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This chapter serves as the thesis's introduction. It begins by describing the inspiration for the 

research done and then gives a general summary of the fundamentals of magnetism. The 

concluding section of this chapter examines the characteristics of chromites (RCrO3) and 

chromates (RCrO4). The reasoning behind the focus on RCrO4 and RCrO3, which are rare-earth 

chromium oxides, is also covered in detail. In-depth descriptions of the crystal structure and its 

properties, including magnetism and magnetocaloric effect, are given. We have provided the 

thesis work outline toward the end of this chapter. 
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1.1 Fundamentals of magnetism 

 

A free atom has two contributions to its magnetic moment. The orbital angular 

momenta of electrons moving around the nucleus behave like a flowing electric current, 

placing a magnetic moment. Whereas each electron's "spin" results in another contribution to 

its magnetic moment. So, the magnetic moment detected results from the interaction between 

the orbital angular and spin momenta. These two moments finally evolved in the different types 

of magnetism in the materials.1,2 Diamagnetism and paramagnetism (PM), which make up most 

of the elements listed in the periodic table at ambient temperature, are the two prevalent types 

of magnetism. These substances are typically described as non-magnetic, while those 

considered magnetic are ferromagnetic (FM). Antiferromagnetism (AFM) is another type of 

magnetism that may be seen in pure elements at ambient temperature.2,3 

Furthermore, magnetic materials may also be categorized as ferrimagnetic, despite the 

fact that this property is not seen in any pure elements and may only be found in compounds 

like the mixed oxides recognized as ferrites. The property name ferrimagnetic was itself from 

ferrites. 2,3 The magnetic susceptibility value for each type of material falls into a specific range, 

as shown in Table 1.1. 

1.1.1 Ferromagnetism 

 

Around 600 BC, magnetite was discovered as the first material to exhibit magnetism.4 

Materials become PM due to the random alignments of unpaired spins, and FM results from 

parallel orientation. The FM materials have a significant magnetic field response as well as 

spontaneous magnetization. The Curie and Weiss theory5 and the Stoner band theory6 are two 

phenomenological ideas that potentially explain FM. 

Many PM materials follow the Curie-Weiss law, which predicts a more widespread 

temperature dependency rather than the Curie law. Equation (1) shows the Curie-Weiss 
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Table 1.1: a list of the several categories of magnetic behavior.3 

 

Equation: χ is susceptibility, C is the Curie constant, T is absolute temperature, and θ is the 
 

Weiss constant in temperature dimensions. 
 

𝜒 = 
𝐶

 
𝑇−𝜃 

 
 
 

(1) 

 

Underneath the Curie temperature (Tc), i.e., a critical temperature, PM material becomes FM 

and obeys the Curie-Weiss Equation by spontaneously rearranging the spins in the direction 

parallel to externally applied magnetic field. The assumption made in the derivation of the 

Curie law is that the localized atomic magnetic moments only undergo slight reorientation as 

a result of the applied magnetic field. Weiss proposed an intrinsic connection between the 

localized moments, which he named a "molecular field," in order to explain the Curie-Weiss 

phenomenon that had been seen. Besides speculating that his molecular field is the result of the 
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mutual interaction of electrons, which prefers to arrange the dipole moments parallel to one 

another, he made no other assumptions about its origin. A positive value of θ in Curie-Weiss 

Equation means that the molecular field is working in the same direction as the external 

magnetic field, tends to align the elementary magnetic moments in parallel with the applied 

field and with one another, which will be the case in FM material. PM materials behave like 

FM below the critical temperature, Tc. The destruction of the FM ordering occurs above Tc, 

where thermal energy dominates. The interaction energy at Tc must therefore be equivalent to 

the thermal energy.7 

Whereas the Stoner band theory states that at temperature lower than Tc, an uneven up- 

and-down spin counts will reach in net magnetization, but temperature above Tc, an equal up- 

and-down spin counts will reach in no net magnetization.5 

1.1.2 Antiferromagnetism 

 

In AFM materials, the interaction of magnetic moments' tries to position nearby 

moments direction antiparallel to one another. AFM ordering in magnetic systems was found 

by Louis Néel8. First magnetic ions set spontaneously becomes magnetized at a temperature 

below a critical temperature (known as Neel temperature (TN)). In contrast, the other set of 

magnetic ions spontaneously becomes magnetized in a reverse way by a similar amount. AFM, 

as a result, lower net spontaneous magnetization, and at a constant temperature, their reaction 

to external applied fields is comparable with that of PM materials. Specifically, the 

magnetization is linear in the external applied field, and the susceptibility is positive and 

minimal. Just above TN, the susceptibility has a temperature dependency comparable to PM 

materials, while below TN, the susceptibility gets weaker with rising temperature.9 

When Shull and Smart10 acquired the neutron diffraction spectrum of manganese oxide, 

 

MnO, in 1949, they gave the first direct proof for the existence of antiferromagnetic ordering. 

Their findings demonstrated that there are two sets of spins on Mn2+ ions, one of which is 
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antiparallel with the other. Before this discovery, the only proof that antiferromagnetism 

existed was that the Curie-Weiss theory's predicted curves and the observed temperature 

dependence of the susceptibility agreed.9 

Based on the coupling, the AFM ordering in metal oxides is divided into three groups 

(Figure 1.1).11 

1) A-type: AFM for interplane coupling and FM for intraplane coupling. 

 

2) C-type: AFM is used for the intraplane coupling and FM for the interplane. 

 

3) G-type: AFM is used for both intraplane and interplane connections. 
 

 

 

 
Figure 1.1: Classification of AFM ordering.11 

 
1.2 Exchange interaction 

 

The spin-spin, and spin-lattice interactions serves as the foundation for current magnetic 

theories. Due to the intricacy of exchange interactions as well as the existence of a wide range 

of magnetic substances and structures, the universal condition for FM is exceptionally 

challenging to express. Strong electron-electron interactions are the microscopic cause of FM. 

