Ni is located at 24k site, and both these sites show mixed
occupancy. The atomic parameters and occupancies were repeatedly refined until a good agreement between the experimental and
structural model was obtained and the refined composition was Bag oGaj1.52Cu;.14Ni2.16Si31.18 and is very close to the starting nominal
stoichiometry. Atomic positions, site occupancies and isotropic thermal parameters are listed in Table 1 and the bond distance and
bond length reported as Table 2.

The chemical formula calculated from refined occupancies was found to be (Bag 0Gaj1.52Cuy.14Nis.16Si31.18) and is in considerable
agreement with the results from EDS and XPS measurements (discussed later).

Fig. 4 displays the Raman spectrum of the sample, revealing a distinct prominent peak at approximately 514 cm ™!, along with a
broad spectral envelope spanning the range of 250-400 cm ™, which could possibly result from a combination of partially resolved
peaks. A comparable spectrum was observed in the case of Bay.5Al;3Siag and Eug 27Bay.22Al;3Siag samples, where a robust band at 516
cm™! and a wide peak ranging from about 200 to 400 cm ™! were previously reported [20].

Shimizu et al. reported that the highest frequency band can be used as an efficient tool to analyze the extent of interaction of the
guest atoms with the framework structure [21,22]. The highest frequency peak in the present case is attributed to the Ga-Si/TM
framework vibrations. The strong band indicates a weak host guest interaction compared to BagSis and a similar behavior was also
observed in BagGa;Si3p inorganic clathrate [22]. The poorly separated bands at lower frequency are due to the rattling guest atoms
[22].

The chemical homogeneity of the sample was analyzed by the elemental mapping of Ba, Ga, Si, Ni and Cu as shown in Fig. 5. All the
samples are uniformly distributed thereby depicting the homogeneous nature of the prepared sample. From the quantitative EDS
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Fig. 2. Structure refinement of the BagCu;.oNiz 5Ga10Sis3 s single crystal clathrate. The Bragg positions correspond to cubic (Pm-3n; black color)
structure. The red color pattern represents the experimental data while the green color plot depicts the calculate data. The pink color line shows the
extent of fitting between the experimental and the calculated pattern and the vertical black tick marks correspond to the Bragg reflections. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



P. Rawat et al.

a

as) b

Si3/Ga3/Ni3

[Si/Ga],, cage o

Si2/Ga2 L c

(b)

Si2/Ga2

/ (16i)

S

Sil/Gal/Cul
(6¢)

Si3/Ga3/Ni3

4k
[Si/Ga],, cage

Heliyon 10 (2024) e27134

Fig. 3. Ball and stick model representation of [Si/Galz (a) and [Si/Gala4 (b) cages of the crystal (Bag ¢Gaj1.12Cu1.14N1 2.165i31.58)-

Table 1

Crystallographic data for BagCuy.oNi» 5Ga1Sis3 5 single crystal clathrate in space group Pm-3n (no. 223), a = 10.54545(9) A, v=1172.723(11) A3, x?

= 2.349, Ryp = 7.11 %, R, = 5.15 %.

Atoms Wyck x y z SOF U(iso) (A%
Bal 2a 0 0 0 1 0.022(3)
Ba2 6d 0.25 0.50 0 1 0.027(2)
Sil/Gal/Cu 6¢ 0.25 0 0.50 0.25/0.56,/0.19(4) 0.0090(4)
Si2/Ga2 16i 0.18672(3) 0.18672(3) 0.18672(3) 0.91/0.09(6) 0.0087(3)
Si3/Ga3/Ni3 24k 0 0.30521(3) 0.1191(3) 0.63/0.28/0.09(3) 0.0093(4)
Table 2
Distance between different Wyckoff sites and bond angles.
Bond length (&) Bond angles (°)
2a-24k 3.45511(1) 24k-16i-24k 109.8275(4)
2a-16i 3.41078(1) 16i-16i-24k 109.1126(1)
16i-16i 2.31161(2) 24k-6¢-24k 108.1244(1)
16i-24k 2.43880(5) 16i-24k-6¢ 105.1995(2)
24k-24k 2.51220(1) 16i-24k-16i 107.0020(1)
6c-24k 2.47499(2) 16i-24k-24k 107.6959(2)
6c-24k-24k 123.9001(2)
7500 | <
-
wn
@ 6000
=
=
=
N2
= 4500
=
w»
=
o
= 3000
[S=i
1500
1 1 L 1 1 L L

