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1.1 Introduction 

This thesis presents information on chemical synthesis, characterization, and magnetic 

response of various frustrated S = 1/2 triangular spin lattices and further anchoring onto a 

functionalized graphene matrix, with Cu(II) as the only spin bearing species. The focus has 

majorly centered on exploring the corner shared triangular spin lattices, particularly S=1/2 

kagome planes. In every chapter, the motivation is twofold: (1) facile synthesis of phase pure 

Cu(II)-based frustrated spin lattices at near ambient reaction conditions starting from a Cu(I) 

precursor, and (2) employing the oxidation process of Cu(I) to Cu(II) for in situ anchoring of 

the spin lattices onto functionalized graphene, generating a fundamentally new class of 

magnetic semiconductors, followed by the investigation of the effect of semiconducting and 

diamagnetic functionalized graphene onto the anchored spin lattices. Following is the outline 

of this chapter: 

1.1 Introduction 

1.2 Spin Interactions and Spin Frustration 

1.3 Frustrated Spin Lattices 

1.4 Magnetic Semiconductors 

1.5 Functionalized Graphene – Reduced Graphene Oxide  

1.6 Magnetic Properties of Frustrated Spin Lattices – Experiments and Calculations 

1.7 Outline and Scope of Thesis 

1.7.1 Chapter-2 (Clinoatacamite – S=1/2 Kagome-like Lattice onto Reduced Graphene 

Oxide) 

1.7.2 Chapter-3 (Barlowite – S=1/2 Antiferromagnet Possessing Kagome Planes onto 

Reduced Graphene Oxide) 

1.7.3 Chapter-4 (Paratacamite – 2D S=1/2 Spin Kagome Lattice onto Reduced Graphene 

Oxide) 

1.7.4 Chapter-5 (Botallackite – 2D S=1/2 Anisotropic Triangular Lattice onto Reduced 

Graphene Oxide) 

1.2 Spin Interactions and Spin Frustration 

Figure 1.1 depicts the possible and majorly observed spin interactions in a system to attain long 

range magnetic order.1, 2 These spin interactions form the basis of understanding various spin 

lattices and, in turn, spin frustration which suppresses any long range magnetic order.3 The 
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characteristic M-H (magnetization versus external magnetic field) plots are shown in Figure 

1.1.1, 2 In ferromagnetic order, all the spins align themselves in the same direction approaching 

maximum magnetization possible in the system, also known as saturation magnetization (MS). 

A ferromagnet stays in the magnetized state even when the externally applied field is removed 

(H = 0) giving a significant value for remanent magnetization (MR >> 0) and an externally 

applied magnetic field in the opposite direction is required to bring the magnetization of the 

material back to zero i.e., coercive field (HC). In the case of antiferromagnetic order, adjacent 

spins have antiparallel arrangement, as a result there is no net magnetization once the externally 

applied magnetic field is removed (HC = 0). Adjacent antiparallel spins with unequal 

magnitudes of moment give rise to ferrimagnetic order exhibiting a significant non-zero value 

of remanent magnetization (MR), similar to ferromagnetic ordering. Apart from these linear 

arrangements of spins, a non-collinear arrangement is also possible and known as canted 

antiferromagnet or weak ferromagnet where the spins are inclined at an angle (neither 

ferromagnetic nor antiferromagnetic arrangement). As a result, the value of magnetization 

keeps on increasing as a function of externally applied magnetic field and is not saturated even 

at highest applied magnetic field (Figure 1.1). This non-collinear arrangement of spins with 

competing nearest neighbor exchange interactions introduces frustration in the lattice.4 

 

Ferrimagnetic

Ferromagnetic

Antiferromagnetic

Canted Antiferromagnetic

M – Magnetization

H – External magnetic field

MR – Remanent magnetization

MS – Saturation magnetization

HC – Coercive field

MR MS

HC

M

H
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Figure 1.1. Types of magnetic coupling (left panel), ferromagnetic, antiferromagnetic, ferrimagnetic, 

and canted antiferromagnetic along with their characteristic M-H curves (right panel). 

Let us understand the frustrated spin interactions with the help of a simple example of a cuprate 

which also happens to be one of the early experimental observation of relation between 

frustrated spins and superconductivity. The cuprate under study was La2CuO4 with a square 

Cu(II)-based spin lattice, and the addition of chemical dopants generated a high-TC cuprate, 

La2–x(Ba,Sr)xCuO4–y, which at sufficient doping levels and low temperatures, possess 

superconductivity.5-7 Such a doping, resulted in the generation of local ferromagnetic coupling 

within Cu(II) ions, thus disrupting the three-dimensional (3D) antiferromagnetic coupling, as 

observed in undoped La2CuO4 (Figure 1.2a). Competitive interactions such as in doped 

La2CuO4 frustrates a particular spin in the system, and is typically realized by chemical doping 

or site disorder – known as a spin glass – with disordered arrangement of spins. Such frustrated 

spins suppress conventional long range magnetic ordering within the lattice and as a result, 

system dwells between numerous available degenerate ground states. 

 

Figure 1.2. (a) Spin glass behavior (doped spin lattice of La2CuO4), and (b) an equilateral triangular 

plaquette, exhibiting frustrated spins (red) due to competitive nearest neighbor spin interactions. 

Apart from spin glasses, with disordered spin arrangement causing frustration, there are 

geometrically frustrated magnets where, as the name suggests, the spin frustration stems solely 

from the geometry of the spin bearing species in the lattice. For instance, spins sitting on the 

vertex of an equilateral triangle in Figure 1.2b, and similarly, an odd number of spins in a 

formula or basic unit of the lattice can result in competitive spin interactions, where if two (or 

n-1) of the spins align anti-parallelly, then the third (or nth) spin cannot align itself, rendering 

competing interactions within the lattice, leading to geometric spin frustration. The origin of 

spin frustration differs in the two classes, geometrically frustrated magnets and spin glasses, 

??
a b
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and hence should not be confused as also described by Ramirez in his review (Figure 1.3).4 In 

this thesis, work has been focused on geometrically frustrated spin lattices. 

 

Figure 1.3. Magnetic ground states with their related disorderness and frustration (adopted from ref. 

4 © Annual Reviews). 

1.3 Frustrated Spin Lattices 

One of the simplest systems to study spin frustration would be an equilateral triangular 

plaquette as shown in Figure 1.2b, which can be understood as zero-dimensional material or 

coordination complex. In such a scenario, it is expected that the single frustrated spin will be 

occupying all the three vertices of the triangular plaquette with equal probability, in fact, this 

is the case at high temperature, however, at lower temperatures, the triangular plaquette distorts 

relieving the spin frustration.8-12 As an example, Ramsey and co-workers have observed that 

for a trinuclear Cu(II)-based complex, the unpaired spin density is localized onto a single Cu 

nucleus rather than equally distributed over three Cu nuclei and this has been ascribed to the 

Jahn-Teller distortion from an equilateral triangle to an isosceles triangle leading to the 

generation of two antiferromagnetically coupled spins and a single uncoupled spin instead of a 

frustrated spin in the ground state.13 This demands for extended triangular lattices, and in a 2D 

system with triangular building block, two lattices can be generated, namely triangular lattice 

with edge-sharing triangles and kagome lattice with corner-sharing triangles (Figure 1.4). 

While in a 3D system, the building block will be a tetrahedron giving rise to two lattices from 

edge-sharing and corner-sharing tetrahedrons (pyrochlore lattice) (Figure 1.4). All the above 

mentioned four lattices, lacks Néel ordering with Ising spins, instead they possess numerous 

macroscopically degenerate states at low temperatures with XY or Heisenberg spins, where the 
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degree of frustration varies with the geometry and the nature of spins (Ising, XY or 

Heisenberg).4 

 

Figure 1.4. Top: extended 2D frustrated spin lattices, edge-sharing triangular lattice and kagome 

lattice; Bottom: 3D frustrated spin lattices, edge-sharing and corner-sharing (pyrochlore lattice) 

tetrahedrons (note: dots represent the spin active centers) (adopted from ref. 4 © Annual Reviews). 

One of the probable ground states in a 3D system such as a pyrochlore lattice is 2-in 2-out 

configuration of spins with zero net moment in each tetrahedra (Figure 1.5a).4, 14 While the 

ground state in a 2D frustrated spin lattice consists of spins with a non-collinear conformation 

where the nearest neighbor is angled at ±120° (Figure 1.5b).4, 15 Such a configuration results in 

zero net moment satisfying antiferromagnetism in the lattice and is thus, one of the probable 

ground states (Figure 1.5b). Experimentally realizing 2D lattices is challenging and often 

results in quasi-2D lattices, thus various 3D materials possessing 2D spin lattice by 

incorporating diamagnetic species in between the planes have also been profoundly explored 

in order to study spin interactions in low dimensions. This thesis explores, (1) 3D pyrochlore 

spin lattice, (2) weakly coupled kagome spin lattice (quasi-2D spin system), (3) magnetically 

isolated 2D kagome spin lattice in a three-dimensionally structured framework, and (4) another 

2D anisotropic triangular spin lattice. 
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Figure 1.5. (a) Possible ground states with non-collinear spin conformation in (a) pyrochlore lattice 

(adopted from ref. 14 © American Physical Society), and (b) kagome lattice (adopted from ref. 15 © 

Nature Publishing Group). 

1.4 Magnetic Semiconductors 

Magnetic semiconductors are of both fundamental and practical interests with effectively 

combining the semiconducting and magnetic properties into a single material. They are sought 

after to display intriguing interplay between the magnetic and electronic behavior such as 

tuning the magnetic response by means of applied electric fields, current-induced domain 

displacement and more, leading to their various possible applications, for instance, spin 

injection, and tunnelling anisotropic magnetoresistance.16 Table 1.1 lists the types of magnetic 

semiconductors:17-24 

 

SN Description Reprersentative Example Schematic 

1 Inorganic/metal 

oxide-based 

system17 

Transition metal [such as Co(II) 

or Mn(II)] doped ZnO 

 

a b
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2 Nanoparticles/Nan

ocrystals-based 

system18-19 

Transition metal [Co(II) or 

Ni(II)] doped In2O3 

nanoparticles 

 

Mn(II) doped inverted core–

shell ZnSe–CdSe nanocrystals 

 

(adopted from ref. 19 © Nature 

Publishing Group) 

3 Organic/molecule-

based system20-24 

[BEDT-TTF]3[MnCr (C2O4)3]; 

 

[BEDT-TTF - 

bis(ethylenedithio)tetrathiafulv

alene] 

 

Alternating organic and 

inorganic layers 

(adopted from ref. 20 © Nature 

Publishing Group) 

Spin bearing metallo – 

phthalocyanines and their self-

assembled ensembles; 

NiPc···ZnFPc and 

FePc···ZnFPc 

[NiPc - nickel(II) 

phthalocyanine,  
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ZnFPc - zinc(II) 

hexadecafluorophthalocyanine, 

FePc - iron(II) phthalocyanine] 

V[TCNE]x, [TCNE = 

tetracyanoethylene]; and 

quinoline complexes, 

A+[Ln(5,7Cl2q)4]
–, 

Ln = Y3+, Tb3+, Dy3+; 5,7Cl2q = 

5,7-dichloro-8-

hydroxyquinoline; A+ = Na+, 

NEt4
+, K0.5(NEt4)0.5

+ 

(adopted from ref. 23 © Nature 

Publishing Group) 

4 Graphene and 

Cu(II) 

hydroxychlorides-

based (this thesis) 

Atacamite minerals anchored to 

rGO 

 

Table 1.1. Types of magnetic semiconductors (note: this list is certainly not complete, only some 

representative examples are shown). 

 

One of the majorly explored class of magnetic semiconductors is dilute magnetic 

semiconductors (DMSs) where the magnetically active species is doped in a conventional 

semiconductor, however, DMSs suffer from the disadvantage of heterogeneous distribution of 

spins in the lattice and additionally, there is a limit to the doping level so as to maintain the 

electronic structure of the semiconducting host which often results in weaker ferromagnetism 

generated compared to a conventional ferromagnet.25 

In this thesis, we have adopted a different methodology to bring semiconducting properties into 

various copper hydroxy halides, particularly from the atacamite family of minerals [Cu4-

xMx(OH)6X2] where M=Zn, Cu, Co, Ni and X=Cl, Br, I].26-28 These copper hydroxy halides 

can be categorized as Mott insulators with Cu(II) having d9 configuration, i.e., materials which 

should be conducting according to the band theory but are electrical insulators due to strong 

electron – electron repulsion. To incorporate the semiconducting behavior, we conceptualized 

anchoring them onto graphene – one of the early reported and versatile low dimensional 

semiconductors.29 In doing so, the overall moment of the material will not be affected much as 
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graphene is a low-weight material and the atacamite minerals are densely packed with 

magnetically active Cu(II) ions. To anchor spin lattices, graphene has to be functionalized to 

provide the sites for anchoring, however, functionalizing pristine graphene is often a complex 

process and as an alternative, we adopted the top down process for synthesis of graphene with 

minimal functional groups i.e., reduced graphene oxide (rGO). Further, the judicial choice of 

reagents allowed us to produce rGO as well as to in situ synthesize and anchor the spin lattices 

onto rGO sheets. 