Due to Pauli's exclusion principle, parallel-spin electrons have a tendency to avoid one another 
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spatially. The quantum theory of magnetism states that this results in exchange interactions, 

which in turn cause magnetic phenomena.12, 13 

1.2.1 Direct exchange 

 

Direct exchange happens when the confined orbitals of electrons on nearby magnetic 

ion sites directly overlap (Figure 1.2). a Bethe-Slater curve which explains why some metals 

show FM nature and other shows AFM nature shown in Figure 1.3. The differences in 

exchange energies of transition metals are explained as resulting from the interatomic 

separation ratio to the radius of the 3d electron shell in the Bethe-slater curve, on the 

assumption that magnetism operates according to the Heisenberg model.14 

 

 

Figure 1.2: Schematic illustration of direct exchange interaction.12 
 

 

 

Figure 1.3: A Bethe-Slater curve showing the interatomic distance (rab) and radius (rd) of an 

atom's unfilled d-shell in relation to the strength of direct exchange coupling.12 
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The relationship between exchange energy and interatomic separation was first put 

forth in 1930 by John C. Slater and represented as a curve on a graph in 1933 by Sommerfeld 

and Bethe.15,16,17 

Since electrons spend majority of their time in between atoms when the interatomic 

distance is minimal, principal of Pauli's exclusion results in development of the AFM order. 

However, due to a significant interatomic distance, the FM order is created when the electrons 

spend most of their time apart from one another. As a result, different models have been 

developed to explain magnetic states seen in the materials when internuclear separations are 

relatively significant.12 

1.2.2 Indirect exchange 

 
❖ Superexchange interaction 

 

Superexchange (SE) interaction involves a non-magnetic ion or ligand that separates 

localised electrons by indirect exchange. Their shared non-magnetic ion/ligand mediates the 

localised electrons' orbital overlap with the magnetic sites. As the magnetic ions oxidation 

states are precisely the same/varied by two during a SE interaction, there isn't electron transfer 

from one magnetic site to another. Hendrik Kramers proposed SE first in 1934.18 Kramers' 

model was later improved by Phillips Anderson in 1950.19 Further, John B. Goodenough and 

Junjiro Kanamori created a set of semi-empirical norms for interaction ordering in the 1950s.20, 

21, 22 Figure 1.4 schematically depicts the SE interaction in MnO. 

Shull identifies the magnetic spin pattern in the MnO crystal below TN in neutron 

diffraction, as mentioned in the above section.10 MnO has a face-centered cubic lattice structure 

with spins antiparallel to each other. The TN for the MnO crystal was reported as 122 K.19 In 

Figure 1.5, the crystal structure is displayed which depicts the strongly coupled Mn2+ ions that 

were separated by a supposedly non-magnetic oxygen  (O) ion directly between them.19 
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Figure 1.4: Superexchange interactions in the MnO system.12 

 

 
Figure 1.5: AFM Pattern for the MnO structure recorded by neutron diffraction. 19 

 

The existence of insulating FM compounds is explained by the SE interaction, even though 

the majority of FM materials now known are metallic. SE, which results from the magnetic 

electrons orbital overlapping with their intermediate ligands through O inside oxide materials, 

is the primary reason for exchange interaction in magnetic insulators.19 The critical element in 

determining the strength and sign of SE interaction is the occupancy and orbital degeneracy of 

the 3d states. There are numerous scenarios to take into account, as well as the Goodenough- 

Kanamori guidelines provide an overview of the findings.20, 21, 22, 23, 24 Anderson simplified 

these rules as follows: 
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1. The exchange is strong and AFM (J < 0) when two cations have lobes of singly occupied 

3d orbitals that point in the same direction. For 120º - 180º M-O-M bonds, this is typically 

the situation. 

2. When two cations have a symmetry-constrained overlap integral between individually 

occupied 3d orbitals of zero, the exchange is FM and very weak. This is for 90º M-O-M 

bonds situation. 

3. The exchange is FM again when two cations overlap between singly occupied 3d orbitals 

and vacant or doubly occupied orbitals of the same kind, although relatively weak. As the 

overlap integrals are more likely to be greater than zero, SE is more frequently AFM than 

FM. 

 
 

❖ Double exchange interaction: 

 

The SE interaction is comparable to the double exchange interaction. In double exchange 

interactions, electrons can transfer from a magnetic ion another simply because the oxidation 

states of two magnetic ion that are closest to one another differ by one, as shown in Figure 1.6. 

This interaction was proposed by Clarence Zener25 first; hence, a double exchange interaction 

has another name a Zener exchange interaction. It is predicated on the idea that localised spin 

and delocalized spin display strong intraatomic exchange interactions, causing the latter's spins 

to align parallel to the former continuously. This double exchange interaction model might 

accurately predict metallic manganite's ferromagnetic phase.12 

Assume the 180° interaction between Mn, O, and Mn, where the Mn "eg" orbitals come 

in direct contact with the O2p orbitals, and one of the Mn ions seems to have more electrons 

than the other. The electrons on each Mn ion in the ground state are arranged in accordance 

with Hund's rule, which states that if O wants to give up its up-spin electron to Mn4+, afterward, 

an electron from Mn3+ can supply its vacant orbital. In this process, electron maintained its spin 

https://en.wikipedia.org/wiki/Clarence_Zener
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and traveled between the nearby metal ions. The double-exchange concept states that if the 

electrons do not have to change their spin direction to respect to Hund's rules when they belong 

to the accepting species, the transfer of electrons across species will become more effortless. 

Hoping (delocalization) reduces kinetic energy. Consequently, the overall energy savings may 

result in the ferromagnetic alignment of nearby ions.26 

 

Figure 1.6: Double exchange interaction in the MnO system.26 

 

1.3 Magnetocaloric effect 

 

The term magnetocaloric (MCE) effect refers to a magnetic substance being heated or 

cooled as a result of the application of an external magnetic field. Even though this 

phenomenon represents a real-world application of the MCE in magnetic materials, this process 

has long been known as adiabatic demagnetization.27, 28 Warburg's observation of MCE in iron 

in 1881 led to its discovery29. Debye30 and Giauque31 each explained the MCE's inception. 