250 300 350

400 450 500 550

Raman Shift (cm™)

Fig. 4. Raman spectrum of BagCu;.oNip 5Ga1Siss s single crystal clathrate.
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Fig. 5. (a) Scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDS, inset) images. Elemental mapping images of Ba (b),
Si (¢), Cu (d), Ni (e), and Ga (f) of BagCu;.oNis sGa;0Siz3 5 single crystal clathrate.

analysis, the elemental concentrations in a single crystal clathrate composition were calculated to be BagCu;.gNi; 9GaigSisg g. X-ray
photoelectron spectroscopy (XPS) studies were performed for the single crystal sample from Fermi to core levels for better under-
standing the differences in the chemical surface states. It revealed the valence band is mainly constructed by the Ga/Si (3d/2p) wave
function and slight contribution from Ba (3d) orbital. In Fig. 6(a), we observed the Ba 3d3,» and Ba 3ds,, peaks at binding energies of
93.0 and 90.3 eV, respectively. Simultaneously, in Fig. 6(c), the Si 2p3,, peak was detected at 99 eV, corresponding to the Si atoms
within the clathrate framework. The pronounced intensity of the Si peaks signifies a robust Si-Si interaction. Notably, due to the
interaction between Si and Ba, the binding energy of Si within the clathrate structure is shifted to a lower energy level and exhibits
reduced intensity compared to what is observed in diamond cubic Si [23]. Fig. 6(b) shows the Ga 3d core-level spectra with over-
lapping Ga3ds,2 and Ga3ds,» (~19.6 eV) that might be attributed to the small spin-orbit interaction. The peak around 26 eV cor-
responds to the Ga auger peak [24].

The elemental composition calculated from XPS analysis for the single crystal corresponds to Bag.g35Cu1.19Ni1 82Ga10.28Si35.68
which is in considerable agreement with the structural refinement and EDS results discussed earlier.

The magnetic susceptibility measurement with temperature dependence is shown in Fig. 7(a) at an applied field of 1 T. The
magnetic curve clearly indicates a ferromagnetic to paramagnetic transition with increase in temperature. The variation in magnetic
susceptibility was also measured under different magnetic field (0.1T < H < 5T) (inset of Fig. 7 (a)). In the high-temperature range (T
>50K), the reciprocal of magnetic susceptibility was fitted using the Curie-Weiss law, expressed as y =C/(T - 6), where 0 represents the
Weiss constant, C denotes the Curie constant, and T signifies temperature (as depicted in Fig. 7(b)) [25].

The effective magnetic moment was estimated to be 3.87 g and a positive Weiss constant of 11.32 K points towards overall
ferromagnetic interactions in the sample. Usually, Cu atoms are non-magnetic in such framework structures but the high value of
magnetic moment indicates the contribution from Cu?" also [26,27]. A similar magnetic behavior was reported in type-I Ge clathrate
compound, BagCusGeyo wherein; the high value of magnetic moment was ascribed to the composite clusters formed by the neigh-
bouring atoms, centered around Cu atoms. The competing internal interactions in the framework in these clusters lead to such peculiar
magnetic behavior. The experimental magnetic moment is a bit lower than the theoretical magnetic moment (4.14 pg calculated by the
contribution of Ni?* and Cu?"). A slightly lower experimental value may be attributed to magnetic inhomogeneity and further
competing interactions occurring between the magnetically active ions.

Fig. 8 shows the isothermal magnetization measuring from —1 to 1 T at different temperature ranging from 2 K to 100 K, as
indicated. A hysteresis loop observed at 2K temperature corresponds to the weak ferromagnetic coupling in the sample. The
magnetization curve at high temperature (T > 20 K) is linear with the applied field indicating a paramagnetic state.

