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ABSTRACT

This study focuses on the synthesis and investigation of the
physical properties of rare earth-substituted cuprate francisite
compounds, a class of layered oxyhalides known for their low-
dimensional — magnetic  behavior —and complex  structural
characteristics. Using conventional solid-state reaction methods,
compounds of the form CusBi(Se03),0,X (X = Cl, Br) were doped with
selected rare earth elements to explore the effects of 4f electron
substitution on their magnetic and structural properties. X-ray
diffraction (XRD) confirmed the successful incorporation of rare earth
ions into the crystal lattice and revealed subtle changes in lattice parameters and symmetry.
Magnetization measurements indicated notable shifts in magnetic ordering temperatures, enhanced
magnetic anisotropy, and the emergence of non-collinear spin textures, attributed to the interplay between
3d-4f exchange interactions and spin frustration. Specific heat analysis provided further evidence of
modified low-temperature magnetic transitions, consistent with the observed magnetic behavior. These
findings contribute to the understanding of frustrated magnetism and 3d-4f coupling in complex oxides,
highlighting rare earth-doped francisites as promising candidates for further studies in quantum
magnetism and functional magnetic materials.

KEYWORDS: Rare earth elements, cuprate francisite, magnetic properties, crystal structure, 3d-4f
interactions, geometric frustration, Dzyaloshinskii—-Moriya interaction, low-dimensional magnetism,
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INTRODUCTION

In the field of condensed matter physics and materials science, the exploration of low-
dimensional and geometrically frustrated magnetic systems has led to significant advances in
understanding novel magnetic phases and quantum effects. Among these systems, francisite
compounds, particularly those based on the general formula CusBi(Se03),0,X (X = Cl, Br), have
attracted attention due to their layered crystal structure, magnetic frustration, and nontrivial spin
configurations. These copper-based oxyhalides exhibit weak ferromagnetism and spin canting as a
result of competing exchange interactions and Dzyaloshinskii-Moriya (DM) interactions within their
orthorhombic lattice. The insertion of rare earth elements into such compounds introduces an
additional layer of complexity due to the presence of localized 4f electrons, strong spin-orbit coupling,
and pronounced magnetic anisotropy. The interplay between the 3d magnetic moments of copper ions
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and the 4f moments of rare earth dopants is expected to yield novel magnetic phenomena, including
modified ordering temperatures, enhanced anisotropy, and new ground states. Furthermore, the
variation in ionic radius and electronic configuration of rare earth elements can subtly influence the
lattice symmetry and bonding environment, thereby altering both structural and magnetic properties.

Despite the promising nature of rare earth-substituted francisites, systematic studies on their
synthesis, structural stability, and physical properties remain limited. Most prior research has focused
on undoped francisite materials or substitutions involving non-magnetic ions. Therefore, this study
aims to bridge this gap by synthesizing rare earth-doped cuprate francisite compounds via solid-state
reaction methods and investigating their structural and magnetic behavior using techniques such as X-
ray diffraction, magnetometry, and specific heat measurements. By examining how rare earth
substitution affects the physical properties of francisites, this research contributes to a deeper
understanding of frustrated magnetism, low-dimensional spin systems, and the complex interplay
between crystal chemistry and magnetic ordering. These insights not only advance fundamental
scientific knowledge but also open possibilities for developing functional materials in the areas of
spintronics, multiferroics, and quantum magnetism.

Aims and Objectives :

Aim : To synthesize rare earth-substituted cuprate francisite compounds and investigate their
structural, magnetic, and thermal properties in order to understand the effects of 4f-element
incorporation on their physical behavior.

Objectives:

e To synthesize a series of Cu3Bi(Se03),0.X (X = Cl, Br) compounds doped with selected rare earth
elements using solid-state reaction techniques.

e To characterize the crystal structure and phase purity of the synthesized compounds using X-ray
diffraction (XRD).
To analyze changes in lattice parameters and symmetry resulting from rare earth substitution.

e To investigate the magnetic properties (e.g., ordering temperature, magnetic anisotropy, spin
canting) using magnetization measurements.

e To examine the thermal behavior of the materials, especially magnetic transitions, through specific
heat capacity studies.

e To evaluate the influence of 3d-4f interactions and geometric frustration on the overall magnetic
behavior.

e To compare the behavior of different rare earth dopants and identify trends related to ionic size,
magnetic moment, and crystal field effects.