They also proposed the first application of the MCE, which was utilized to achieve 

temperatures lower than liquid helium, which had been the lowest temperature that could be 

reached experimentally. There is a lot of interest in employing the MCE as an alternate method 

of refrigeration, from ambient temperature to the temperatures at which hydrogen and helium 

liquefy (~20 - 4.2 K). As an alternative to the prevalent vapor-cycle refrigeration technology 
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now in use, magnetic refrigeration promises to be both energy-efficient and environmentally 

beneficial32, 33. 

MCE is an inherent property of all magnetic materials. However, the strength of the 

effect varies depending on the characteristics of each material. As a result of the magnetic 

sublattice's coupling to the external magnetic field, that is the physical source of the MCE, the 

magnetic component to the solid's entropy changes. MCE is often described as adiabatic 

temperature change (Tad) or isothermal entropy change (SM) that occurs when a system is 

subjected to a magnetic field.34 By adiabatically demagnetizing PM salts, MCE was first 

utilized to reach temperatures below Kelvin.35, 36 The development of room temperature (RT) 

MCE materials like Gd (10.2 J/kg K at 294 K) and Gd5Si2Ge2 (18.4 J/kg K at 276 K) has pushed 

research toward producing ambient condition MCE cooling rather than the current approach 

for compression-expansion of gas.36, 37 The current focus of MCE research is to find novel 

materials with substantial entropy changes (SM) and controllable operating temperatures. 

Therefore, systems with higher MCE at RT would benefit technological applications requiring 

ambient conditions. In contrast, systems with low temperature regimes below Kelvin are 

desirable for operations like space science and liquefication of hydrogen in the fuel business, 

among others.36 Intermetallic materials with first-order magnetic transitions, like LaFe13-xSix, 

MnAs1-xSbx, and MnFeAs1-xPx-based compounds, also exhibit RT MCE in addition to Gd- 

based compounds.38- 40 However, their employment in MCE refrigeration is hampered by their 

high magnetic hysteresis and weak corrosion and oxidation resistance. 

 

1.4 Ferroelectric effect 

 

A ferroelectric material is a substance that undergoes a phase change from a high- 

temperature, conventional dielectric phase to a low-temperature phase that exhibits 

spontaneous polarisation. The direction of the applied electric field can change the spontaneous 

polarization's direction.41, 42 The first ferroelectric material was discovered in 1921 when 
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Valasek noticed nonlinear electrical features in sodium tartrate tetrahydrate, also known as 

Rochelle salt (KNaC4H4O64H2O). He later verified that hydrogen bonds inside the materials 

cause the ferroelectricity of the materials.43- 45 Ferroelectricity in KH2PO4 was identified in 

1930, and phase transition theory was created.46 

Barium titanate, also known as BaTiO3, is ferroelectric material that has multiple 

ferroelectric phases.47-50 Figure 1.7 shows the lattice geometries of perovskite BaTiO3. 

Ferroelectric materials have unique physical characteristics that make them useful for various 

applications, including data storage devices, capacitors, transducers, and actuators because of 

their hysteresis loop and high dielectric permittivity. Ferroelectricity is produced by the 

deformed perovskite structure's off-centering of titanium ions.51 It is now well understood why 

perovskite structures like BaTiO3 prefer ferroelectricity. The cause is the ligand field 

stabilization energy, in which the oxygen 2p orbital donates its electron density to the empty d 

orbital. The titanium atom becomes off-centered by the transition metal cation, which causes 

the B site Ti ions to shift from their centrosymmetric orientations and produce a net polarization 

and ferroelectricity.51 For the ferroelectric phase to be stabilized, unoccupied d orbitals of 

transition metal ions with the proper energy range are therefore necessary. 

 

 
Figure 1.7: Lattice geometries of the high-temperature paraelectric phase (left) and low- 

temperature ferroelectric phase (right) of perovskite BaTiO3.
51
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1.5 Synthesis methods 

 

1.5.1 Solid state synthesis 

 

Solid state reaction, sometimes referred to as shake and bake, is a process of synthesis 

in which the raw components are combined before being heated in an oven. The majority of 

these reactions require high temperatures, often in the hundreds of degrees Celsius range, to 

speed up the reaction and ensure that it happens in enough time.52 The simplest and most 

popular method of creating reactions is solid-state reactions, which do not require expensive 

equipment. As most of the compounds are stable under typical settings, obtaining solid-form 

reactants for reactions is not challenging. This technique is also adaptable at industrial and lab 

scales. The synthesis compounds include mixed metal oxides, sulphides, nitrides, 

aluminosilicates, and many more materials.53 

The primary issue with the solid-state reaction approach is dispersion in solid materials. 

The reaction is still limited by molecular diffusion between the constituents in the solid state, 

even after the materials have been ground and shaped into pellets. The majority of these 

reactions take a long time and demand high temperatures. Utilizing high temperatures for 

extended periods will also require large amounts of energy, which could raise the expense of 

applying this technique. Most of the reaction mechanisms are yet unknown, which is another 

issue. Furthermore, it was challenging to eliminate the contaminants in the finished product.52 

1.5.2 Sol-gel synthesis method 

 

The wet-chemical process known as sol-gel synthesis method is widely applied in the 

creation of materials. A range of premium oxide materials are produced using this approach. 

This procedure is called a sol-gel method because, during the creation of the metal-oxide, the 

liquid precursor is transformed into a sol, which is then transformed into a network structure 

called a gel.54 In order to hydrolyze the metal oxide and produce a sol, either water or alcohol 

are used. Condensation occurs next, increasing the solvent's viscosity to create porous 
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structures that can oxidize. Metal-hydroxo- (M-OH-M)/ metal-oxo- (M-O-M) bonds develop 

in condensation or polycondensation process, leading to the creation of metal-hydroxo-/ metal- 

oxo-polymers in the solution.55, 56 A polycondensation continues due to age, altering the 

material's structure, characteristics, and porosity. Aging causes the porosity to diminish and 

spacing between colloidal particles to widen. The gel is dried after the ageing process, which 

entails taking out the water and other organic solvents. Later on the process of calcination is 

completed. The type of precursor, the rate of hydrolysis, the amount of time the product is aged, 

the pH, and the molar ratio of the precursor to water are all variables that affect the final product 

made using the sol-gel process.57, 58 

Sol-gel chemistry, one of these methods, offers some unique advantages since it can 

create solid-state materials from chemically homogenous precursors. One must be able to 

synthesize complex inorganic compounds like ternary as well as quaternary oxides at relatively 

lower temperature range with smaller formation time by capturing "randomness of the solution 

state"59 and therefore maintaining mixing of reagents at atomic level. Sol-gel chemistry must 

also make it possible to have more command over particle size and morphology. Numerous 

sol-gel approaches were developed for preventing phase segregation during formation because, 

in reality, producing a homogeneous precursor at room temperature does not guarantee reaction 

homogeneity.60 

1.5.3 Hydrothermal synthesis 

 