 

1.5 Functionalized Graphene – Reduced Graphene Oxide (rGO) 

To chemically produce rGO, cheap and naturally abundant graphite (Gr) is initially exfoliated 

and oxidized to graphene oxide (GO) by following modified Hummer’s method resulting in 

numerous oxygen containing functional groups onto the sheets (Figure 1.6).30 

 

Figure 1.6. Oxidation of graphite (Gr) to graphene oxide (GO) to functionalize and exfoliate the layers 

(insets: respective schematics to show the arrangement of layers; color code – black, brown – carbon, 

red – oxygen, white – hydrogen). 

Graphene oxide (GO) thus generated is a common precursor in all the chapters of this thesis 

where Cu(I) salt is added as the mild reducing agent for GO,31,32 resulting in the formation of 

rGO with simultaneous oxidation of Cu(I) to Cu(II) ions in the reaction mixture (Figure 1.7). 

Cu(II) ions, thus generated in the course of reaction interacts with the residual functional groups 

present on rGO sheets and get stabilized in the form of atacamite minerals (Figure 1.7). By 

modulating the reactions conditions in the reduction step of GO to rGO, we were able to in situ 

stabilize five distinct Cu(II)-based spin lattices. 

Oxidation
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Figure 1.7. Reduction of graphene oxide (GO) to reduced graphene oxide (rGO) by using Cu(I) as a 

mild reducing agent. (note: single sheets are shown to emphasize on the reduction in functionalities; 

color code: brown, black – carbon, red – oxygen, white – hydrogen). 

1.6 Magnetic Properties of Frustrated Spin Lattices – Experiments and Calculations 

The magnetic susceptibility (χ = M/H) of a sample can serve the purpose of a parameter to 

study the magnetic response of a material where inflection at any point recorded as a function 

of temperature indicates the transition to a magnetically ordered state.1, 2 Magnetic 

susceptibility can be understood from Curie-Weiss law: 

χ =  
C

T −  θ
 

where χ is magnetic susceptibility, C is Curie constant, T is temperature in Kelvin, and θ is 

Weiss temperature in Kelvin. The values of Curie constant and Weiss temperature can be 

calculated by fitting the inverse susceptibility plots. The sign of θ reveals the average nearest 

neighbor interactions, where positive θ indicates parallel arrangement while negative θ 

indicates the antiparallel arrangement of spins within the lattice, and |θ| indicates the mean 

strength of magnetic coupling between two adjacent spins. For a conventional antiferromagnet, 

the Néel transition temperature (TN) equals |θ| (TN ≈ |θ|) while in a frustrated spin system, the 

observed TN is significantly lower than |θ| (TN << |θ|), ascribed to the numerous degenerate 

ground states available for the system even at temperatures close to |θ|, in turn suppressing the 

long range magnetic ordering. Frustration factor, f 

𝑓 =  
|θ|

TC
 

where TC is the transition temperature to a magnetically ordered state, serves as the marker for 

the level of spin frustration present in a given system where values of f >> 10 indicates very 

Cu(I)

Reduction
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high spin frustration, 1 < f < 10 – moderate spin frustration and f < 1 indicates low spin 

frustration.4,33 

1.7 Outline and Scope of Thesis 

This thesis entitled “Anchoring Cu(II)-based Low-Dimensional S=1/2 Spin Lattices onto 

Functionalized Graphene” primarily concerns the synthesis, magnetic response, and 

electrical transport of S=1/2 spin lattices anchored onto diamagnetic and semiconducting 

reduced graphene oxide (rGO) sheets. Herein, we have explored a rather unconventional 

precursor, Cu(I) metal salts, to synthesis phase pure Cu(II)-based spin lattices at near-ambient 

conditions. Additionally, graphene oxide (GO) was taken along with other reactants and the 

oxidation of Cu(I) to Cu(II) was accompanied by the reduction of GO to rGO which not only 

led to the anchoring of Cu(II)-based spin lattices onto rGO but also the magnetic exchange 

interactions were notably modulated by the magnetically silent rGO matrix. Overall, five S=1/2 

spin lattices are explored in this thesis, all belonging to the atacamite family of minerals and 

are known to be antiferromagnetic insulators. We have majorly covered Cu(II)-based kagome 

planes, strongly coupled in chapter-2 (clinoatacamite), weakly coupled in chapter-3 

(barlowite), weakly coupled and magnetically isolated in chapter-4 (paratacamite and 

herbertsmithite), followed by another two-dimensional (2D) anisotropic triangular lattice in 

chapter-5 (botallackite). In one of the cases, successful electron doping of the spin lattice is 

proposed while in another, the crystallites of atacamite have grown with a preferred orientation 

onto rGO resulting in the observance of XY spin anisotropy, otherwise observed only in single 

crystals. In all the cases, the resultant nanocomposite is found to be a magnetic semiconductor. 

Further experimentation with a combination of electrical and magnetic fields is highly desirable 

on such materials which may give better insights into the local spin interactions and we 

anticipate such nanocomposites to be serving demands of magnetic semiconductors 

particularly in the field of spintronics.2,34 

This thesis further contains following chapters, 

Chapter-2 (Clinoatacamite – S=1/2 Kagome-like Lattice onto Reduced Graphene Oxide) 

In this chapter, clinoatacamite, a naturally occurring S = 1/2 kagome-like antiferromagnetic 

insulator,35 is synthesized in water at ambient pressure for the first time from a cuprous chloride 

(CuCl) precursor whereby Cu(I) was spontaneously oxidized to Cu(II) in the form of 

clinoatacamite [Cu2(OH)3Cl] with a simultaneous reduction of graphene oxide (GO) to reduced 
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graphene oxide (rGO) in one pot. A stable nanocomposite of phase-pure clinoatacamite 

nanocrystals embedded in the rGO matrix was isolated. The clinoatacamite−rGO 

nanocomposite was determined to be magnetically active with a markedly enhanced coercive 

field of ∼2500 Oe at 5 K as well as electronically active with a conductivity value of ∼200 

S·m-1 at 300 K. Our results illustrate an avenue of combining exotic magnetic and electronic 

lattices without impeding their individual characteristics and synergistically generating a new 

class of magnetic semiconductors.36 

 

Publication from this chapter: 

Embedding S = 1/2 Kagome-Like Lattice in Reduced Graphene Oxide 

K. Gupta, P. K. Jha, A. Dadwal, A. K. Debnath, I. Jaiswal, S. Rana, P. A. Joy, N. Ballav 

J. Phys. Chem. Lett. 2019, 10, 2663 (Adopted from ref. 36 © American Chemical Society) 

 

Chapter-3 (Barlowite – S=1/2 Antiferromagnet Possessing Kagome Planes onto Reduced 

Graphene Oxide) 

In this chapter, we have focused on barlowite [Cu4(OH)6FBr],37 another mineral from the 

atacamite family, exhibiting geometrically perfect S=1/2 kagome motif.38 Likewise 

clinoatacamite in chapter 2, the kagome planes in barlowite are connected via Cu(II) ions at 

the interlayer site, however, the stacking of kagome planes is different from that in 

clinoatacamite resulting in weaker coupling of kagome planes and easy decoupling in the Zn 

doped variant of barlowite. Here, we present successful anchoring of phase-pure crystallites of 

barlowite onto reduced graphene oxide (rGO) starting from Cu(I) precursor. The barlowite-
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rGO system was found to be an electrical semiconductor with a conductivity value of ~85 S·m-

1 at 300 K while barlowite is an electrical insulator. We have attributed such a transformation 

of electrical transport response to plausible electron doping thereby making charge doping 

experiments on barlowite propitious for metallicity or high-temperature superconductivity. 

  

Publication from this chapter: 

S=1/2 Kagome Antiferromagnet Barlowite: Facile Synthesis and Anchoring onto Graphene 

K. Gupta, A. Dadwal, A. Jain, P. Ninawe, S. M. Yusuf, P. A. Joy, N. Ballav 

Manuscript submitted 2020 

 

Chapter-4 (Paratacamite – 2D S=1/2 Spin Kagome Lattice onto Reduced Graphene 

Oxide) 

In this chapter, we have synthesized herbertsmithite (H) [Cu3Zn(OH)6Cl2]
39 possessing 

structurally perfect S=1/2 kagome spin lattice as well as its structural analogue paratacamite 

(P) [ZnxCu4-x(OH)6Cl2; 0.33 ≤ x < 1],40 at ambient reaction conditions. Herbertsmithite can 

also be understood as Zn-doped clinoatacamite where Zn is situated at the interlayer sites, 

thereby, resulting in 2D Cu(II)-based S=1/2 kagome spin lattice, while paratacamite possesses 

a combination of Zn(II) and Cu(II) at the interlayer sites. Taking graphene oxide (GO) as an 

additional reaction precursor, we could successfully integrate phase-pure crystallites of 

herbertsmithite and paratacamite with nanosheets of semiconducting and diamagnetic reduced 

graphene oxide (rGO) by in situ oxidation-reduction reaction. The isolated H-rGO and P-rGO 

systems were found to be magnetic semiconductors inheriting strong spin frustration from H 
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and P and semiconductivity from rGO. H-rGO system in particular exhibited negative Seebeck 

coefficient suggesting the n-type semiconducting nature. We anticipate the simple chemical 

principles outlined in this study to be useful for synthesizing a variety of complex QSLs and 

their electron doping which are otherwise inaccessible at ambient conditions.42 

 

Publication from this chapter: 

Integrating Structurally Perfect S=1/2 Kagome-Lattice with Reduced Graphene Oxide 

K. Gupta, A. Dadwal, P. Ninawe, P. A. Joy, N. Ballav 

J. Phys. Chem. C 2020, 124, 19753 (Adopted from ref. 42 © American Chemical Society) 

 

Chapter-5 (Botallackite – 2D S=1/2 Anisotropic Triangular Lattice onto Reduced 

Graphene Oxide) 

In this chapter, phase-pure botallackite (Bo) (Cu2(OH)3Br), a quasi-2D S=1/2 anisotropic 

triangular spin lattice41 is stabilized over 2D reduced graphene oxide (rGO) nanosheets via 

simple oxidation−reduction reaction chemistry. In comparison to polycrystalline Bo, such an 

anchoring resulted in the oriented growth of Bo crystallites in the Bo-rGO system. The Bo-

rGO nanocomposite was found to be magnetically active with a Néel transition at ∼8.9 K, 

crossing over to possible XY anisotropy at ∼5K – as revealed by complementary dc and ac 

susceptibility measurements – an unprecedented observation in the field assigned to an 

interfacial effect. This work demonstrates the potential usage of nonmagnetic 2D 

functionalized graphene to significantly modulate the magnetic properties of 2D spin lattices.43 

Cu Zn O Cl
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Publication from this chapter: 

Exploring Magnetic XY Behavior in a Quasi-2D Anisotropic Triangular Lattice of Cu(II) by 

Functionalized Graphene 

K. Gupta, A. Dadwal, P. Jha, A. Jain, S. M. Yusuf, P. A. Joy, N. Ballav 

Inorg. Chem. 2020, 59, 6214 (Adopted from ref. 43 © American Chemical Society) 
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2.1  Introduction 

Quantum mechanical fluctuations of electron spins (S=1/2) supressing solid-like ferromagnetic 

(↑↑) or antiferromagnetic (↑↓) ordering leading to a liquid-like state (↑↕) down to the lowest 

temperatures are termed quantum spin liquids (QSLs).1-3 Localized spins in QSLs are frustrated 

due to competing exchange interactions (geometrical frustration) and giving rise to large 

degeneracy of the ground state that could have stimulating impact for the development of 

transformative quantum technologies.4,5 A simple platform to study QSLs would be a two-

dimensional triangular spin lattice with either edge-sharing or corner-sharing (kagome) lattice.6 

Although spins aligning at 120 in the former lattice can lead to the Néel ground state, sharing 

of the corners in the kagome lattice brings the ground state only with the noncollinearly aligned 

spins and thus leaves high degree of frustration.7  

Various materials including natural minerals possessing S=1/2 kagome lattice have been 

explored as QSLs2,8-9 and one of the well-known systems is the atacamite family of frustrated 

magnetic insulators [ZnxCu4-x(OH)6Cl2], where x=1 member (herbertsmithite) possesses a 

structurally perfect S=1/2 kagome lattice and x=0 member (clinoatacamite) comes with the 

added advantage of no site-specific disorder, an otherwise critical issue with the other members 

1 ≥ x > 0 of the atacamite family.10-12 Clinoatacamite is based on solely Cu(II) as the metal 

center in the intralayer kagome plane as well as at the interlayer site bridging the two kagome 

planes. It can be visualized to possess corner-sharing tetrahedrons with noncollinearly arranged 

apical spins of Cu(II) resembling an S=1/2 Heisenberg quantum pyrochlore lattice.6,13,14 

However, atacamite family members are poor conductors of electricity and are realized to be 

synthetically challenging (mostly solvothermal conditions involving Cu(II) salts)15-18 which in 

turn restricts their potential for spintronic applications. 

Herein, we report a straightforward strategy, oxidation-reduction in water involving cuprous 

chloride (CuCl) and graphene oxide (GO), whereby reduction of graphene oxide (GO) to 

reduced graphene oxide (rGO) with simultaneous oxidation of Cu(I) to Cu(II) stabilized in the 

form of clinoatacamite [Cu2(OH)3Cl] nanocrystals onto the surface of rGO yielded a stable 

nanocomposite exhibiting magnetic properties of pristine clinoatacamite as well as the 

semiconductivity of rGO. This study offers a unique opportunity to easily embed insulating 

QSLs, specifically the members of the atacamite family possessing S=1/2 kagome lattice, into 

a conducting rGO matrix and to investigate their exotic magnetic and electronic properties. 
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Figure 2.1. Schematic elucidating the synthesis of clinoatacamite-rGO nanocomposite along with the 

structures of GO, rGO, and kagome plane in clinoatacamite (color code: brown and black, carbon; 

green, Cu(II); red and cyan, oxygen; white, hydrogen). 