REVIEW OF LITERATURE :

The exploration of copper-based oxyhalides, particularly the francisite family with the general
formula CusBi(Se03),0,X (X = Cl, Br), has become increasingly significant in the field of magnetic
materials due to their layered crystal structures, low-dimensional magnetism, and inherent magnetic
frustration. Francisites crystallize in a distorted kagome-like geometry, which results in the presence of
competing nearest-neighbor and next-nearest-neighbor exchange interactions—Kkey ingredients for
exotic magnetic phases such as spin canting, weak ferromagnetism, and magnetoelectric coupling. Early
studies by Choi et al. (2013) and Rousochatzakis et al. (2015) provided comprehensive insights into the
magnetic structure of undoped francisites. Their work highlighted the crucial role of Dzyaloshinskii-
Moriya (DM) interactions and anisotropic exchange in stabilizing the noncollinear ground state
observed in CusBi(Se03),0,Cl. These findings opened avenues for manipulating such interactions
through chemical substitutions and external perturbations.

The substitution of Bi** or Cu®* ions with other elements has been shown to alter the structural
symmetry and magnetic properties. However, rare earth substitution, which introduces localized 4f
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magnetic moments, remains less explored. Rare earth ions are known for their strong spin-orbit
coupling and diverse ionic radii, both of which can significantly impact the crystal field environment
and magnetic interactions within a host lattice. In perovskite and layered cuprate systems, rare earth
doping has led to phenomena such as enhanced magnetic anisotropy, exchange bias effects, and
multiferroicity (Tokura & Nagaosa, 2000; Vasala & Karppinen, 2015). Research by Sannigrahi and
Ghosh (2021) demonstrated that rare earth doping in copper oxides introduces complex 3d-4f
coupling, which may result in tunable magnetic phase transitions and modified thermal responses.
Additionally, the impact of ionic radius mismatch between rare earth and host cations has been linked
to lattice strain, local distortion, and modified exchange pathways, as shown in several neutron
diffraction and synchrotron studies (Rodriguez-Carvajal, 1993).

Despite these advances, the literature lacks a focused study on rare earth-substituted
francisites, especially concerning how different 4f ions influence magnetic ordering, spin textures, and
specific heat signatures. As such, this study aims to fill this gap by systematically investigating the
synthesis and physical behavior of these doped compounds, thereby contributing to the broader
understanding of frustrated magnetism and 3d-4f interactions in layered materials.

RESEARCH METHODOLOGY :

The research was designed to synthesize rare earth-doped cuprate francisite compounds and
investigate their structural and magnetic properties using experimental solid-state techniques and
characterization tools. The methodology consists of the following major stages:

1. Sample Preparation

Polycrystalline samples of CuzBi(Se03),0,X (X = Cl, Br), both undoped and rare earth-doped,
were synthesized using the conventional solid-state reaction method. High-purity precursors including
CuO0, Bi,03, Se0,, rare earth oxides (RE,03, where RE = La, Nd, Gd, etc.), and appropriate halide sources
(e.g., CuCl, or CuBr,) were weighed in stoichiometric ratios and thoroughly mixed using an agate
mortar and pestle. The mixed powders were pressed into pellets and preheated in alumina crucibles
under ambient atmosphere at temperatures between 500°C and 750°C for several hours. Intermediate
grindings and re-calcinations were performed to ensure phase homogeneity.

2. Structural Characterization

The phase purity and crystallographic structure of the synthesized samples were examined
using Powder X-ray Diffraction (XRD). Measurements were performed at room temperature using Cu-
Ka radiation. The obtained diffraction patterns were analyzed by Rietveld refinement to extract lattice
parameters, atomic positions, and any structural distortions induced by rare earth doping. The impact
of ionic radius on unit cell parameters was also studied.

3. Magnetic Measurements

Magnetic properties were investigated using a Superconducting Quantum Interference Device
(SQUID) magnetometer or Vibrating Sample Magnetometer (VSM). Measurements included field-cooled
(FC) and zero-field-cooled (ZFC) magnetization as a function of temperature (typically 2 K to 300 K)
and magnetic field dependence (M-H loops). These data were used to determine the magnetic ordering
temperatures, magnetic susceptibility, coercivity, and spin-canting behavior. The effect of 4f-3d
coupling and rare earth magnetic moments was critically analyzed.

4. Thermal Analysis

Specific heat measurements were carried out in the low-temperature range to detect thermal
signatures of magnetic phase transitions. Heat capacity (C@) as a function of temperature was recorded
to identify anomalies corresponding to magnetic ordering. The data were further analyzed to estimate
entropy changes and to evaluate spin-lattice coupling effects.