The hydrothermal approach is an intriguing low-temperature synthesis route, as it is an 

energy-efficient, environmentally friendly, as well as very flexible method during synthesizing 

a wide range of materials.61-64 The hydrothermal approach involves a reaction in a sealed, 

heated vessel called an autoclave. The hydrothermal approach boosts the solubility of the solid 

and speeds up the reaction between the solids in autoclaves by using a solvent above its critical 
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point. Autoclaves are typically steel cylinders used to conduct chemical processes over 

extended periods at high pressure and temperature.65 

In hydrothermal synthesis, superheated water acts as a powerfully polarising agent at 

temperatures between 100 °C and 200 °C, providing favourable conditions for reactions, 

suitable to promote solubility, crystallization, and diffusion. The following factors affect 

hydrothermal route of synthesis: a) temperature, b) pH level, and c) reaction time. The molar 

ratios of the reactants are crucial in figuring out the level of supersaturation, which affects the 

speed at which crystals develop. Supersaturation may be brought about by adding complexing 

agent to solution. The complexing agent needs to be stable enough and available inside an 

acceptable concentration to improve solubility but not solidify. The experiment's temperature 

significantly affects the generation of autogenous pressure inside the autoclave. Aqueous 

solution growth aims to supersaturate the solution without triggering nucleation spontaneously, 

which would compromise the final crystalline result. Water encourages the density of the 

materials it can dissolve and has a higher diffusivity. This lower viscosity makes mass transfer 

easier and has a high compressibility that simplifies changing density and dissolving power. 

Under high pressure, water speeds up chemical reactions.66–70 High reactant reactivity, ease of 

controlling solution/ interface reactions, create metastable and distinctive condensed phases, 

reduced energy use, and reduced air pollution are all benefits of hydrothermal synthesis. In this 

technique, the solvent permits controlling the kinetics of growth while preventing 

agglomeration. However, the drawbacks of this process include the requirement for autoclaves 

and the inability to see the growth of nanocrystals. The crystallinity of the generated NPs using 

this method is often excellent.71 
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1.6 Rare earth chromium oxides (R-Cr-O) 

 

A rare earth chromium oxide (R-Cr-O) system combined and formed two compounds, named 

chromates (RCrO4) and chromites (RCrO3). These compounds' structural and physical 

properties differ from those discussed as follows: 

1.6.1 Chromates (RCrO4) 

 

1.6.1.1 Crystal structure 
 

The phase stability of lanthanide chromates (RCrO4) depends upon the radius of rare earth 

elements (R). Most of the chromates crystallized in the zircon-type structure.72 However, with 

increasing radius, Ln3+ions show a strong tendency towards the monazite-type structure. The 

details about the crystallized structures and their coordination between the elements are 

discussed as follows: 

❖ Zircon-type structure 

 

RCrO4 (R = Pr, Gd, Nd, Tm, Pm, Tb, Eu, Ho, Dy, Yb, Er) compounds at ambient 

conditions crystallize in tetragonal zircon-type phase (space group I41/amd).72, 73 The zircon 

phase mainly consists of two fundamental building blocks, CrO4 tetrahedra and RO8 

bisdisphenoid polyhedral. As opposed to aligning with the CrO4 units in the third direction, 

RO8 units join along the two crystallographic axes that share O-O edges.74-76 Figure 1.8 (a1) 

illustrates how units of CrO4 are spatially segregated by units of RO8, and the atomic 

arrangement in the structure is depicted in Figure 1.8 (a2). Careful analysis of the structure 

reveals the possible pathways of the interaction. This structure provides exciting SE interaction 

between magnetic ions R3+ and Chromium (Cr5+) via O, which are often extended like Cr–O– 

R–O–Cr or R-O-Cr-O-R.77 The reflection condition in the zircon-type structure written as, h+k 

= 2n; l = 0, h+k = 2n; h = 0, k+l = 2n; and h = k, 2h+l = 4n. The atoms occupy the following 

position in zircon-type chromates: R3+ in 4a sites (0, 3/4, 1/8), Cr5+ in 4b sites (0, 1/4, 3/8), and 

O in 16h (0, y, z). The size of the RO8 bisdisphenoid polyhedron gradually declines, and the 
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size of the CrO4 tetrahedra increases when the size of the R3+ ion drops from Pr3+ to Yb3+. 

Consequently, the Cr-O bond length increases, which means the bonds become weaker along 

with the RCrO4 series of oxides. In contrast, the R-O bond length gets shorter along the series 

resulting in stronger bonds showing a more acidic Lewis character having more affinity for the 

electrons.78-80 

Figure 1.8: shows the crystal structure of RCrO4 : (a1 & a2) for zircon-type phase, (b1 & b2) 

monazite-type phase and (c1 & c2) scheelite-type phase. The R atom (blue), Cr atom (green), 

and O atoms are shown as small red circles. The perspective projection of CrO4 tetrahedra (Cr 

green in the center) and RO8 polyhedra (R blue in the center) are shown in the (a1) and (c1) 

structure, whereas in (b1) CrO4 tetrahedra and RO9 polyhedra (R blue in the center) are shown. 