 

2.2  Materials and Methods 

Graphite flake (+100 mesh), potassium permanganate (KMnO4), hydrogen peroxide (H2O2), 

and copper chloride (CuCl) were purchased from Sigma-Aldrich. Sulphuric acid (H2SO4) and 

methanol (MeOH) were purchased from RANKEM (India). Millipore water (MQ, ~18.2 

MΩ·cm) was used whenever required.  

The GO was synthesised and duly characterized following our previous report.19 Further, GO 

was centrifuged at 500 rpm to remove the multilayers. In a 500 mL round bottomed flask, ~600 

mg (~6 mmol) of CuCl was dispersed in 100 mL Millipore water, and 100 mL of GO (~1 

mg/mL) was mixed, followed by stirring at 94 C for ~24 h. A light green precipitate was 

filtered, washed with water and a small amount of methanol, and dried under vacuum for ~10 

h at 150 C (here assigned as clinoatacamite-rGO nanocomposite). Pristine clinoatacamite was 

synthesized by dispersing ~600 mg (~6 mmol) of CuCl in 200 mL of Millipore water followed 

by stirring at 94 °C for ∼24 h, without using any external oxidizing agent; washing with water 

and methanol; and finally, drying under vacuum for ∼10 h at 150 °C. 

In order to realize the magnetic influence of rGO in the nanocomposite, rGO was extracted 

from the clinoatacamite-rGO nanocomposite, where composite was stirred in 0.5 M HCl 

solution at RT (300 K). The black colored material was filtered, washed, and vacuum-dried. 

After etching the clinoatacamite-rGO nanocomposite in acid, the amount of rGO was 

quantified to be around 10±3 wt% across five batches. 
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The magnetic responses of polycrystalline powder samples were recorded on a SQUID 

vibrating sample magnetometer (Quantum Design). Field-cooled (FC) magnetization was 

measured by cooling the sample in the applied magnetic field and recording the magnetization 

in the same field while warming. Zero-field-cooled (ZFC) magnetization was measured after 

cooling the sample in zero field and recording the magnetization in a field while warming. XPS 

measurements were carried out using Mg-K (1253.6 eV) source and DESA-150 electron 

analyzer (Staib Instruments, Germany). The binding-energy scale was calibrated to Au-4f7/2 

line of 84.0 eV. The analyzer was operated at 40 eV pass energy. Pressure in the chamber 

during analysis was ~ 5 x 10-9 Torr.  Raman spectroscopy was done on powder samples using 

632.8 nm laser (Horiba Jobin Yvon). PXRD patterns were recorded on a Bruker D8 Advance 

diffractometer with Cu Kα radiation (λ = 1.5406 Å) within the 2θ range of 15-80º. The PXRD 

pattern of clinoatacamite-rGO nanocomposite was simulated by the  Powder Cell for Windows 

(PCW) software version 2.4 (reference: W. Kraus and G. Nolze), using the space group, lattice 

parameters and atomic positions from the literature.18 FESEM images were taken under a Zeiss 

Ultra Plus scanning electron microscope after drop casting the samples (dispersed in methanol) 

on a silicon wafer. TEM images were recorded on drop casted sample (dispersed in methanol) 

over a 200 mesh Cu grid using JEM-2200FS transmission electron microscope. Heat capacity 

was recorded in a Quantum Design-PPMS-Evercool II instrument. Four-probe dc electrical 

conductivity (I-V) measurements were done on a PPMS as well as conventional Keithley 6221 

setup. 

 

2.3  Results and Discussion 

In the first step, graphene oxide (GO) was prepared by the modified Hummer’s method and 

duly characterized following our standardized protocol.19 An aqueous solution of cuprous 

chloride (CuCl) was added to an aqueous dispersion of GO and stirred at 94 °C for ~24 h (see 

Materials and Methods for details). Oxidation of Cu(I) to Cu(II) and concomitant reduction of 

GO to rGO yielded a green colored solid, here named as clinoatacamite-rGO nanocomposite 

(Figure 2.1). In the family of atacamite, finger-print diffraction peaks at 2θ ≈ 32.5° and ~40° 

in the powder X-ray diffraction (PXRD) pattern confirmed the presence of clinoatacamite in 

the nanocomposite (Figure 2.2a).16 A close similarity between the simulated18 and our recorded 

PXRD patterns suggested phase-purity of clinoatacamite in the nanocomposite and also 

excluded the possibility of presence of other polymorphs, for example, paratacamite.16,20  The 
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Fourier transform infrared (FTIR) spectrum of the composite confirmed the presence of phase-

pure clinoatacamite by showing characteristic vibrational signatures in the spectral ranges of 

750-1050 cm-1 and 3200-3500 cm-1 (Figure 2.2b).15 Specifically, the peak at 3401 cm-1 which 

can serve as the fingerprint for detection of anatacamite was found to be absent in our 

clinoatacamite-rGO nanocomposite. The appearance of characteristic D (~1326 cm-1) and G 

(1594 cm-1) bands (from Raman) in clinoatacamite-rGO nanocomposite confirmed the 

presence of rGO in the material (Figure 2.2c).19,21 X-ray photoelectron spectroscopy (XPS) was 

employed to probe the oxidation-reduction reaction in the conversions of GO to rGO as well 

as Cu(I) to Cu(II). The Cu2p XPS spectrum confirmed almost conclusive presence of Cu(II) 

revealing peaks at binding energy values of 933.4 eV (Cu2p3/2) and 953.5 eV (Cu2p1/2) along 

with the respective satellite features at 942.5 eV and 961.8 eV, as expected for clinoatacamite 

(Figure 2.2d and Appendix 2.1b).22,23 The photoemission signal characteristic of Cu(I) species 

was almost absent (Figure 2.2d). The C 1s XPS spectrum of rGO was deconvoluted mainly 

into three peaks corresponding to –COOH, –C-O/–C-OH and –C=C– moieties at binding 

energy values of 288.4 eV, 286.4 eV and 284.7 eV, respectively (Appendix 2.1c). A 

comparative analysis of the XPS spectral intensity clearly suggested the conversion of GO to 

rGO (Appendix 2.1a, c).19 Specifically, intensity values of the –COOH and –C-O/–C-OH peaks 

in rGO were significantly decreased and intensity value of the –C=C– peak increased – 

consistent with our recent claim of chemical reduction (Appendix 2.1).19  
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Figure 2.2. (a) PXRD patterns of clinoatacamite (simulated) and clinoatacamite-rGO nanocomposite 

(experimental). (b) FTIR spectrum of clinoatacamite-rGO nanocomposite (insets: zoomed in spectra at 

the fingerprint regimes). (c) Raman spectrum of clinoatacamite-rGO nanocomposite revealing 

characteristic D and G bands of rGO. (d) Cu2p XPS spectrum of clinoatacamite-rGO nanocomposite. 

(e) FESEM image of clinoatacamite-rGO nanocomposite; scale bar, 500 nm. (f) HRTEM image of 

clinoatacamite-rGO nanocomposite (inset: zoomed-in view visualizing the fringes); scale bar, 500 nm. 

A closer look into the C1s XPS data showed the presence of –COOH (288.4 eV) and –C-O 

(286.4 eV) functional groups in rGO (after etching out clinoatacamite, see Appendix 2.1c) 

while both the functional groups were observed to be deprotonated –COO- (288.0 eV) and –C-

O- (286.1 eV) in the nanocomposite (Appendix 2.1b).24-25 Such an alternation in the binding 

energy values of C 1s photoemission clearly suggested that clinoatacamite embedded in the 

rGO matrix was indeed chemically bonded to the rGO sheets (Appendix 2.1). A strong red-

shifted ( = ~133 cm-1) stretching frequency of the carboxy group in the FTIR spectra further 

supported transformation of –COOH to –COOCu in the clinoatacamite-rGO nanocomposite 

and complemented the XPS data (Appendix 2.2).24,26,27 Perhaps, these oxygenated functional 

groups provided the nucleation sites for the growth of clinoatacamite nanocrystals. Field-

emission scanning electron microscopy (FESEM) images showed the clinoatacamite 

nanocrystals wrapped with the rGO sheets (Figure 2.2e and Appendix 2.3a). High-resolution 

transmission electron microscopy (HRTEM) images revealed embedding of cuboid 

nanocrystals of clinoatacamite onto the rGO sheets (Figure 2.2f and Appendix 2.3b, c). Also, 

equally spaced fringes at 6 Å corresponded to the [011] plane (2θ ≈ 16.4º) of pristine 

clinoatacamite (Figure 2.2f: inset)28 thereby suggesting the single-crystalline nature of the 

material in the nanocomposite. Thorough energy-dispersive X-ray spectroscopy (EDXS) 

analysis revealed the Cu:Cl ratio to be ~2:1 which is present in clinoatacamite (Appendix 2.4). 

For a comparative assessment of the physical properties, pristine clinoatacamite was 

synthesized in a control experiment and duly characterized (Appendix 2.5). 

To investigate magnetic behaviour of the clinoatacamite-rGO nanocomposite, dc magnetic 

susceptibility as a function of temperature was recorded in field-cooled (FC) and zero field-

cooled (ZFC) modes at an applied field of 50 Oe (Figure 2.3a). The inverse magnetic 

susceptibility plot in the temperature range 150-300 K was fitted with the Curie-Weiss 

equation, χ=C/(T-θCW) and extracted values of Curie constant (C) and Curie-Weiss temperature 

(θCW) were found to be 1.10 emu·Oe-1·mol-1·K and -130.9 K, respectively (Appendix 2.6). A 

large negative value of θCW suggested strong nearest-neighbour antiferromagnetic interaction 
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to be operative in clinoatacamite. On the basis of the distance of Cu from Cl (2.7-2.8 Å) and 

from bridging oxo-ligand (1.9-2.3 Å), the magnetic exchange interactions could take place via 

bridging oxo-ligand offering shorter distance rather than Cl- ligand (Appendix 2.7). The 

effective magnetic moment (µeff) per Cu ion was estimated to be ~2.09 µB (close to spin-only 

moment of ~1.73 µB) and justifying the dominance of Cu(II) with S=1/2 configuration in the 

system. 

 

Figure 2.3. (a) Magnetic susceptibility versus temperature plot (χ-T) of clinoatacamite-rGO 

nanocomposite recorded at an applied field of 50 Oe (inset: zoomed-in view to visualize the TCr at 6.4 

K). (b) M-H plots of clinoatacamite-rGO nanocomposite at 300 K and 5 K (insets: zoomed-in view of 

M-H at 300 K and 5 K). 

The ZFC curve of the nanocomposite exhibited no magnetic transition until 6.4 K (critical 

temperature, TCr) where a sharp cusp was observed resembling ferromagnetic-like transition 

analogous to pristine clinoatacamite (Figure 2.3a).6,7,18 Though strong antiferromagnetic 

interactions are predicted by the Curie-Weiss law, no Néel transition was observed in the 

magnetic susceptibility plot, and such an absence of the Néel transition could be ascribed to 

the high magnetic frustration present in the clinoatacamite-rGO nanocomposite. Using the 

equation, f = |θCW|/TCr, the value of frustration factor, f, was estimated to be ~20.5 (f > 10 

indicates high magnetic frustration), which clearly evidenced the presence of a magnetically 

frustrated kagome-lattice in the clinoatacamite-rGO nanocomposite.12,29 The magnetic 

susceptibility in both FC and ZFC modes of rGO, extracted from the nanocomposite, 

consistently showed diamagnetic characteristics (Appendix 2.8) and notably, the extracted rGO 

did not show any traces of Cu species in the XPS data (Appendix 2.9). Thus, our magnetic 
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susceptibility data clearly reflect successful embedding of the clinoatacamite nanocrystals in 

rGO matrix without impeding the critical magnetic response.  

Magnetization as a function of externally applied magnetic field (M-H) was recorded for the 

clinoatacamite-rGO nanocomposite, one at room-temperature (300 K) and the other at low-

temperature (5 K) (Figure 2.3b). Appearance of a straight lined M-H curve at 300 K was typical 

of paramagnetic behaviour of the nanocomposite, and at 5 K, no saturation of magnetization 

was observed in the M-H curve even up to an applied field of 60 kOe, suggesting the presence 

of magnetically frustrated spin moments aligned non-collinearly.7 Also, muon-spin 

experiments on clinoatacamite revealed a long-range magnetic order at 18.1 K followed by 

rapid spin fluctuation until 7 K; at further low temperatures, the coexistence of long-range 

magnetic order as well as spin fluctuation was observed.7 Interestingly, for the nanocomposite, 

a prominent loop in the M-H plot was observed at 5 K with a large coercive field (HC) of ~2500 

Oe which is significantly higher than the value of pristine clinoatacamite (~1240 Oe at 5 K) 

prepared in this study (Appendix 2.10). In fact, our HC value of pristine clinoatacamite matched 

well with an earlier reported value.18 M−H plots of pure rGO at 300 and 5 K consistently 

revealed diamagnetic characteristics (Appendix 2.8b). One of the contributing factors for such 

higher values of HC in our clinoatacamite−rGO nanocomposite could be enhanced magnetic 

interaction between the clinoatacamite nanocrystals via chemical bonding with the conducting 

rGO matrix. The particle size of the clinoatacamite−rGO nanocomposite could also potentially 

influence the value of HC,30−33 specifically keeping in mind that studies on the magnetism of 

kagome-like systems at the nanoscale are rare. However, our thorough FESEM analysis 

revealed a broad size distribution (500 nm to 2 μm) for both the materials, clinoatacamite−rGO 

nanocomposite and pristine clinoatacamite (Appendix 2.11), which suggests that the size effect 

is a minor contributor for the enhancement of the HC value, though estimation of size by other 

complementary techniques would be desirable for such a claim. Notably, both micrometer-

sized particles as well as fine powders (10−100 nm) of pristine clinoatacamite exhibited similar 

HC values,18 thereby supporting the role of rGO in enhancing the HC value for our 

clinoatacamite−rGO nanocomposite. 