The temperature dependence electrical resistivity of BagCuj.gNiz 5Ga(Siss 5 single crystal clathrate normalized to the value at 300
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Fig. 6. Core level X-ray photoelectron spectroscopy (XPS) spectra of Ba 3d (a), Ga 3d (b), and Si 2p (c) for BagCuy.oNip 5Ga10Siss s single crys-
tal clathrate.

K (pr/psoox) is plotted as Fig. 9. A linear increase in resistivity with increase in temperature shows a metallic behavior with positive
value (pr/psoox)- Theoretical predictions suggested the involvement of electrons and holes together in the electrical conduction of this
material. This behavior can be explained by considering that mobility, along with the concentration of holes and electrons, is closely
linked to the nickel content and the intricate details of the material’s band structure [28]. This observed metallic behavior aligns with
the concept of holes as free charge carriers, as indicated by electron counting. The Hall resistance measured for the single crystal using
van der Pauw technique. The Hall resistivity at room temperature was measured to be 1.669 pQ-cm. The Hall coefficient, typically
denoted as Ry, can be expressed generally by the following relationship: Ry = 1/(ne), where ’n’ represents the carrier concentration,
and e’ corresponds to the elementary charge. The value of Hall coefficient was calculated to be 0.0347 cm® C™! at room temperature.
The carrier concentration and carrier mobility calculated using the hall measurement data for the BagCu;.gNig 5Gaj(Siss 5 single crystal
clathrate comes to be 1.8 x 10%° cm ™3 and 87.7 cm? V! s7}, respectively.

The specific heat of BagCu;.oNig 5GajoSiss 5 single crystal clathrate is shown as Fig. 10 (a). For the analysis, it can be considered as a
combination of both phononic and electronic contributions. The electronic specific heat, denoted as Ce], was determined to be 0.0125 J
mol ! KL, It is hypothesized that the significant contribution to heat capacity in type-I clathrates primarily arises from the rattling
motion of guest atoms within the larger 24-vertex cages. A distinct maximum near 12.1 K (Fig. 10 (a)) can be attributed to Einstein
vibration modes of the guest atoms [28]. At higher temperatures (50-300 K), together with the Einstein components of the heat
capacity, the Debye component Cp(T) begins to play an increasingly important role. This estimation was derived from a linear fit of
Cp/T vs. T2 for temperatures below 5 K, employing the Debye model (Cp =T + BT, where y represents the Sommerfeld coefficient,
and f corresponds to the lattice contribution to the heat capacity), as illustrated in Fig. 10(b) [29,30]. The Sommerfeld coefficient
value is found to be 12.59 mJ mol ' K2 and it is quite lower as compared to the reported value for BagNis.1Sisz g clathrate (y = 28.8
mJ mol~! K~2) [30]. The lower Sommerfeld coefficient value can correspond to the weak ferromagnetism, and disordering behavior in
the single crystal. The low-temperature Einstein contribution indicates the existence of localized guest atoms vibration within the
cages, as in to conventional tetrel clathrates [31,32]. This contribution at low temperatures can be directly derived from the specific
heat data. A graphical representation of Cp/T % vs. T, in the inset of Fig. 10(b), displays a prominent peak, typically occurring at
approximately 15 K.

Additional investigation involving neutron diffraction, detailed magnetic measurements coupled with electronic calculations will
help in further understanding of the peculiar framework structure.
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Fig. 9. Temperature dependent electrical resistivity of BagCu;.oNis sGa;oSiz3 s single crystal clathrate.
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4. Conclusions

In summary, Single crystals of type-I clathrate, BagCu;.gNiz 5Ga1Siss.s were synthesized by flux method. PXRD confirmed the
phase purity, and a satisfactory refinement model was obtained. The refined composition is in considerable agreement with the starting
nominal composition and also matches well with the EDX and XPS data. The presence of strong band around 514 cm™! in the Raman
spectrum pointed towards weak framework interactions. Magnetic measurements in low field and low-temperature range revealed
weak ferromagnetic behavior that was further evident from heat capacity measurements also. The effective magnetic moment
calculated using Curie-Weiss law is 3.87 pp. The magnetic hysteresis loop showed spontaneous magnetization at low temperatures. The
carrier concentration and carrier mobility of the crystal was found to be 1.8 x 10%° cm™2 and 87.7 ecm?V~!s™%, respectively.
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