 
 

❖ Monazite-type structure 

 

R = La and Pr, in the RCrO4, crystallizes in a monoclinic monazite-type structure due 

to a larger ionic radius of La3+ ion with space group P21/n. This structure has two fundamental 

(a1) (b1) (c1)

(a2) (b2) (c2)
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building blocks, CrO4 tetrahedra, and RO9 polyhedra, which are edge-shared with CrO4 

tetrahedra along the c-axis; therefore, the coordination number is 9 in the monazite-type 

structure. The PrCrO4 compound crystallizes in dimorphic form, i.e., both zircon-type as well 

as monazite-type phases. But the most stable phase for PrCrO4 is the zircon-type phase.79-87 

Fig. 1.8 (b1 & b2) shows the structure view and atom position for the monazite-type RCrO4 

compound. 

❖ Scheelite-type structure 

 

The scheelite-type phase has a tetragonal symmetry with space group I41/a. The fundamental 

building blocks in this structure are the same as that of zircon-type structure; CrO4 tetrahedra 

as well as RO8 polyhedra. But the linkage between both the polyhedrons was different as in the 

zircon-type structure. There is no edge-sharing between both polyhedral RO8 and CrO4, as 

shown in Fig. 1.8 (c1 & c2), which shows the structural view and atomic position in the 

scheelite-type phase. In scheelite-type phase, RO8 basisphenoid of different chains form dimers 

of R2O14 composition, whereas the CrO4 tetrahedra are aligned along the a-axis.76, 88-90 

Scheelite-type structure has been reported with a minimal difference in the two types of R-O- 

Cr bond angle as compared to the zircon-type structure.73 For this the reflection conditions 

were written as: h+k+l = 2n; l = 0, h, k = 2n; and h = k = 0, l = 4n with the position of atoms: 

R3+ at (0,1/4,5/8) on the 4b Wyckoff sites, Cr5+ at (0,1/4,1/8) on the 4a Wyckoff sites, O at (x2 

, y2 , z2) on the 16f Wyckoff sites, where x2, y2, and z2 are internal parameters.78, 91
 

 
1.6.1.2 Phase transition in the RCrO4 

 

The RCrO4 compounds are affected by external pressure and temperature. When 

pressure and temperature were applied externally, the zircon phase changed into the tetragonal 

scheelite phase. In contrast, high-temperature sintering (under ambient pressure) changed the 

zircon type to the orthorhombic perovskite phase. Many research groups explored these phase 

transitions. The phase transition of RCrO4 (R = Pr, Nd, Sm-Lu, and Y) has so far been explored. 
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Most frequently, this transition was seen at temperatures between 773 K - 873 K and pressures 

between 6 Gpa - 8 GPa.76, 90 Scheelite-type phases have a 10% higher density and more- 

efficient structural packing than zircon-type phases due to a simple shearing mechanism and 

slight rotations of the CrO4 tetrahedral unit during the phase transition. The zircon to scheelite 

phase transition is both reconstructive and first-order. The Cr-O and R-O lengths are not much 

altered during this transition; however, there has been a notable shift in bond angles.73, 90 For 

the YCrO4 compound, the optimal phase transition pressure and temperature from zircon-to 

scheelite-type phase imply 8–10 GPa with 350 °C –400 °C. During the transition, the c/a lattice- 

axis ratio and theoretical density in scheelite phase grew by around 156% and 10.7%, 

respectively.78 

In the RCrO4, the valence state of Cr5+ is very rare. A high enough temperature will 

cause the complex to break into a refractory RCrO3 perovskite because of its peculiar ionic 

state, which is sensitive to heat. The zircon phase changed into the perovskite phase, which 

contains Cr in the most stable state, Cr3+, at high temperature and ambient pressure. In order 

to analyze the phase transition in DyCrO4, low-temperature neutron diffraction was used. This 

comprehensive diffraction investigation results show that the unit cell volume does not 

significantly alter throughout the crystal structural phase transition from tetragonal I41/amd to 

orthorhombic Imma symmetry, which occurs between 27 K and 40 K. The tetragonal phase 

transforms into orthorhombic at temperatures higher than 600 °C. At 700 °C and ambient 

pressure, the monazite-type LaCrO4 phase transforms into LaCrO3.
73, 92, 93

 

1.6.1.3 Properties of RCrO4 

 

❖ Magnetic properties 

 

The exceptionally high chemical valence of Cr, i.e., Cr5+, in RCrO4 compounds has led 

to research into their intriguing magnetic characteristics. This system has the contrast magnetic 
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RCrO4 

compounds 

Structure, Symmetry, Space 

group 

Magnetic nature Transition 

temperature 

(TN/TC) (K) 

LaCrO4 Monazite-type, Monoclinic, 

P21/n 

Antiferromagnetic 25 

PrCrO4 Zircon-type, tetragonal, 

I41/amd 

Antiferromagnetic 9 

NdCrO4 Zircon-type, tetragonal, 

I41/amd 

Antiferromagnetic 25 

SmCrO4 Zircon-type, tetragonal, 

I41/amd 

Antiferromagnetic 15 

GdCrO4 Zircon-type, tetragonal, 

I41/amd 

Ferromagnetic 21-22 

TbCrO4 Zircon-type, tetragonal, 

I41/amd 

Ferromagnetic 22 

DyCrO4 Zircon-type, tetragonal, 

I41/amd 

Ferromagnetic 23 

HoCrO4 Zircon-type, tetragonal, 

I41/amd 

Ferromagnetic 18 

ErCrO4 Zircon-type, tetragonal, 

I41/amd 

Ferromagnetic 14.9 

TmCrO4 Zircon-type, tetragonal, 

I41/amd 

Ferromagnetic 19 

YbCrO4 Zircon-type, tetragonal, 

I41/amd 

Antiferromagnetic 25 

LuCrO4 Zircon-type, tetragonal, 

I41/amd 

Antiferromagnetic 9 

 

 

 
 

Table 1.2: Listed out the transition temperature and nature of the magnetic transition of the 

monazite and zircon-type RCrO4 compounds. 
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order put forth. The presence of R elements affects the magnetic properties of RCrO4 

compounds. RCrO4 of the zircon type (R= Nd, Sm, Yb, and Lu) exhibits an AFM transition, 

but RCrO4 of the zircon-type (R= Gd, Ho, Tb, Er, Dy, and Tm) exhibits an FM nature, 

depending on the R-O distance.72, 77, 78, 80, 90, 91, 94-100 Crystal structure and magnetic nature with 

the reported transition temperature for the RCrO4 compound were tabulated in Table 1.2. 