In the nanometer ranges, usually the coercivity increases with increasing particle size, where 

each particle acts as a single domain.31 However, after reaching a critical limit, the coercivity 

decreases with further increase in the size of the particle as the particle enters into the 

multidomain regime.31 The average size of the clinoatacamite crystallites under study is 
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approximately 500 nm, which reflects the presence of rather multidomain grains (Appendix 

2.11). Further, the crystallites are chemically bonded to rGO sheets (discussed above), which 

could potentially elevate the interparticle interaction (kind of dipolar) compared to that in 

pristine clinoatacamite.30 The chemical bonding between the clinoatacamite and rGO can also 

induce spin arrangement anisotropy at the interface and/or lead to domain wall pinning;34,35 

thus, significant enhancement in the coercivity value of our clinoatacamite−rGO 

nanocomposite system (Appendix 2.10c) is ascribed to the combined effect of surface 

anisotropy and interparticle interactions.30 A reduction in the remanent magnetization at 5 K in 

the clinoatacamite−rGO nanocomposite when compared to that of pristine clinoatacamite is 

also indicative of surface effects.33 

Apart from the critical transition at ~6.4 K, clinoatacamite is known to possess 

antiferromagnetic transition at ~18 K,18 which was apparently absent in our magnetic 

susceptibility measurements. However, the transition is well-observed in the temperature 

dependence of heat capacity (Cp) for clinoatacamite-rGO nanocomposite at zero and higher 

fields (1 T) along with the critical transition at ~6.2 K (Figure 2.4a). The anomaly observed at 

~6.2 K could be due to the two-dimensional kagome layers which are weakly magnetically 

coupled to the interlayer Cu(II) ion and thus, it was susceptible to the applied magnetic field.7,36 

However, the one at ~18 K in the clinoatacamite-rGO nanocomposite was characteristic of an 

antiferromagnetic Néel ordering of clinoatacamite and did not vary significantly with the 

applied magnetic field.36,37   

 

Figure 2.4. (a) Specific heat capacity (Cp) of clinoatacamite-rGO nanocomposite as a function of 

temperature at varied fields. (b) Resistivity () and conductivity () versus temperature plots of 

clinoatacamite-rGO nanocomposite recorded in PPMS (inset: Arrhenius plot). 
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Electrical transport property of the clinoatacamite-rGO nanocomposite was investigated by 

four-probe resistivity measurements, and a value of ~200 S·m-1 at 300 K was measured (from 

physical property measurement system (PPMS) and a conventional Keithley source meter, 

Figure 2.4b and Appendix 2.12). The electrical conductivity value for the nanocomposite was 

found to be increasing with increasing temperature, both above and below 300 K – typical of a 

semiconductor. 

The activation energy (Ea) estimated from the Arrhenius plot was found to be ~0.02 eV and 

~0.05 eV in the temperature range of 140-300 K and 300-375 K, respectively (Figure 2.4b and 

Appendix 2.12 insets). The current−voltage (I−V) characteristic of pure rGO, extracted from 

the clinoatacamite-rGO nanocomposite, was Ohmic, and the conductivity value was estimated 

to be ∼200 S·m-1 at 300 K (Appendix 2.13a).38 Interestingly, a mechanical mixture of 10 wt % 

rGO with 90 wt % insulating clinoatacamite (resistance ≈ 1011 Ω; Appendix 2.13) revealed  a 

very high resistance, ~1011 Ω at 300 K which is close to pristine clinoatacamite itself (Appendix 

2.13). Apparently, the contribution of clinoatacamite to the resistivity of clinoatacamite-rGO 

nanocomposite is negligible (Figures 2.4b and Appendix 2.13). The Tauc plot revealed an 

optical band gap of ~1.5 eV for the clinoatacamite-rGO nanocomposite, a value significantly 

lower than that observed for pristine clinoatacamite (~2.67 eV) (Appendix 2.14).39 Thus, our 

clinoatacamite-rGO nanocomposite indeed is a magnetic semiconductor. Magneto-transport 

measurements for such an exotic material will strengthen the understanding toward its 

application in spintronics. 

 

2.4 Conclusions 

In summary, we have demonstrated a novel method of embedding natural mineral 

clinoatacamite, possessing S=1/2 kagome-like lattice, into semiconducting reduced graphene 

oxide matrix. An unconventional precursor, Cu(I) salt, is employed to introduce a redox cycle 

in the synthesis, so as to reduce GO and form phase-pure clinoatacamite simultaneously, and 

such a unique approach of oxidation-reduction is anticipated to embed other analogues from 

the atacamite family into the rGO. The magnetic response of clinoatacamite-rGO 

nanocomposite revealed frustrated magnetic behaviour (TCr = 6.4 K) with a significantly 

improved value of HC at 5 K compared to pristine clinoatacamite  primarily assigned to be due 

to surface anisotropy. The electrical conductivity value of the clinoatacamite-rGO system was 
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impressive (~200 S·m-1 at 300 K), rendering the nanocomposite material magnetically as well 

as electronically intriguing. Further, our clinoatacamite-rGO system could provide an 

opportunity to study the influence of externally applied electric field on the frustration of 

quantum spins.  

 

2.5 Appendix 

 

 

Appendix 2.1. C1s XPS of GO (a), clinoatacamite-rGO nanocomposite (b), and rGO (c). Intensity ratio 

of rGO (IC=C/I(COOH+C-OH)):GO (IC=C/I(COOH+C-OH)) and Intensity ratio of clinoatacamite-rGO 

(IC=C/I(COOH+C-OH)):GO (IC=C/I(COOH+C-OH)) was consistently observed to be ~2:1 and thereby clearly 

confirmed the reduction process.  
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Appendix 2.2. FTIR spectra of rGO and clinoatacamite-rGO nanocomposite.  

 

 

Appendix 2.3. (a) FESEM and (b-c) HRTEM images of clinoatacamite-rGO nanocomposite (arrows 

point towards the rGO sheets).  
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Appendix 2.4. EDXS analysis of clinoatacamite-rGO nanocomposite at 24 different places. The 

average Cu:Cl ratio is ~2:1.  
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Appendix 2.5. (a-b) PXRD patterns of pristine clinoatacamite (blue) and a simulated pattern (green).    

 

 

Appendix 2.6. Inverse magnetic susceptibility versus temperature for clinoatacamite-rGO 

nanocomposite fitted with Curie-Weiss equation from 150 K to 300 K (inset: Curie-Weiss equation). 

The magnetic susceptibility of nanocomposite was normalised with respect to the mass of 

clinoatacamite only.  
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Appendix 2.7. Cu(II) environment in clinoatacamite depicting the bond distances from chloride and 

oxo-bridging ligands (crystallographic information was taken from the Ref. 28).  

 

 

Appendix 2.8. (a) Magnetic susceptibility versus temperature (χ-T) plot at an applied field of 50 Oe in 

FC and ZFC modes and (b) M-H plots at 300 K and 5 K for clean rGO after etching out the 

clinoatacamite.  
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Appendix 2.9. XPS spectrum of rGO recorded in the expected regime for Cu 2p.  

 

 

Appendix 2.10. (a) M-H plots of pristine clinoatacamite recorded at 5 K and 300 K. (b) A zoomed-in 

M-H plot at 5 K. (c) M-H plots of pristine clinoatacamite and clinoatacamite-rGO nanocomposite at 

5 K (M-H plot of the nanocomposite was normalised with respect to the mass of clinoatacamite only).  

 

 

Appendix 2.11. FESEM images of (a) clinoatacamite-rGO nanocomposite and (b) pristine 

clinoatacamite. Size of clinoatacamite in both cases is distributed in the range of 500 nm to 2 µm 

(these FESEM images were taken from a working distance of around 6.5 mm using 15 kV beam).  
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Appendix 2.12. Four-probe dc current-voltage (I-V) plot of clinoatacamite-rGO nanocomposite at 

300 K (inset: Arrhenius plot and four-probe setup used for the measurements).  

 

 

Appendix 2.13. dc current-voltage (I-V) characteristics of (a) extracted pure rGO (thin film; four-

probe), (b) pristine clinoatacamite (pelletized; two-probe), and (c) mechanical mixture of 10 wt% 

rGO and 90 wt% clinoatacamite (pelletized; two-probe).  

 

 

Appendix 2.14. Tauc plot of clinoatacamite-rGO nanocomposite.  
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3.1  Introduction 

Quantum spin liquids (QSLs) constitute a distinct class of matter, manifesting fluctuating spins 

throughout the lattice – a long range spin entanglement.1-3 Such systems possess strong 

competing nearest neighbour interactions bringing spin frustration which, in turn, suppresses 

the long range magnetic ordering down to the lowest temperature.4 Though, geometrically 

frustrated lattices have been extensively searched for a QSL ground state, the focus has majorly 

centered on low-dimensional S=1/2 spin lattices, such as triangular or kagome lattices with 

antiferromagnetically interacting spins.5-10 So far, S=1/2 kagome spin lattice is sought to be an 

ideal candidate to host a QSL state where one of the leading candidates with experimentally 

observed QSL features is herbertsmithite [Cu3Zn(OH)6Cl2] – a naturally occurring mineral 

from the family of atacamites.6, 11 

Herbertsmithite has a three-dimensional (3D) structural lattice of alternately stacked kagome 

and triangular planes (pyrochlore lattice), where the triangular planes are all occupied by 

diamagnetic Zn(II) ions and the kagome planes with Cu(II) ions, thus rendering a two-

dimensional (2D) S=1/2 kagome spin lattice – a host for QSL.6 Herbertsmithite is, in fact, 

realized by replacing 1/4th of Cu(II) ions with Zn(II) ions in clinoatacamite [Cu4(OH)6Cl2] i.e., 

occupying all the interlayer sites between kagome planes by Zn(II) ions.6, 11-12 In 

clinoatacamite, spins within a kagome plane interact antiferromagnetically, however, the 

interlayer sites offers Cu-O-Cu angle of ~97° with a favourable ferromagnetic interaction as 

also observed for paratacamite [Cu4-xZnx(OH)6Cl2, 0.33 ≤ x < 1], having a combination of 

Cu(II) and Zn(II) ions at the interlayer site.12-13 Notably, the coordination environment of metal 

ions within the kagome plane and at the interlayer site is similar in herbertsmithite, which often 

gives rise to anti-site disorder i.e., presence of Cu(II) ions at the interlayer site or Zn(II) ions in 

the kagome plane.6, 14 The stoichiometry of Cu(II) and Zn(II) ions in herbertsmithite can be 

estimated, however, due to similar sizes and diffraction properties of Cu(II) and Zn(II) ions,15 

anti-site disorder mostly remains undetectable and a plight, for herbertsmithite, demanding for 

an alternative. This renewed the interest recently in barlowite [Cu4(OH)6FBr] – another 

member of atacamite family of minerals, having Cu(II) based S=1/2 kagome planes with a 

weaker inter-kagome coupling (Figure 3.1).7 In the case of barlowite, kagome planes are 

stacked exactly over one another giving rise to a trigonal prismatic interlayer site, unlike ABC 

packing of kagome planes in herbertsmithite with a trigonally compressed octahedral interlayer 

site, thus reducing the chance of Cu(II) ions occupying interlayer site over the site in kagome 

plane with pronounced Jahn-Teller distortion (Appendix 3.1).16-18 Further, as a result of 
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reduced inter kagome coupling in barlowite, only ≥56% occupancy of the interlayer site with 

a diamagnetic ion is required to generate a robust QSL state despite the Cu(II) impurities in the 

interlayer site.7, 19 

 

Figure 3.1. View along crystallographic c-axis (left panel) depicting top view of kagome plane, and b-

axis (right panel) depicting the stacking of kagome planes in barlowite, only Cu(II) ions are shown in 

the right panel for clarity. (Color code: blue, green, orange-Cu in consecutive kagome planes; dark 

yellow-Cu at interlayer site; red-O; brown-Br; purple-F; white-H). 

These interesting members of atacamite family of minerals are, however, difficult to synthesize 

chemically in phase-pure forms and have been produced majorly from Cu(II) source via 

hydrothermal or other high temperature protocols.6, 16-17, 20-23 Recently, we have shown a simple 

oxidation-reduction reaction starting from Cu(I) precursor along with different counter anions, 

chloride and bromide, to successfully yield phase pure clinoatacamite and botallackite 

[Cu2(OH)3Br], respectively, under suitable conditions.24-25 Employing a Cu(I) precursor, not 

only enabled us to synthesize these frustrated magnets at close-to-ambient conditions but also 

gave an opportunity to explore the oxidation process of Cu(I) to Cu(II) to bring such frustrated 

magnets and exotic matrices into a single material.24-25 Here we show, a robust synthesis of 

barlowite starting from Cu(I) precursor along with a combination of anions (fluoride and 

bromide) below the boiling point of water in aqueous medium. Further graphene oxide (GO) 

was added into the reaction mixture as an additional chemical precursor where Cu(I) act as a 

reducing agent for GO resulting in the formation of reduced graphene oxide (rGO) and Cu(I) 

itself oxidizes to Cu(II), as a result, barlowite crystallites were integrated with rGO sheets 

generating a magnetic semiconductor, here named as barlowite-rGO nanocomposite. Further, 

barlowite is known in literature to possess two morphologies, rod-like and hexagonal plate-like 

morphology exhibiting distinct magnetic transitions,20 and we anticipate the alteration in here 
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demonstrated protocol could lead to the generation of both the morphologies which will enable 

us to further investigate the synthesis-dependent properties of barlowite over rGO and is 

currently under investigation with preliminary data. 