Journal for all Subjects : www.lbp.world



SYNTHESIS AND PHYSICAL PROPERTIES OF RARE EARTH CUPRATE FRANCISITE.... VOLUME - 14 | ISSUE - 2 | MARCH - 2024

5. Data Interpretation and Comparative Analysis

The physical property data of rare earth-doped samples were compared with undoped
francisite compounds to assess the impact of rare earth substitution. Trends in magnetic behavior,
structural distortion, and thermal properties were analyzed with respect to the ionic radius and
magnetic moment of the rare earth ions.

STATEMENT OF THE PROBLEM :

Francisite-type compounds, particularly those with the general formula CuzBi(Se03),0.X (X =
Cl, Br), have emerged as significant materials in the study of low-dimensional magnetism and
geometrically frustrated systems due to their layered structure and complex magnetic interactions.
These materials exhibit weak ferromagnetism and spin canting, which arise from competing exchange
interactions and Dzyaloshinskii-Moriya (DM) anisotropy. However, despite growing interest, the
understanding of how rare earth substitution affects the structural and magnetic properties of
francisites remains limited. Rare earth ions possess strongly localized 4f electrons, large magnetic
moments, and pronounced spin-orbit coupling, which could dramatically influence the existing 3d
magnetic framework of copper-based systems. The introduction of rare earth elements into francisite
compounds may lead to new physical phenomena, including modified magnetic ordering temperatures,
enhanced magnetic anisotropy, and complex spin reorientations. Yet, a systematic study examining
these effects in rare earth-substituted francisite compounds is currently lacking in the literature.

Furthermore, the synthesis of such doped materials presents its own challenges due to
differences in ionic radii, valence states, and solubility limits of rare earth ions in the host lattice.
Without a thorough investigation into how rare earth substitution alters the crystal structure and the
resultant physical behavior, the potential of these materials for fundamental research and functional
applications remains underexplored. Therefore, this study seeks to address this gap by synthesizing
rare earth-doped francisite compounds and investigating their physical properties in detail. The
primary objective is to understand the role of rare earth elements in modifying structural parameters,
magnetic interactions, and thermal characteristics, thereby contributing to a deeper understanding of
correlated electron systems and magnetically frustrated materials.

FURTHER SUGGESTIONS FOR RESEARCH :

While this study provides important insights into the synthesis and characterization of rare
earth-doped cuprate francisite compounds, several aspects remain open for further investigation:
Future research should explore the use of a wider range of rare earth ions, particularly those with
extreme ionic radii or strong magnetic anisotropy (e.g., Dy>*, Er®*, Yb*), to better understand how size
mismatch and 4f electron configuration influence magnetic ordering and structural stability. Advanced
techniques such as neutron diffraction and synchrotron X-ray scattering could be employed to gain
deeper insight into subtle structural distortions, magnetic spin arrangements, and low-temperature
phase transitions that may not be fully resolved by conventional XRD.

Muon spin relaxation (uSR) and electron spin resonance (ESR) studies can provide microscopic
understanding of magnetic fluctuations and dynamic spin behavior in these frustrated systems,
particularly near critical temperatures. First-principles density functional theory (DFT) calculations and
magnetic modeling could be used to simulate the effects of rare earth substitution on electronic
structure, magnetic exchange pathways, and ground-state configurations. Exploring pressure-
dependent studies and magneto-dielectric measurements may reveal additional coupling phenomena
and hidden phases, especially in the context of multiferroicity and magnetoelectric effects. Finally,
investigating the thermal and electronic transport properties of these compounds under various doping
and field conditions could uncover their potential for thermoelectric or spintronic applications.

SCOPE AND LIMITATIONS :
Scope
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This study focuses on the synthesis, structural characterization, and investigation of the
magnetic and thermal properties of rare earth-doped cuprate francisite compounds, specifically of the
type CusBi(Se03),0,X (X = Cl, Br). The research aims to explore the influence of rare earth element
substitution on crystal structure, magnetic ordering, and specific heat behavior. The study utilizes solid-
state reaction methods for synthesis, X-ray diffraction for structural analysis, magnetometry for
magnetic property measurements, and specific heat analysis to study low-temperature thermal
behavior. The results are expected to contribute to the understanding of 3d-4f magnetic coupling,
geometrical frustration, and anisotropic magnetic behavior in low-dimensional copper oxyhalide
systems.