According to the et.al., R3+ and Cr5+ sublattices are ordered at a relatively lower temperature.72, 

101 Due to the involvement of multiple potential SE pathways, DyCrO4's magnetic origin is 

quite complicated.73, 95 Since numerous interactions must unavoidably be considered, the SE 

processes are highly complicated. The O ions are present in all of the routes, which comprise 

the sequences Cr5+- O – O - Cr5+, Cr5+- O - R3+, and R3+- O - Cr5+- O - R3+. The magnetic 

characteristics of monazite-type PrCrO4 have not yet been investigated.79, 80, 84
 

 

❖ Magnetocaloric effect in RCrO4 

 

RCrO4 compounds, which have both sublattices 3d and 4f order collinearly and 

concurrently at a common temperature, are the ideal system for investigating 3d-4f spin 

interaction and the low-temperature MCE effect. The ordering of these sublattices has been 

investigated using neutron diffraction analysis and magnetic measurements. The MCE effect 

was researched in zircon-type RCrO4 with R = Gd, Ho, Er, and Dy.75, 89 GdCrO4 and HoCrO4 

display a negative entropy change close to the magnetic transition temperature due to a field- 

induced metamagnetic transition. This transition provides the more considerable MCE 

parameters for moderate field strength applicable in low-temperature magnetic refrigeration. 

The DyCrO4 has also been demonstrated to undergo the significant magnetic entropy change 

associated with the FM transition. This could be due to the intense rivalry between FM and 

AFM SE contacts, which renders the system a prospective magnetic refrigerant material for 

hydrogen liquefaction.74, 75, 89 
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The investigation continues with the composite material of GdCrO4 and ErCrO4, as these 

compounds exhibit MCE action. The Curie transition temperatures for the second-order 

magnetic transition in both compounds are 22.0 K and 14.9 K, respectively, and this combined 

magnetic contribution exhibits a significant entropy decrease. The transition temperature of the 

composite material is close to 20.3 K, which is within the range of the liquid hydrogen 

temperature. Consequently, we can employ this compound to store liquid hydrogen as well.102 

❖ Ferroelectric effect in RCrO4 

 

The research demonstrates that RCrO4 is a novel multiferroic compound. According to 

ab initio calculations, the Cr5+ tetrahedral coordination causes a high bandgap in the YCrO4 

and RCrO4. YCrO4 was shown to be a reliable insulator through experimentation. The 

monazite-type and zircon-type oxides are typically known as insulators. Still, they are n-type 

semiconductors in RCrO4 compounds. 

A few members of the RCrO4 series (R= Sm, Ho, Dy, Gd) and YCrO4 were examined for 

ferroelectric ordering. The ferroelectric ordering of these compounds is driven by the 

centrosymmetric I41/amd to non-centrosymmetric I42d structural transition, which takes place 

above their magnetic ordering temperature. The considerable spontaneous electric polarisation 

value of YCrO4 (~ 590 μC/m2) indicates that the presence of rare earth cations has no impact 

on this value.72 The distortion of the CrO4 tetrahedra served as the primary catalyst for the 

emergence of the polar order and spontaneous electric polarisation. Experimental results were 

shown that the ferroelectric ordering temperatures for RCrO4 (R = Sm, Ho, Gd, Dy) and YCrO4 

at 103 K, 108 K, 98 K, 97 K, and 100 K are substantially higher than that for their magnetic 

ordering temperatures 15 K, 22 K, 18 K, 23 K, and 9 K, respectively.72,103,104 
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1.6.2 Chromite (RCrO3) 
 

1.6.2.1 Crystal structure 

 

❖ Perovskite structure 

 

A large class of compounds known as "perovskites" share crystal structures with the 

perovskite mineral CaTiO3. There are numerous diverse types of compounds in the perovskite 

structure. This compound class has various physical properties because it can retain a wide 

range of ions. The family of oxides known as perovskites has likely been the subject of most 

research. The vast and always unexpected range of properties exhibited by compounds with 

this family of crystal structures and their adaptability to accommodate practically all of the 

periodic system's elements are what draw people's interest in them. In the 1920s, Goldschmidt 

et al.105 did ground breaking structural research on perovskites, the foundation for subsequent 

studies of the perovskite family of chemicals.105 

In ABO3, the B ion is octahedrally correlated by six O ions, whereas two B cations & 

four A cations coordinate the O anions, and 12 O anions surround the A cation in a 

dodecahedral environment. 3D cubic network of corner-sharing BO6 octahedra is the typical 

description of the perovskite structure. According to the definition, a cation is located in the 

middle of a cube with eight units that share a corner. There are numerous known compounds 

with perovskite or similar structures due to the perovskite structure's well-known flexibility 

and the ability to vary the A and B ions. In addition to the mineral perovskite itself being 

slightly deformed, the perfect cubic perovskite structure is not particularly common. 

Perovskites have a cubic system in their ideal state, but several structural aberrations are 

possible, giving perovskites a wealth of physical features. Perovskite materials have a variety 

of crystal forms, including cubic, tetragonal, orthorhombic, rhombohedral, monoclinic, and 

triclinic106. Reduced symmetry in distorted perovskites is crucial to their magnetic and electric 

characteristics. 
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Rarely can a single consequence be linked to a distortion of a specific perovskite 

molecule? Usually, the structure is affected by several things. Three mechanisms might lead to 

variations from the ideal perovskite structure: octahedra distortions, displacements of cation 

inside the octahedra, and tilting of octahedra. The electronic instability of the metal ion leads 

to octahedral distortions and cation displacements inside them.107 Perovskites are very 

important in industry because of these characteristics, especially the ferroelectric tetragonal 

form of BaTiO3. BaTiO3 is a complex material that undergoes four phase changes when heated: 

rhombohedral (R3m), orthorhombic (Amm2), tetragonal (P4mm), and cubic (Pm-3m).108, 109 

Figure 1.9 shows the perovskite crystal structure. 