 

3.2  Materials and Methods 

Graphite flake (+100 mesh), potassium permanganate (KMnO4), hydrogen peroxide (H2O2), 

copper bromide (CuBr), hydrobromic acid (HBr), and ammonium fluoride (NH4F) were 

ordered from Sigma-Aldrich. Sodium hydroxide (NaOH) was purchased from Vetec. Sulfuric 

acid (H2SO4) and methanol (MeOH) were brought from RANKEM (India). Millipore water 

(MQ, ∼18.2 MΩ·cm) was used whenever required. Graphene oxide (GO) was prepared and 

well characterized by following a literature report.26 Aqueous solution (~1mg/mL) of GO was 

subsequently prepared and centrifuged at 1000 rpm to remove the multilayers, if any, before 

further use. 

Synthesis of barlowite: CuBr (~322.7 mg, ~2.25 mmol), NaOH (~90mg, ~2.25 mmol), HBr 

(~122 μL, ~2.25 mmol), and NH4F (~83.3 mg, ~2.25 mmol) were added to a flask with 100 

mL MQ water and stirred at ~94 °C for 24 h. The green coloured product thus obtained was 

washed with MQ water and MeOH followed by vacuum drying before further characterization 

and experiments. 

Synthesis of barlowite-rGO nanocomposite: Aqueous dispersion (50 mL) of CuBr (~322.7 mg, 

~2.25 mmol), NaOH (~90mg, ~2.25 mmol), HBr (~122 μL, ~2.25 mmol), and NH4F (~83.3 

mg, ~2.25 mmol) was added to a flask with 50 mL aqueous GO dispersion and the reaction 

mixture was stirred at ~94 °C for 24 h. The greenish black coloured product thus obtained was 

washed with MQ water and MeOH and was vacuum dried before further characterization and 

experiments. 

Magnetic response was recorded on a SQUID vibrating sample magnetometer (Quantum 

Design). Magnetization was recorded in field-cooled (FC) mode by cooling the sample in 50 

Oe applied magnetic field and recording the magnetization in same field while warming. Zero 

field-cooled (ZFC) magnetization was recorded after cooling the sample in zero applied 

magnetic field and recording the magnetization in 50 Oe field while warming. The ac magnetic 

susceptibility measurements were carried out in a CRYOGENIC make Vibrating Sample 

Magnetometer (VSM) under zero field condition (ZFC).  The measurement was carried out in 

warming cycle. Raman spectroscopy was done on powder samples using a 514 nm laser on 

Horiba Jobin Yvon Raman microscope. Heat capacity was recorded in a Quantum Design-
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PPMS-Evercool II instrument. PXRD patterns were recorded on Bruker D8 Advance 

diffractometer with Cu Kα radiation (λ = 1.5406 Å); 2θ range of 10−40°. FTIR spectrum was 

recorded on a pressed pellet of powder sample mixed with KBr on NICOLET 6700 

spectrophotometer. FESEM images were taken under a Zeiss Ultra Plus scanning electron 

microscope over a Si wafer where methanolic dispersion of the sample was drop casted and 

dried. HRTEM images of the samples were taken on drop casted samples (methanolic 

dispersion) over a 200 mesh Cu grid in a JEM-2200FS transmission electron microscope. 

Temperature dependent four-probe DC electrical conductivity (I−V) measurements were done 

on conventional Keithley 6221 setup on a pelletized sample. Two-probe DC electrical 

conductivity (I−V) measurements were done via Keithley 4200 SCS Parameter Analyzer 

system equipped with an Everbeing probe station on a pelletized sample.  

 

3.3  Results and Discussion 

Pristine barlowite was synthesized by stirring an aqueous solution of CuBr and NH4F along 

with other reagents at ~94 °C for 24 h. The isolated green product was characterized by powder 

X-ray diffraction (PXRD) technique indicating the formation of phase pure barlowite where 

the experimentally recorded pattern for here synthesized barlowite matches well with the 

simulated pattern reported for pristine barlowite (Figure 3.2a).18 FTIR spectrum of barlowite 

exhibited strong bands at ~558 cm-1, ~851 cm-1, ~1029 cm-1, ~1063 cm-1, ~3273 cm-1, and a 

broad hump at ~2000 cm-1; where the bands in the range of 400-700 cm-1 are assigned to Cu-

O stretching, and those from ~700 to ~1060 cm-1 are ascribed to CuO-H deformations 

(Appendix 3.2).20, 27 Appendix 3.3 shows the Raman spectrum of barlowite with peaks at ~75 

cm-1, ~185 cm-1, ~443 cm-1, and ~523 cm-1, in line with the literature reports, confirming the 

formation of barlowite without any impurities.20 

Field-emission scanning electron microscopic (FESEM) and high-resolution transmission 

electron microscopic (HRTEM) images revealed the rod-like morphology of here synthesized 

barlowite with the length of rods varying from micro- to nano-metre range which is a result of 

varied stacking of kagome planes along the crystallographic c-axis at different nucleation sites 

(Figure 3.2b and c). Thorough energy dispersive X-ray spectroscopic (EDXS) analysis was 

done to estimate the stoichiometry of Br:F in barlowite and an average value of ~1:1 was 

observed (Appendix 3.4).  
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Figure 3.2. (a) PXRD pattern, (b) FESEM image, and (c) HRTEM image of barlowite. 

To further explore the oxidation process of Cu(I) to Cu(II), GO was introduced in the reaction 

mixture, without changing the other reaction conditions, to synthesize barlowite-rGO 

nanocomposite. PXRD pattern of barlowite-rGO nanocomposite is similar to that of pristine 

barlowite confirming the formation of phase-pure barlowite in the nanocomposite, also, the 

Raman signatures of barlowite were maintained in the nanocomposite with peaks situated at 

~75 cm-1, ~185 cm-1, ~443 cm-1, and ~523 cm-1 (Appendix 3.5 and 3.3).20 Further, barlowite 

crystallites with rod-like morphology and polydispersity similar to pristine barlowite were 

observed to be extensively wrapped with rGO sheets from the FESEM and HRTEM images of 

barlowite-rGO nanocomposite (Appendix 3.6). The Br:F stoichiometry of ~1:1 was observed 

for barlowite-rGO nanocomposite from EDXS analysis. 

The dc magnetic susceptibility of barlowite was recorded as a function of temperature at an 

externally applied field of strength 50 Oe. A long range ordered state appeared for here 

synthesized barlowite, corresponding to the Néel transition with a broad cusp at ~16.0 K 

spanning over a range of ~2 K (14 – 16 K) as also suggested by Goodenough-Kanamori-

Anderson (GKA) rules (Figure 3.3a).28 Barlowite, in literature, is known to possess Néel 

temperature around 15.4 K with some ferromagnetic moment followed by a second transition 

at around 13.8 K.16 The inverse susceptibility plot for barlowite in the temperature range of 

200 – 300 K was fitted with Curie-Weiss equation, χ=C/(T-θCW) and the value of Weiss 

temperature (θCW) was found to be -184.9 K indicating a strong antiferromagnetic interaction 

between the spins, and the value of curie constant was observed to be ~2.53 emu·Oe-1·mol-1·K 

(Appendix 3.7a). The antiferromagnetic interaction predicted by the Curie-Weiss law is highly 
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suppressed in barlowite due to high spin frustration in the lattice as also reflected in the value 

of frustration factor f (= |θCW|/TCr), 12.3 (f > 10 indicates high magnetic frustration). 

Magnetization as a function of externally applied magnetic field (M-H) was recorded at 300 K 

and 3 K. At 300 K, a straight-lined M-H curve without any cusp – characteristic of 

paramagnetic behavior was observed (Figure 3.3b). While at 3 K, a coercive field (HC) of ~600 

Oe was observed without any saturation of magnetization even at an applied field of 60 kOe 

indicating the presence of non-collinearly aligned spins in the frustrated lattice of barlowite 

(Figure 3.3b). At room temperature, the interlayer site in barlowite exhibits dynamic disorder 

at three possible positions to maintain the geometrically perfect kagome motif in the lattice 

with hexagonal symmetry. As the temperature is lowered to 276 K, the Cu(II) ions at the 

interlayer site occupy one of the three available positions, thus lowering the symmetry of the 

lattice.29 Below 276 K, the spin lattice of barlowite bears a resemblance to the spin lattice of 

clinoatacamite, in the sense, that there are S=1/2 antiferromagnetic kagome planes linked via 

Cu(II) sites favouring ferromagnetic inter-plane interactions, however, no long range order is 

observed because of high spin frustration until further low temperatures.24  

 

Figure 3.3. (a) dc magnetic susceptibility at an externally applied field of 50 Oe, and (b) M-H plots at 

300 K and 3 K of barlowite. 

Figure 3.4 depicts the ac magnetic susceptibility (χ'ac) as a function of temperature under varied 

frequencies and zero applied dc magnetic field, where a peak independent of frequency was 

observed, characteristic of Néel ordering. The peak is centered at ~16.7 K, corroborating the 

onset of increase in magnetization in the dc susceptibility plot corresponding to the Néel 

transition in barlowite (Figure 3.4). 
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Figure 3.4. ac magnetic susceptibility (χ'ac) of barlowite as a function of temperature at varied applied 

frequencies and zero applied dc magnetic field. 

Additionally, heat capacity was recorded at various externally applied magnetic fields and a 

clear transition is observed at ~15.8 K and interestingly, the transition shifts to higher 

temperatures at high externally applied magnetic fields ca. 2000 Oe suggesting that the specific 

heat at low temperatures is majorly magnetic (Figure 3.5a).16 

 

Figure 3.5. Specific heat recorded at varied applied magnetic fields versus temperature for barlowite. 

In the case of barlowite-rGO nanocomposite, the magnetic signatures of pristine barlowite were 

retained. Magnetic susceptibility was recorded at an applied magnetic field of 50 Oe and a cusp 

at around 15 K is observed in the ZFC curve signifying the antiferromagnetic transition (Figure 

3.6a). Owing to the presence of semiconducting rGO in the nanocomposite, electrical transport 

properties were investigated for both the samples. For barlowite, a resistance value of ~2.0*1010 

6 8 10 12 14 16 18 20
-0.0010

-0.0005

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030  97 Hz

 997 Hz

 1997 Hz

 2997 Hz


 a

c
 (

a
.u

.)

Temperature (K)

13 14 15 16 17
0.018

0.020

0.022

0.024

0.026

0.028

0.030

C
p
 (

J
K

-1
g

-1
)

Temperature (K)

 0 Oe

 50 Oe

 250 Oe

 2000 Oe

Barlowite



 

 

CHAPTER 3 

P-50 

 

Kriti Gupta, IISER Pune 

Ω was estimated from the I-V plot at 300 K, recorded in two-probe configuration, revealing 

the electrically insulating behavior of pristine barlowite, however, barlowite-rGO 

nanocomposite offered an electrical conductivity value of ~85 S·m-1 at 300 K, recorded in four-

probe configuration (Figure 3.6b). 

 

Figure 3.6. (a) dc magnetic susceptibility of barlowite-rGO nanocomposite at an applied field of 50 

Oe; and (b) I-V characteristics of barlowite and barlowite-rGO nanocomposite recorded at 300 K in 

two-probe and four-probe configuration, respectively. 

Further, I-V plot of the mechanical mixture of two components with a composition similar to 

the nanocomposite (~85 wt% barlowite + ~15 wt% rGO), gave a resistance value of ~3.8*1010 

Ω at 300 K, thus ruling out the possibility of formation of mechanical mixture in barlowite-

rGO system (Appendix 3.8b). 

3.4 Conclusions 

In summary, we have demonstrated a simple and straightforward protocol to synthesis phase-

pure Cu(II) based frustrated magnet named barlowite, possessing geometrically perfect S=1/2 

kagome motif. We employed an unconventional Cu(I) precursor in the abovementioned robust 

synthetic protocol and by introducing graphene oxide (GO) as an additional precursor, we were 

able to anchor barlowite onto nanosheets of reduced GO (rGO), integrating the magnetic 

characteristics of barlowite with the electrical transport properties of rGO engendering 

barlowite-rGO systems as a magnetic semiconductor. The oxidation-reduction approach to 

synthesize phase-pure barlowite and in situ anchoring onto rGO sheets presented here can 

potentially be extended to other spin lattices as well generating an interesting class of magnetic 

semiconductors. 
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3.5 Appendix 

 

Appendix 3.1. Structural insight into barlowite (adopted form Ref. 18); (a) top view of the kagome 

plane (left) and stacking via interlayer site (right); (b) coordination environment of two distinct Cu(II) 

sites; (c) coordination environment of fluoride and bromide in the structure.  
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Appendix 3.2. FTIR spectrum of pristine barlowite.  