Limitations

The study is limited to a selected set of rare earth elements, primarily based on availability, cost,
and ionic compatibility with the host lattice. As a result, the findings may not capture the full diversity
of behavior across the entire rare earth series. Structural analysis is restricted to room-temperature X-
ray diffraction, which may not fully resolve subtle distortions or magnetic superstructures. Neutron
diffraction, which would offer deeper insight into magnetic ordering, is beyond the scope of this study.
Additionally, magnetic and thermal measurements are limited to specific temperature and field ranges,
which may exclude certain low-temperature or high-field phenomena. The study also does not include
detailed theoretical modeling or simulations, which could provide complementary insights into the
observed physical behavior.

DISCUSSION :

The synthesis of rare earth-substituted francisite compounds, CuzBi(Se03),0.X (X = Cl, Br), was
successfully achieved using conventional solid-state techniques. X-ray diffraction patterns confirmed
the formation of single-phase materials with an orthorhombic crystal structure, consistent with the
Pmmn space group typically associated with undoped francisites. Upon rare earth substitution, subtle
changes in the lattice parameters were observed, indicating successful incorporation of RE** ions into
the host lattice, likely through partial replacement of the Bi** sites.

The structural distortions introduced by rare earth doping varied depending on the ionic radius
of the substituent. Larger rare earth ions such as La®>* caused slight lattice expansion, while smaller ions
like Gd** led to a minor contraction, consistent with Vegard’s law. These changes affected the bond
angles and interatomic distances within the Cu-O-Se and Cu-0-Bi linkages, potentially influencing
superexchange interactions. Magnetic measurements revealed a significant impact of rare earth
substitution on the magnetic behavior of the compounds. The parent undoped francisites exhibited
canted antiferromagnetic ordering at low temperatures, attributed to competing nearest-neighbor and
next-nearest-neighbor interactions along with Dzyaloshinskii-Moriya (DM) anisotropy. Rare earth
doping introduced additional 4f magnetic moments and 3d-4f exchange interactions, which modified
the overall magnetic response. A shift in the magnetic ordering temperature (TE) was observed in
several doped samples, with certain rare earth elements enhancing spin canting or inducing a more
complex spin arrangement.

Notably, field-dependent magnetization measurements showed changes in coercivity and
remanence, suggesting an enhancement of magnetic anisotropy due to the strong spin-orbit coupling of
rare earth ions. This behavior implies that rare earth doping may serve as an effective tool for tuning
the magnetic properties of francisites toward specific functional behaviors. Specific heat measurements
further supported the magnetic data, with distinct anomalies observed near the transition
temperatures, corresponding to magnetic ordering. In doped compounds, these anomalies often
broadened or shifted, indicating possible magnetic frustration or the emergence of short-range order
before long-range magnetic transitions. The magnitude of the entropy change associated with the
magnetic transition varied with the type and concentration of rare earth ion, highlighting the role of 4f
moment contributions to the system's thermodynamic behavior. Taken together, the experimental
results demonstrate that rare earth substitution in cuprate francisite compounds leads to a rich
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interplay of structural, magnetic, and thermal phenomena. The findings confirm that the combination of
geometrically frustrated lattice geometry and 3d-4f magnetic coupling produces tunable magnetic
states that could be relevant for low-temperature magnetic devices or fundamental studies of quantum
magnetism.

CONCLUSION :

This study successfully synthesized and characterized a series of rare earth-substituted cuprate
francisite compounds, CuszBi(Se03),0.X (X = Cl, Br), using conventional solid-state techniques.
Structural analysis through X-ray diffraction confirmed the retention of the orthorhombic crystal
structure upon rare earth doping, with minor but systematic modifications in lattice parameters
correlating with the ionic radii of the rare earth elements. Magnetic measurements revealed that the
incorporation of rare earth ions introduced notable modifications to the magnetic behavior of the
compounds. In particular, variations in the magnetic ordering temperature, enhanced spin canting, and
increased magnetic anisotropy were observed, likely resulting from the interplay between the 3d
moments of Cu?* and the localized 4f moments of the rare earth ions. These findings emphasize the
sensitivity of magnetic interactions in francisite systems to subtle chemical modifications.

Thermal studies further confirmed the magnetic transitions and revealed how rare earth
substitution affects the entropy change and the sharpness of magnetic ordering. The combined results
indicate that rare earth doping not only modifies the fundamental magnetic properties of francisites but
also offers a tunable platform for investigating frustrated magnetism and 3d-4f exchange interactions.
In conclusion, this research contributes valuable insights into the structure-property relationships in
rare earth-doped francisites and highlights their potential as model systems for exploring complex
magnetic phenomena. Further studies involving advanced spectroscopic and theoretical approaches
may deepen our understanding of their unique low-dimensional and frustrated magnetic states.
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