 

 

 

Figure 1.9: Perovskite crystal structure for RCrO3. The R atom (blue), Cr atom (green), and O 

atoms are shown as small red circles. 

 

1.6.2.2 Properties of RCrO3 

 

❖ Magnetic properties 

 

Orthorhombic rare earth manganites and rare earth ferrites are isostructurally related to 

RCrO3. Orthochromites typically have TN values between ~ 110 K and ~ 210 K and are G-type 

AFMs.110-112 G-type configurations with the ideal Γ1, Γ2, and Γ4 orthochromites are used to 

represent them (Figure 1.10).113, 114 Orthochromites can have a magnetic structure of either Γ4 
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or Γ2, depending on the magnetic properties of the R-site element.113, 114 Some orthochromites, 

such as (Er, Sm, Gd, and Nd) CrO3, display spin reorientation (SR) transitions, which change 

from a spin structure of two to one, as a result of the magnetic interaction between the canted 

Cr3+ spins and the R3+ spins at low temperatures.111, 112, 115-117 

 

Figure 1.10: G-type AFM configuration having Γ1, Γ2, and Γ4 spin structure with Pbnm 
 

symmetry.113, 114 

 
❖ Magnetocaloric effect in RCrO3 

 

Since R spins are ordered at low temperatures, RCrO3 materials are also thought to exhibit 

the MCE, offering them a suitable option for MCE refrigeration applications requiring low 

temperatures. Like manganites, RCrO3 was primarily investigated for their multiferroic 

behavior, although the genesis of FE is still up for question, and much of the study was focused 

on figuring it out. 118, 113, 111 As a result, their reduced specific heat capacity (CP) values (~ 95– 

109 J/mol/K), which promote more significant ΔTad, the RCrO3 family of compounds, have 

recently come to light as possible MCE materials. McDannald et al.119 investigated the MCE 

in bulk DyCrO3 as well as discovered a significant entropy change of 8.1 J/Kg K at a 

temperature of ~ 12 K with a relative cooling power (RCP) of ~ 196 J/Kg in a 3 T applied 

magnetic field. In a similar vein, the reported magnetic entropy for single crystals of GdCrO3 
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is 31.6 J/Kg K.120 The magnetic nanoparticles, as opposed to their bulk equivalents, offer better 

magnetocaloric refrigeration performance.121, 122 Nanoparticles' refrigeration capacity (RC) is 

enhanced, making them suitable for commercial use. Nanoparticles were distinctive in features, 

such as distribution of particle size and interparticle interactions, which broaden the entropy 

change over a wide range of temperature.121, 123, 124 A magnetic refrigerant that operates 

inbetween 10 K and 80 K at a low applied field is generally ideal.119 

1.7 Lanthanides 

 

The lanthanides, which stand between the s and d block elements, are electropositive 

metals. Their inner cores are xenon ion-configured with [Xe] 4fn 5d1 6s2 or [Xe] 4fn 6s2 

electronic configurations. The lanthanides were previously referred to as rare earth elements 

because scientists thought that only trace amounts of these elements were present in the earth's 

crust. The first element in this family, lanthanum, inspired the word "lanthanides," which was 

later used. The majority of lanthanides are found in the earth's crust; however, they are not 

exceptionally rare. Today, all of the lanthanides—aside from promethium—have abundances 

equivalent to numerous other elements in the periodic table.125 

Over 150 years of research leading up to the lanthanide’s discovery were conducted. Due 

to the abundance of lanthanides in the same minerals and their similar chemical properties— 

including equal ionic radii, the same dominant oxidation state (+3), and minor variations in 

complex formation and solubility—separation of the elements proved to be difficult for 

scientists.125 Nevertheless, the discovery of lanthanide ions was made possible thanks to 

significant efforts by researchers worldwide and the spectroscope's development. 
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Atomic no. Name, symbol Electronic 

configuration 

Ln 3+ Electronic 

configuration 

58 Cerium, Ce [Xe] 4f1 5d1 6s2 [Xe] 4f1 

59 Praseodymium, Pr [Xe] 4f3 6s2 [Xe] 4f2 

60 Neodymium, Nd [Xe] 4f4 6s2 [Xe] 4f3 

61 Promethium, Pm [Xe] 4f5 6s2 [Xe] 4f4 

62 Samarium, Sm [Xe] 4f6 6s2 [Xe] 4f5 

63 Europium, Eu [Xe] 4f7 6s2 [Xe] 4f6 

64 Gadolinium, Gd [Xe] 4f7 5d1 6s2 [Xe] 4f7 

65 Terbium, Tb [Xe] 4f9 6s2 [Xe] 4f8 

66 Dysprosium, Dy [Xe] 4f10 6s2 [Xe] 4f9 

67 Holmium, Ho [Xe] 4f11 6s2 [Xe] 4f10 

68 Erbium, Er [Xe] 4f12 6s2 [Xe] 4f11 

69 Thulium, Tm [Xe] 4f13 6s2 [Xe] 4f12 

70 Ytterbium, Yb [Xe] 4f14 6s2 [Xe] 4f13 

71 Lutetium, Lu [Xe] 4f14 5d1 6s2 [Xe] 4f14 

 

 

Table 1.3: The electronic configurations of lanthanides and lanthanide ions, along with their 

ground state term symbols.127 

Ytterby, a small Swedish hamlet, had a quarry where Arrhenius made the rare mineral 

discovery known as ytterite in 1787. Finn Johan Gadolin investigated ytterite for seven years 

before coming to the conclusion that it contains yttria, an impure form of yttrium oxide. In 

1800, the mineral ytterite was renamed gadolinite in Johan Gadolin's honor. This ore was 

subsequently used to produce nine new elements: ytterbium, erbium, terbium, holmium, 

thulium, scandium, gadolinium, dysprosium, and lutetium.126 In terms of the lanthanide series 
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of elements, cerium was the first to be discovered, which came from the ceria oxide ore in the 

second half of the 18th century.127 

The electrons in the 4f orbitals are filled as we transition from La3+ to Lu3+. The lanthanide 

atom has a Xe atom configuration with three outer electrons (4fn 6s2 or 4f n 6s2 5d1 if n > 14), 

with a change in the f electrons, in its ground state electronic configuration. During ionization, 

the 6s2 5d1 electrons stripped from lanthanide atoms result in Ln3+ ions with the structure [Xe] 

4fn. The most stable ionization state for lanthanides is the trivalent state.128 The 5s2 5p6 

subshells outside of the 4f shells have a wider radial expansion, which acts to shield the levels 

from the effects of the environment and shield the 4f orbitals. Table 1.3 lists the ground state 

term symbols for the electronic configurations of the Ln and Ln3+ ions.127 

1.8 Why is rare earth chromium oxide (R-Cr-O) so interesting? 

 

Rare earth chromium oxides (R-Cr-O) in different combinations give us two types of 

structures chromates RCrO4 and Chromites RCrO3. RCrO4 has a unstable state of Cr i.e., Cr+5. 