 

 

Appendix 3.3. Raman spectra of pristine barlowite and barlowite-rGO nanocomposite.  
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Appendix 3.4. EDXS analysis for pristine barlowite.  

 

 

Appendix 3.5. Experimentally recorded PXRD patterns of pristine barlowite and barlowite-rGO 

nanocomposite.  
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Appendix 3.6. (a) FESEM, and (b) HRTEM images of barlowite-rGO nanocomposite depicting 

barlowite crystallites wrapped with rGO sheets.  

 

 

Appendix 3.7. Inverse susceptibility plot for pristine barlowite with Curie-Weiss fit in the temperature 

range of 200 K – 300 K.  
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Appendix 3.8. I-V plot of barlowite at 300 K (inset: schematic of two-probe configuration used).  
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4.1  Introduction 

Quantum spin liquid (QSL) is a long-predicted spin state possessing strong quantum spin 

fluctuations suppressing the spin freezing down to the lowest measured temperature.1 The 

interest in QSLs and the experimental search saw an up rise when P. W. Anderson proposed a 

resonating valence bond (RVB) in a triangular spin lattice as a QSL state. It was further invoked 

when RVB spin liquid was related to the Cooper pairs in oxide-based superconductor.2-4 Such 

a spin state is usually anticipated from low dimensional and/or geometrically frustrated lattices 

(kagome-lattice) with odd number of active spins in the unit cell to subdue an otherwise 

energetically favourable Néel ground state.2 Thus, in search of elusive QSL state, highly-

frustrated magnetic systems were explored, in particular, herbertsmithite [Cu3Zn(OH)6Cl2] 

with structurally perfect S=1/2 kagome lattice. Even, striking evidence of QSL features on 

herbertsmithite were provided by neutron scattering measurements.5, 6 

Herbertsmithite consists of kagome spin lattice – a corner-shared triangular lattice comprised 

of M(OH)3 triangles, where M is the spin bearing metal ion (Figure 4.1).7 Based on the O-M-

O bond angle in kagome lattice, spins have a tendency to align antiferromagnetically; however, 

they are restricted by the geometry of lattice.7, 8 Though, materials exhibiting such hydroxide 

based kagome planes include jarosites as well as atacamites, S=1/2 kagome planes were present 

only in the family of atacamites [Cu4-xMx(OH)6X2] where M=Zn, Cu, Co, Ni and X=Cl, Br, I.9-

11 

 

Figure 4.1. (a) Top-view of Cu(II)-based kagome plane, and (b) side-view to visualize the ABC stacking 

of kagome planes in herbertsmithite. (Color code: blue, mauve, purple-Cu in three consecutive kagome 

planes; green-interlayer Cu; red-O; brown-Cl, and white-H). 

One of the end members of atacamite family, herbertsmithite, possesses Cu(II)-based kagome 

planes separated via diamagnetic Zn(II) ions in the interlayer site.6, 12 Since the ionic radii and 
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coordination environment of Cu(II) and Zn(II) is comparable,13 there is a possibility of anti-

site disorder; however, recent site-specific X-ray scattering studies done on herbertsmithite 

revealed an excess of Cu(II) ions with 15% occupancy in the interlayer site while no Zn(II) 

ions were observed in the kagome plane.14 Even with the slight excess of Cu(II) ions in the 

interlayer site, herbertsmithite shows no magnetic order down to 50 mK and is known to exhibit 

QSL features.10, 15 However, synthesizing phase-pure herbertsmithite without involving 

hydrothermal conditions (autoclave vessels and/or tube furnace) remained difficult.7, 10, 14, 16-34 

 

4.2  Materials and Methods 

Graphite flake (+100 mesh), potassium permanganate (KMnO4), hydrogen peroxide (H2O2), 

copper chloride (CuCl) and zinc chloride (ZnCl2) were used as received from Sigma-Aldrich. 

Sodium hydroxide (NaOH) was purchased from Vetec. Sulfuric acid (H2SO4) and methanol 

(MeOH) were purchased from RANKEM (India). Millipore water (MQ, ∼18.2 MΩ·cm) was 

used wherever required. Graphene Oxide (GO) was synthesized and duly characterized 

following our previous report.35 Further, GO was centrifuged at 1000 rpm to remove the 

multilayers, if any. 

Synthesis of H-rGO: In a flask, aqueous dispersion (100 mL) of CuCl (~445 mg, ~4.5 mmol), 

ZnCl2 (~200 mg, ~0.67 mmol) and NaOH (~216 mg, ~5.4 mmol) was added, followed by 100 

mL aqueous dispersion of GO (~1 mg/mL). Reaction mixture was then stirred at ~94 °C for 24 

h and the precipitate (H-rGO) was filtered and washed with MQ H2O and MeOH. H-rGO was 

vacuum dried before further characterization and experiments. 

Synthesis of P-rGO: Reaction conditions were similar to H-rGO except the amount of reactants 

as follows; CuCl (~445 mg, ~4.5 mmol), ZnCl2 (~402 mg, ~1.3 mmol) and NaOH (~162 mg, 

~4 mmol). 

Synthesis of pristine H: In a flask, aqueous dispersion (200 mL) of CuCl (~445.5 mg, ~4.5 

mmol), ZnCl2 (~300 mg, ~1 mmol), and NaOH (~180 mg, ~4.5 mmol) was stirred at ~94 °C 

for 24 h. The precipitate formed was filtered and washed with MQ H2O and MeOH followed 

by vacuum drying before further characterization. The final product was light blue in color. 

Synthesis of pristine P: Reaction conditions were similar to the synthesis of herbertsmithite 

except the amount of reactants as follows; CuCl (~445mg, ~4.5 mmol), ZnCl2 (~200 mg, ~0.67 

mmol), and NaOH (~163 mg, ~4 mmol). The final product was light green in color. 
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Magnetic response for all the samples was recorded on SQUID vibrating sample magnetometer 

(Quantum Design). Magnetization was recorded in field-cooled (FC) mode by cooling the 

sample in 50 Oe applied magnetic field and recording magnetization in 50 Oe applied field 

while warming. Zero-field-cooled (ZFC) magnetization was recorded after cooling the sample 

in zero field and recording the magnetization in 50 Oe while warming. Raman spectroscopy 

was done on powdered samples using a 632.8 nm laser on Horiba Jobin Yvon Raman 

microscope with 50X objective lens. PXRD patterns were recorded on Bruker D8 Advance 

diffractometer with Cu Kα radiation (λ = 1.5406 Å); 2θ range of 30−45°. FESEM images were 

taken under a Zeiss Ultra Plus scanning electron microscope by drop casting the methanolic 

dispersion of samples on Si wafer. Four-probe dc electrical conductivity (I−V) measurements 

were done on a conventional Keithley 6221 setup. Two-probe dc electrical conductivity (I−V) 

measurements were done on a Keithley 4200 SCS Parameter Analyzer system equipped with 

an Everbeing probe station. Seebeck coefficient measurements were done on Linses LSR-3. 

 

4.3  Results and Discussion 

Herein, we have employed an elegantly simple chemistry to synthesize phase-pure 

herbertsmithite, at close-to-ambient conditions for the first time (see the Materials and Methods 

for details). Slight alternation in the stoichiometry of chemical precursors also enabled us to 

successfully isolate structural analogue of herbertsmithite, i.e., paratacamite with the 

characteristic magnetic property.6 Both herbertsmithite and paratacamite possess Cu(II)-based 

kagome planes, the difference lies in the occupancy of interlayer site between the two kagome 

planes with >33% Zn(II) occupancy in paratacamite while 100% Zn(II) occupancy for 

herbertsmithite (Figure 4.1).6 

HerbertsmithiteParatacamite
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Figure 4.2. (a) PXRD patterns, (b-c) FESEM images, (d) magnetic susceptibility, and (e) M-H plots of 

herbertsmithite (H), and paratacamite (P). 

H and P solids were characterized by powder X-ray diffraction (PXRD) and the clean patterns 

show fingerprint peaks at 2θ ≈ 32.5° (doublet) and 2θ ≈ 40° (singlet) confirming the presence 

of crystalline and phase-pure H and P (Figure 4.2a).16 The Raman spectra exhibited strong 

bands at ~122 cm-1 and ~147 cm-1 (OCuO bending), ~365 cm-1 (CuCl stretching), and ~502 

cm-1 corresponding to CuO stretching in P (Appendix 4.1).36 Weaker bands at ~276 cm-1 (lattice 

mode), and ~942 cm-1 corresponding to hydroxyl deformation were also present, supporting 

the successful formation of both H and P (Appendix 4.1).36 Field-emission scanning electron 

microscopy (FESEM) images of H and P reveal micro- and nano-crystallites with sharp-edges 

and morphological features were indistinctive (Figure 4.2b and c). Energy dispersive X-ray 

spectroscopy (EDXS) was used to determine the stoichiometric ratios of Cu and Zn in the final 

products and our extensive EDXS analysis suggested the formula units to be [Cu3Zn(OH)6Cl2] 

for H and [Cu3Cu0.3Zn0.7(OH)6Cl2] for P (Appendix 4.2). 

Magnetic responses of H and P were recorded in field-cooled (FC) and zero field-cooled (ZFC) 

modes at an externally applied magnetic field of 50 Oe. The kagome planes in H are 

magnetically isolated by diamagnetic Zn(II) ions in between and hence no long-range magnetic 

order is observed down to 4 K (Figure 4.2d). However, due to a combination of Cu(II) ions and 
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Zn(II) ions at the interlayer site of P, an additional linkage Cukag-O-Cuinter is present with an 

angle of ~97° (Cukag – Cu in kagome plane, Cuinter – Cu in interlayer site) which could allow 

ferromagnetic exchange interaction between two consecutive kagome planes as suggested by 

Goodenough-Kanamori-Anderson (GKA) rules.7, 8 In fact, for P, sharp increase in the 

magnetization, in comparison to H, could be due to ferromagnetic-like order below ~5.5 K 

(Figure 4.2d).  

The inverse susceptibility plots were fitted with Curie-Weiss equation, χ=C/(T-θCW) in the 

range of 200 K to 300 K for both H and P (Appendix 4.3). Weiss temperature (θCW) was 

estimated to be -207.8 K and -247.5 K for H and P, respectively, indicating a strong 

antiferromagnetic interaction between the spins.8 The suggested antiferromagnetic interaction 

between the spins is suppressed and is not observed experimentally due to high spin frustration 

prevailing in the lattice, also supported by the value of frustration factor f (= |θCW|/TCr), ~37.8 

and ~45.0 for H and P, respectively. Notably, H and P powder samples obtained previously by 

hydrothermal methods and our powder H and P samples consistently show θCW > 200 K viz. f 

values beyond 35. Magnetization of H and P as a function of externally applied field were 

recorded (Figure 4.2e). At 300 K, M-H curves characteristic of a paramagnet were observed 

for both H and P. In the case of H, at 5 K, no coercive field (HC) and/or saturation of 

magnetization even at 60 kOe suggested no long-range magnetic order (Figure 4.2e). For P, at 

5 K, a coercive field of, HC ≈ 570 Oe along with no saturation magnetization beyond 60 kOe 

was indicative of ferromagnetic-like interactions in the lattice below 5.5 K (Figure 4.2e). 

As for the H-rGO and P-rGO systems, PXRD patterns revealed characteristic peaks at 2θ ≈ 

32.5° and 2θ ≈ 40°, confirming the presence of phase-pure H and P (Figure 4.3a).16 The Raman 

spectra of H-rGO and P-rGO exhibited strong bands at ~122 cm-1, ~147 cm-1, ~365 cm-1, and 

~502 cm-1 along with weaker bands at ~276 cm-1, and ~942 cm-1, likewise pristine H and P 

(Appendix 4.1).36 Further, FESEM images of both H-rGO and P-rGO systems depicted 

extensive wrapping of the crystallites of H and P with rGO sheets consistently (Figure 4.3b and 

c). A thorough EDXS analysis was carried out to determine the Cu:Zn ratio and values of x≈1 

and x≈0.6 were estimated for the H-rGO and P-rGO systems, respectively (Appendix 4.2).  
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Figure 4.3. (a) PXRD patterns, and (b-c) FESEM images, (d) magnetic susceptibility, and (e) M-H 

plots of H-rGO and P-rGO. 

The dc magnetic susceptibility of H-rGO and P-rGO systems were investigated as a function 

of temperature at an externally applied field of 50 Oe, in FC and ZFC modes. The inverse 

susceptibility plots were fitted with the Curie-Weiss equation in the range of 200 K to 300 K 

for both H-rGO and P-rGO, and θCW were estimated to be -217.4 K and -265.7 K, respectively, 

indicating strong antiferromagnetic interaction between the spins (Appendix 4.3).8 Also, the 

value of frustration factor f was calculated to be ~39.5 and ~48.3 for H-rGO and P-rGO, 

respectively suggesting the presence of strong spin frustration in both the systems. Likewise 

pristine H and P, long-range order in H-rGO as well as P-rGO was strongly suppressed by the 

high spin frustration stemming from geometry of the kagome-lattice. In fact, no long-range 

magnetic order was observed for the H-rGO system till 4 K (ZFC and FC plots looked alike) 

ascribed to the magnetically isolated kagome planes in the lattice of H (Figure 4.3d). For P-

rGO, in view of the combination Cu(II) and Zn(II) ions at the interlayer sites of P, a 

ferromagnetic-like transition was consistently observed at ~5.5 K with no shift in the TCr value 

compared to pristine P (Figure 4.3d). 

M-H curves of both H-rGO and P-rGO revealed paramagnetic behavior at 300 K (Figure 4.3e). 

For H-rGO, no saturation of magnetization as well as no coercive field (HC) was observed 
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supporting the absence of long-range magnetic order at 5 K (Figure 4.3e). M-H curve 

corresponding to P-rGO exhibited unsaturated magnetic moments even at an applied field of 

60 kOe, characteristic of frustrated spins, along with a coercive field of, HC ≈ 90 Oe at 5 K, 

owing to the ferromagnetic-like coupling between the kagome planes (Figure 4.3e). Overall, 

characteristic magnetic signatures of pristine H and P were successfully retained in the H-rGO 

and P-rGO, respectively. 

Since H and P are expected to be electrically insulating and we have subsequently blended 

them with semiconducting rGO matrix, electrical transport measurements were carried out for 

the H-rGO and P-rGO systems using conventional four-probe method in pelletize 

configuration. In fact, we could not get a reasonable current-voltage characteristics for the 

pristine H and P pellets using the four-probe method. Therefore two-probe current-voltage 

measurements were explored and resistance values of ~6.0*1011 Ω and ~2.8*1013 Ω at 300 K 

for H and P, respectively were measured which suggested that these materials are indeed 

electrical insulators (Appendix 4.4). 

Interestingly, electrical conductivity values of H-rGO and P-rGO were realized to be ~10 S·m-

1 and ~55 S·m-1 at 300 K, respectively (Appendix 4.5). The electrical conductivity values of 

both H-rGO and P-rGO systems gradually increased upon increasing the temperature thereby 

indicating their semiconducting behavior and from the Arrhenius plots activation energy (Ea) 

values were estimated to be ~0.06 eV and ~0.05 eV for the H-rGO and P-rGO, respectively 

(Appendix 4.5).37 Such small values of Ea indicates facile electrical conduction by thermally-

assisted tunneling of charge carriers across grain boundaries of H or P and rGO. Further, 

mechanical mixtures were prepared by physically mixing pristine H and P (~90 wt%) with 

extracted rGO (~10 wt%) and respective resistance values of ~8.6*109 Ω (H+rGO) and 

~3.2*1010 Ω (P+rGO) were evaluated from the measurements done in two-probe configuration 

at 300 K (Appendix 4.4). The resistance values measured for the physical mixtures (H+rGO 

and P+rGO) were found to be similar to those obtained for the pristine H and P thereby ruling 

out the possibility of formation of a mechanical mixture in our H-rGO and P-rGO systems. To 

further investigate the electrical transport behavior, Seebeck coefficient (S) was recorded as a 

function of temperature where the sign of Seebeck coefficient can reveal the nature of majority 

charge carriers in electrical semiconductors. For the H-rGO system, negative values of Seebeck 

coefficient in the temperature range of 300 K – 430 K indicated the n-type semiconducting 

behavior with electrons being the majority charge carriers (Appendix 4.6).38 
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4.4 Conclusions 

In conclusions, we have presented facile chemical synthesis of phase-pure S=1/2 kagome-

lattice antiferromagnets H and P as well as their successful integration with semiconducting 

rGO matrix without impeding characteristic magnetic signatures. Estimated f values of here 

synthesized H and P crystalline solids were as good as H and P powders obtained from 

inconvenient reaction conditions and even f values were found to be significantly retained upon 

integration with rGO. H-rGO and P-rGO systems were attributed as magnetic semiconductors. 

We anticipate our simple chemical principles to stimulate synthesis of other Cu(II)-based QSL 

candidates as well as their integration with semiconducting matrixes like rGO. 

 

4.5 Appendix 

 

Appendix 4.1. Raman spectra of pristine H, pristine P, H-rGO, and P-rGO.  
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Appendix 4.2. EDXS analysis of (a) pristine H, (b) pristine P, (c) H-rGO, and (d) P-rGO (closely 

matching with expected Cu:Zn ratio of 3, 4.7, 3, and 5.7, respectively).  
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Appendix 4.3. ZFC inverse as a function of temperature with Curie-Weiss fit in the temperature range 

of 200 K to 300 K for (a) pristine H, (b) pristine P, (c) H-rGO, and (d) P-rGO.  
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Appendix 4.4. (a-d) I-V profiles of pristine H, pristine P, and mechanical mixtures (H+rGO and 

P+rGO) at 300 K (insets: schematic of 2-probe configuration).  
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Appendix 4.5. (a-b) I-V profiles at 300 K (insets: schematic for 4-probe configuration used, and 

Arrhenius plots); (c-d) electrical conductivity as a function of temperature of H-rGO, and P-rGO.  

 

 

Appendix 4.6. Seebeck coefficient (S) and power factor (P = S2·σ) plotted against temperature for H-
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5.1  Introduction 

Two-dimensional (2D) magnetic materials have received enormous interest in the scientific 

community, from both experimental and theoretical perspectives, as they offer unconventional 

magnetic ground states including emergence of quantum effects.1-6 The primary origin lies in 

the restricted dimensionality of spin precession bringing magnetic fluctuations; thus in turn, 

leading to different non-classical phases, for example, Berezinskii−Kosterlitz−Thouless (BKT) 

transition.7-8 Three dimensional (3D) spin precession results in Heisenberg system (generalized 

magnetic Hamiltonian H =  -ij JSi.Sj; where J is the nearest-neighbor exchange interaction for 

isotropic spins at i and j lattice sites). When restricted to an easy plane (2D) of magnetization, 

it results in an XY system (Jx=Jy, Jz=0); while the restriction in an easy axis (1D) leads to the 

Ising system (Jx=Jy=0). Amongst these order parameters, XY system requires single layer of the 

magnetically active lattice; however, in the presence of multilayers, inter-plane exchange 

interactions leads to 3D magnetic ordering and thus, experimental realization of XY spin 

anisotropy is challenging.9-11 In some cases, externally applied magnetic field on spatially 

anisotropic 2D spin-lattice was observed to induce the easy plane anisotropy leading to 

crossover from Heisenberg antiferromagnetic state to 2D XY behavior or Ising ground state 

depending on the direction of applied magnetic field.12-14 

To realize the XY spin anisotropy experimentally, 2D materials are highly sought after where 

3D magnetic ordering is negligible.15-16 Structurally 3D materials can also behave like 2D 

magnetic systems if the 2D spin-lattices are separated by non-magnetic layers and thus 

reducing the possibility of 3D magnetic ordering.17-19 One of the naturally occurring 2D 

magnetic materials is botallackite (Cu2(OH)3Br) belonging to atacamite family of minerals 

(Cu(II); S=1/2) with a rare occurrence in nature whereby it recrystallizes into paratacamite (a 

structurally perfect S=1/2 Kagome spin lattice).17 

Botallackite (Bo) is a layered material possessing 2D corner sharing S=1/2 triangular spin-

lattice with two distinct Cu(II) octahedral coordination sites, Cu1 and Cu2 (Figure 5.1).20-21 

Cu1 and Cu2 sites differ in terms of ligands surrounding them, four hydroxide ions with two 

bromide ions for Cu1, while five hydroxide ions with one bromide ion for Cu2; and the layers 

are well-separated giving rise to quasi-2D magnetic properties of Bo.22-24 Herein, we 

chemically anchored Bo lattice onto functionalized graphene – reduced graphene oxide (rGO) 

via unconventional oxidation-reduction chemistry. Remarkably, in the Bo-rGO 
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nanocomposite, an additional transition at ∼5 K was observed after crossing the Néel 

temperature (TN ≈ 8.9 K), possibly due to the emergence of XY spin anisotropy. 

 

 

Figure 5.1. Crystal structure of Bo along (a) c- and (b) a- crystallographic axes (color code: green/cyan 

– copper, orange – oxygen, purple – bromide, white – hydrogen). 

 

5.2  Materials and Methods 

Graphite flake (+100 mesh), potassium permanganate (KMnO4), hydrogen peroxide (H2O2), 

and copper bromide (CuBr) were used as received from Sigma-Aldrich. Sulfuric acid (H2SO4) 

and methanol (MeOH) were purchased from RANKEM (India). Millipore water (MQ, ∼18.2 

MΩ·cm) was used wherever required. Graphene Oxide (GO) was synthesized and duly 

characterized following our previous report.25 Further, GO was centrifuged at 1000 rpm to 

remove the multilayers, if any. In a flask, 640 mg (~4.46 mmol) CuBr was dispersed in 100 

mL MQ H2O followed by addition of 100 mL aqueous solution of GO (1 mg/mL) and the 

reaction mixture was then allowed to stir at 94 °C for 24 h. The precipitate thus formed (dark 

green in color, Bo-rGO nanocomposite) was filtered and washed with MQ H2O and MeOH 

followed by vacuum drying before further characterization and analysis. Pristine Bo was 

synthesized by stirring the aqueous dispersion of CuBr (860 mg, ~6.0 mmol) in 200 mL MQ 

H2O) at 94 °C for 24 h. Green colored precipitate was then filtered and washed with MQ 

H2O and MeOH followed by vacuum drying before further experiments. 

Magnetic response of Bo and Bo-rGO was recorded on SQUID vibrating sample magnetometer 

(Quantum Design). Magnetization in field-cooled (FC) mode was recorded by cooling the 

sample in the mentioned applied magnetic field and recording magnetization in the same field 

while warming. Zero-field-cooled (ZFC) magnetization was recorded after cooling the sample 
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in zero field and recording the magnetization in the mentioned magnetic field while warming. 

The ac magnetic susceptibility measurements were carried out in a CRYOGENIC make 

Vibrating Sample Magnetometer (VSM) under zero field condition (ZFC).  The measurement 

was carried out in warming cycle. Raman spectroscopy was done on powder samples using a 

632.8 nm laser on Horiba Jobin Yvon Raman microscope with 50X objective lens. Heat 

capacity was recorded in a Quantum Design-PPMS-Evercool II instrument. PXRD patterns 

were recorded on Bruker D8 Advance diffractometer with Cu Kα radiation (λ = 1.5406 Å); 2θ 

range of 10−50°. The simulated PXRD pattern for pristine Bo was generated by using Powder 

Cell for Windows (PCW) software version 2.4,26 using the space group, lattice parameters, and 

atomic positions from the literature.21 FESEM images were taken under a Zeiss Ultra Plus 

scanning electron microscope by drop casting the dispersion of samples in MeOH on Si wafer. 

TEM images were recorded on a drop casted sample (dispersed in methanol) over a 200 mesh 

Cu grid using a JEM-2200FS transmission electron microscope. 

 

5.3  Results and Discussion 

Chemical anchoring of Bo crystallites onto rGO sheets was achieved via interaction between 

oxy/carboxy functional groups of rGO and Cu(II) ions from the solution, which served as the 

nucleation sites (see materials and methods for details). Pristine Bo was synthesized as a control 

sample under similar reaction conditions in absence of GO (graphene oxide) as the precursor. 

Crystallinity of the Bo-rGO nanocomposite was probed by powder X-ray diffraction (PXRD) 

technique where all the peaks corresponding to Bo lattice (from the simulated pattern) were 

observed for both pristine Bo and Bo-rGO (no impurity peaks of Cu oxides).21 However, the 

intensity ratio of peaks corresponding to 001 and 121 planes is significantly higher in Bo-rGO 

(I001/I121) compared to pristine Bo, indicating preferred orientation of growth in Bo-rGO along 

001 direction (ab plane)24 (Figures 5.2a and 5.1a). Both pristine Bo and Bo-rGO 

nanocomposite are thermally stable up to 500 K (Appendix 5.1). In the nanocomposite, Bo 

crystallites were extensively wrapped with rGO sheets as visualized from field-emission 

scanning electron microscopic (FESEM) and transmission electron microscopic (TEM) images 

(Figure 5.2b, c and appendix 5.2). Further, the high-resolution TEM images of Bo-rGO 

nanocomposite exhibited fringes spaced at 5.7 Å corresponding to 100 plane of Bo (Appendix 

5.2d). Selected area electron diffraction (SAED) pattern recorded on the Bo-rGO 
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nanocomposite revealed monoclinic lattice originating from the Bo crystallites in line with the 

crystal structure of Bo (Appendix 5.2d).21  

 

Figure 5.2. (a) PXRD patterns of Bo-rGO nanocomposite, pristine Bo and simulated Bo. (b-c) FESEM 

and HRTEM images of Bo-rGO nanocomposite, respectively. 

To investigate the phase-purity of Bo (absence of any polymorph), Fourier-transformed 

infrared (FTIR) and Raman spectra were recorded. FTIR spectra of the Bo-rGO nanocomposite 

showed fingerprint peaks of Bo at 3508 cm-1 (O-H stretching), 532 cm-1, 511 cm-1 and 

422 cm-1 (O-Cu-O stretching) along with the characteristic peaks in the region from 850 to 

680 cm-1 with peaks characteristic of rGO as well (Appendix 5.3a).27-28 Raman spectra of the 

Bo-rGO nanocomposite exhibited the fingerprint peaks for Bo at 101 cm-1 (Br-Cu-Br 

stretching), 110 cm-1 and 172 cm-1 (O-Cu bending and stretching), accompanied by various 

modes in the range from 247 to 319 cm-1 (O-Cu-O bending), 394 to 500 cm-1 (O-Cu-O 

stretching), and from 780 to 880 cm-1 for Cu-O-H bending (no impurity peaks) (Appendix 

5.3b).28 Further, the Raman spectrum exhibited characteristic D and G bands of rGO at 1328 

cm-1 and 1586 cm-1, respectively (Appendix 5.3c).25, 29 

The dc magnetic susceptibility values as a function of temperature were recorded, in field-

cooled (FC) and zero field-cooled modes (ZFC), for both pristine Bo and Bo-rGO 

nanocomposite. A maximum in the susceptibility for pristine Bo was observed at 10 K followed 

by a decrease in the susceptibility down to 5 K in both FC and ZFC plots, indicative of 

antiferromagnetic ordering with TN ≈ 9.3 K estimated from the maxima in dχ/dT plot (Figure 
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5.3a and appendix 5.4).22-23 A similar maximum in magnetization was observed for Bo-rGO 

nanocomposite at 10 K at various applied magnetic fields affirming antiferromagnetic ordering 

with TN ≈ 8.9 K (Figure 5.3a and appendix 5.4). TN for botallackite in literature varies in the 

range of 8 – 10 K based on dc susceptibility (9 K),22 heat capacity (9.3 K)24 and µSR (10 K)22 

measurements. Inverse magnetic susceptibility in the temperature range of 200 K – 300 K was 

fitted with Curie-Weiss equation, χ=C/(T-θCW). For Bo-rGO nanocomposite, the Curie constant 

(C) was found to be 0.90 emu·Oe-1·mol-1·K and Weiss temp (θ) was estimated to be -13.1 K, 

indicating an overall weak antiferromagnetic interaction amongst spins with an effective 

magnetic moment of ~1.34 µB per Cu(II) ion, while for pristine Bo, the values are 0.96 

emu·Oe-1·mol-1·K, -13.1 K and 1.38 µB, respectively (Appendix 5.5). Also, spin frustration 

in triangular lattice of Bo was almost unaltered in Bo-rGO nanocomposite with an f (= 

|θCW|/TCr) value of 1.3 for both.17, 30 

 

Figure 5.3. (a) dc magnetic susceptibility plots in FC and ZFC modes at 50 Oe, (b) M-H plots at 300 

K, 5 K, and 3 K of Bo and Bo-rGO nanocomposite (note: M-H plots were normalized only by the weight 

of magnetically active Bo). 

Insights into the crystal structure of Bo, revealed Cu–O–Cu angle of 102.7° and 101.8° in Cu1 

and Cu2 chains, respectively, suggesting ferromagnetic superexchange interaction within the 

single chains, as reported.31-32 Further, Cu1 and Cu2 chains bridged via hydroxide ions at two 

different Cu–O–Cu angles of 107.1° and 94.7° also suggested ferromagnetic superexchange 

interactions (Appendix 5.6).31-32 Apart from hydroxide bridge, bromide bridge is also present 

in Cu1 chains, however, the Cu–Br–Cu angle is 63.2° and thus direct Cu–Cu exchange would 

dominate to give antiferromagnetic ordering (Figure 5.1 and appendix 5.6).31-32 Such 

contradiction to classical Goodenough-Kanamori-Anderson (GKA) rules31 favoring 
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ferromagnetic ordering is rather common in the domain of triangular spin-lattices, specifically 

in the atacamite family members, whereby antiferromagnetic ordering consistently 

prevailed.22-23 Interestingly, magnetization for the Bo-rGO nanocomposite reproducibly 

exhibited a small cusp at 5 K, at 50 Oe and 100 Oe, followed by an up-rise and subsequent 

gradual saturation below 5 K which was negligible in pristine Bo (a small offset in FC and ZFC 

plots for Bo) (Figure 5.3a and appendix 5.4). 

The cusp at 5 K is a clear signature of the onset of XY spin anisotropy in the magnetic response 

of Bo-rGO nanocomposite, where spins align in the easy plane of magnetization, thereby 

resulting in decrease in the overall magnetization.12-13 Magnetization was then recorded as a 

function of externally applied magnetic field. At 300 K, both pristine Bo and Bo-rGO 

nanocomposite revealed M-H curves characteristic of a paramagnet. At 5 K, magnetization 

significantly enhanced; however, no hysteresis loop in the M-H curves was observed (Figure 

5.3b and appendix 5.7). 

Additionally, we have recorded ac susceptibility for the Bo-rGO system and a sharp downfall 

in χ'ac (real part of ac susceptibility) was observed below ~8 K complimenting the dc 

susceptibility measurements whereby the magnetization decreases below ~8.9 K and thereby 

affirming antiferromagnetic ordering (Figure 5.4). The peak in χ'ac was observed to be 

frequency independent and thus, ruling out the possibility of a spin-glass behaviour in the Bo-

rGO system. Further below ~8 K, χ'ac showed a slight uprise in the magnetization till 5 K, while 

M-H plots at 5 K and 3 K consistently exhibited no coercive fields, altogether reinforcing the 

emergence of XY spin anisotropy rather than ferromagnetic correlation and/or spin canting 

phenomena (Figure 5.3b and appendix 5.7).33  
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Figure 5.4. Real part of ac susceptibility (χ'ac) recorded for Bo-rGO at different frequencies. 

Further, heat capacity was recorded for Bo-rGO at various applied magnetic fields (Figure 

5.5a): interestingly, a field independent hump at ~25 K2 in C/T versus T2 plot was observed 

(Figure 5.5b), supporting the dc and ac magnetic susceptibilities.24 In Bo-rGO, Bo lattice is 

anchored onto rGO sheets which brings the orientated growth (or structural anisotropy along 

001 direction) in the sample as reflected in (i) PXRD patterns (intensity of peak corresponding 

to 001 plane at ~14.8° is higher in Bo-rGO than pristine Bo, with respect to the most intense 

peak at ~37°); (ii) Raman spectra (peaks corresponding to O-Cu-O modes are affected 

significantly, as indicated by the altered intensity ratio in Bo-rGO and pristine Bo); and (iii) 

FESEM images (stacking of crystallites along c axis in Bo-rGO is much greater than that 

compared to pristine Bo) (Figure 5.2a, 5.6b, 5.2b and appendix 5.8). It is this oriented growth 

of Bo onto rGO sheets which can be assigned to the anisotropic magnetic response compared 

to polycrystalline Bo. For the measurements on single crystal Bo, χǁa and χǁc components were 

found to decrease sharply below ~9 K, whereas a gradual increase in χǁb component was 

noted.24 The Bo-rGO nanocomposite presented in our manuscript has preferred orientation 

along the 001 direction, that is, ab crystallographic plane of Bo; therefore, we are measuring 

the response predominantly corresponding to χ∥a and χ∥b in the dc magnetization measurement, 

and thus, a small minimum in χdc is observed. 

 

Figure 5.5. Heat capacity recorded for Bo-rGO at varied externally applied magnetic fields, (a) Cp vs 

T and (b) Cp/T vs T2 to visualize both the transitions. 

In Bo, both Cu1 and Cu2 sites are significantly distorted resulting in typical z-out Jahn-Teller 

(J-T) distortion.34 Consequently, half-filled eg level loses the degeneracy to gain overall 

stability and as a result, t2g and eg orbital levels further splits into four sets at different energy 

2 4 6 8 10 12 14

0.000

0.005

0.010

0.015

0.020

0.025

C
p
 (

J
K

-1
g

-1
)

Temperature (K)

 0 Oe

 50 Oe

 1 T

10 20 30 40 50 60 70

0.5

1.0

1.5

2.0

2.5

C
p
/T

 (
J

K
-2

g
-1
)

T
2
 (K

2
)

 0 Oe

 10 Oe

 50 Oe

a b



 

 

CHAPTER 5 

P-83 

 

Kriti Gupta, IISER Pune 

levels (Figure 5.6a). The unpaired electron, both at Cu1 and Cu2 sites will preferentially occupy 

the dx
2

-y
2 orbital. Of the three spins on a triangle, two are antiparallel and the third one  is 

noncollinearly aligned with respect to the antiparallel spins (Figure 5.6a).35 In addition to spin 

ordering, highly aligned dx
2

-y
2 orbitals along the Cu2 sites (those at the Cu1 sites are inclined 

at an angle 45° and do not share the same plane) could bring orbital ordering.34, 36-39 Such an 

anisotropic orbital arrangement within 2D spin-lattice indicates the presence of high anisotropy 

for the Cu2 chains compared to Cu1 chains thus rendering the material an antiferromagnet even 

after experiencing spin flop (Appendix 5.7). Similar magnetic response was observed earlier 

for pristine Bo and attributed to spin flop transition; however, Cu(II) sites experiencing spin 

flop were not assigned.24 On the basis of the J-T effect, we can unequivocally assign Cu1 sites 

to undergo spin flop, while Cu2 sites will remain antiferromagnetically coupled. 

 

Figure 5.6. (a) J-T effect and proposed orbital ordering in Bo. (b) Raman spectra of Bo and Bo-rGO 

nanocomposite. (*) Br-Cu-Br modes; (◇) O-Cu-O modes. 

In the case of Bo-rGO nanocomposite, chemical anchoring induced the XY anisotropy, where 

rGO is suggested to bind with Bo via Cu2 site. Once the nucleation starts on rGO sheets, it is 

spatially difficult for Bo to grow with ab-plane parallel to rGO sheets due to extended bromide 

ions hindering the functional groups from rGO to take the position of hydroxide ion in Bo. 

However, growing with ab-plane perpendicular to rGO sheets will be spatially favored where 

functional groups from rGO can approach to the required distance, replacing the axial 

hydroxide in the Cu2 site, in order to stabilize Bo crystallites, as can be visualized in the 

FESEM image, where predominant presence of stacked ab planes was observed for Bo-rGO 

system contrary to pristine Bo (Figure 5.2b and appendix 5.8). Also, the oxy/carboxy functional 

groups from rGO were found to be ligating to Cu(II) ions in the monodentate fashion from the 

FTIR spectra (Δν ≈ 260 cm-1, where values >200 cm-1 indicate monodentate binding mode)40-
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41 and thus, does not perturb the crystal structure of Bo. Furthermore, in the Raman spectra, 

peaks corresponding to O–Cu–O modes (bending and stretching) are significantly modulated 

in terms of their intensity ratio in Bo-rGO nanocomposite compared to pristine Bo, while the 

Br–Cu–Br modes are almost intact (Figure 5.6b). Thus, chemical anchoring of Bo onto rGO 

sheets induced the preferred orientation and, in turn, possible XY anisotropy. The dc electrical 

conductivity value of the nanocomposite was found to be ∼30 S·m−1 at 300 K and increased 

upon increasing temperature, thereby defining the Bo-rGO system as a magnetic semiconductor 

(Appendix 5.9).30 

5.4  Conclusions 

In summary, we have chemically embedded phase-pure botallackite Cu2(OH)3Br, a rare 

mineral from atacamite family having quasi-2D triangular anisotropic S=1/2 spin-lattice, onto 

reduced graphene oxide sheets. The unusual interface of 2D magnetic and 2D electronic lattices 

lead to the inference of XY anisotropy in the Bo-rGO nanocomposite based on complimentary 

ac and dc magnetic susceptibilities as well as heat capacity measurements. Though we have 

suggestive evidence for XY spin anisotropy, further detailed study is vital for a strong claim 

stating the induction of XY spin anisotropy. Further, inherent J-T effect in Bo enabled us to 

assign preferential spin flop at one of the two Cu(II) sites. Such an observation offers insight 

into the origin of XY behavior in anisotropic 2D spin-lattice, and our unique redox chemistry 

paves the way to modulate the existing magnetic anisotropy in other 2D magnetic materials by 

rGO. 

 

5.5 Appendix 
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Appendix 5.1. (a) Variable temperature PXRD patterns of Bo-rGO nanocomposite. (b) TGA profiles 

of pristine Bo and Bo-rGO nanocomposite.  

 

 

Appendix 5.2. (a) FESEM image, (b,c) HRTEM image, (d) SAED pattern (inset: fringes) of Bo-rGO 

nanocomposite. (e,f) FESEM images of pristine Bo.  

 

 

Appendix 5.3. (a) FTIR spectrum of Bo-rGO nanocomposite (inset: zoomed-in view of specified 

spectral ranges), peaks corresponding to Bo are marked with asterisk. (b) Raman spectra of Bo-rGO 

nanocomposite and pristine Bo. (c) Raman spectrum of Bo-rGO nanocomposite possessing D (1328 

cm-1) and G (1586 cm-1) bands corresponding to rGO sheets.  
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Appendix 5.4. (a-b) Field dependent dc magnetic susceptibility (insets: zoomed-in view), (c-d) first 

derivative of dc magnetic susceptibility of pristine Bo and Bo-rGO nanocomposite.  
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Appendix 5.5. Inverse magnetic susceptibility (ZFC at 5 T normalized with respect to molar quantity 

of Bo) versus temperature fitted with Curie-Weiss equation from 200 K to 300 K (inset: Curie-Weiss 

equation and extracted parameters) for (a) pristine Bo and (b) Bo-rGO nanocomposite.  

 

Appendix 5.6. (a-c) Structural schemes of pristine Bo depicting bond lengths and bond angles at Cu1 

and Cu2 sites.  

 

 

Appendix 5.7. M-H plots at variable temperature for (a) pristine Bo and (b) Bo-rGO nanocomposite. 

Critical field (HCr) of ~30 kOe is indicated by black arrows.22-24 

 

 

Appendix 5.8. FESEM images of Bo-rGO depicting higher stacking along c-axis.   
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Appendix 5.9. (a) Current-voltage (I-V) characteristic at 300 K and, (b) dc electrical conductivity as 

a function of temperature for Bo-rGO nanocomposite. 
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