The structural symmetry of these compounds depends on the R element present in the 

compound. For larger atomic radii elements like La and Pr, it crystallized in a monazite-type 

structure. In comparison, it gives a zircon-type structure for smaller atomic radii elements such 

as Nd, Dy, Eu, Ho, Sm, Er, Gd, Tm, Yb, and Lu.72, 73, 79-87 

Further on, external temperature and pressure application show the phase transition to 

scheelite-type and perovskite structure.73, 76, 78, 90, 92, 93 Again depending on the rare earth 

involved in the structure, it gives the different magnetic properties for RCrO4.
72. 77, 78, 80, 90 It is 

a perfect system to explore the 3d-4f interaction since the lattice elements R3+ and Cr5+ are 

ordered at low temperatures. This property made it a potential candidate for MCE at low 

temperatures, which was used in the application field of hydrogen liquification and 

cryogenics.75, 89, 102 We chose to experiment with RCrO4 compounds due to the structural phase 

shift and the opportunity to thoroughly study new synthesis techniques. It is possible to study 
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this structural distortion in the phases caused by the alteration f the bond distances between R- 

O and Cr-O when shifting R from La-Yb, utilizing various measuring techniques. 

The other compounds, which together created RCrO3, crystallized in perovskites, which 

are known for their many characteristics. The negative magnetization and exchange bias of 

chromites, which have important technological implications for memory and spintronics, are 

two intriguing features that our group previously discovered in chromites.111, 129, 130, 131-135 Due 

to the fact that magnetic properties depend on the size and form of the particles, we are intrigued 

to work with RCrO3 compounds by examining several synthesis techniques, which provide us 

the unique morphology at low temperatures. 

 

1.9 Thesis objective 

 

As a part of ternary metal oxides, the R-Cr-O system has different structural and 

physical properties. The physical properties of the compounds were changed due to shape, size, 

and different chemical environments. The synthesis route followed to get a single phase also 

plays a vital role during the investigation. The complete knowledge of the formation 

mechanism involved during the synthesis made understanding the properties easy. And the 

confirmation of the single phase of the compounds gives confidence in the studied properties. 

For these, we need to choose the appropriate synthesis method. A deep understanding of the 

material's formation process can only help control the pure compound. There is a lot of work 

to be done to refine the material property. 

Thus, this thesis noticed the critical role of used formation processes while getting the 

single phases of DyCrO4 and DyCrO3 compounds. During synthesis processes, the role of 

complexing agents such as oxalic acid, citric acid, EDTA, CTAB, and PVA, the role of pH, 

and the importance of R elements has also been described in this thesis. 

So, the aim of the work presented in this thesis is as follows: 
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1. Investigating and proposing the formation mechanism involved in the used synthesis 

pathway while synthesizing zircon-type DyCrO4 and perovskite DyCrO3 in different 

environments by using various complexing agents. 

2. Studying the rare earth-dependent structural phase transition from monazite to zircon-type 

in RCrO4. 

3. Observing the effect of different reaction parameters such as synthesis duration, synthesis 

temperature, synthesis time, precursors, and additional agents on the shape of the particles. 

 

1.10 Thesis outline 

 

In Chapter 1, we have provided the basics of magnetism, followed by the involvement 

of exchange interaction. Additionally, the principles of the numerous physical properties have 

been shown. The RCrO4 and RCrO3 structures are also addressed, along with their structures, 

phase transition, and summary of the investigated properties. This chapter talks about the 

significance of R-Cr-O compounds in terms of their fundamental and technological 

relevance. The last discussion is about the thesis's scope. 

In Chapter 2, we have completely examined and proposed the formation mechanism 

for the hydrolytic sol-gel synthesis of DyCrO4 in acidic and basic environments after carefully 

reviewing the intermediate samples obtained throughout the reaction. In order to determine the 

crystallization temperature for single-phase DyCrO4 with the least amount of impurities, the 

impact of complexing agents was also investigated. The magnetic characteristics of DyCrO4 

produced in a basic solution with oxalic acid were then analyzed. 

In Chapter 3, we have covered the impact of changing rare earth elements on structural 

phase transition from monazite to zircon-type in RCrO4 compounds using Raman scattering. 

The single-phase polycrystalline monazite-type LaCrO4, intermediate PrCrO4, zircon-type 

RCrO4 (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, and Yb), and YCrO4 has been synthesized using sol- 

gel synthesis method. Further, the scope of the investigation is extended by comparing Raman 
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modes for different crystal structures and rare-earth (Dy, La) and non-rare-earth (Y) elements 

in the structure. 

Chapter 4 looked into the hydrothermal synthesis technique for producing perovskites 

at low temperatures. In-depth research has also been done on the reaction mechanism while 

varying reaction parameters like synthesis time, temperature, and duration. There has also been 

discussion on the function and results of adding the precursors in order. 

Lastly, in Chapter 5, we summarized the studies described in the thesis. Additionally, 

the scope of this work will be given in this chapter. 
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Outline 
 

 

 

The formation mechanism of hydrolytic sol-gel synthesized DyCrO4 with a complexing agent 

in acidic and basic mediums is thoroughly studied. The role of complexing agents and pH on 

phase formation temperature is also investigated. The formation temperature for DyCrO4 is 

~500 °C in the absence and presence of complexing agents such as oxalic acid and 

ethylenediaminetetraacetic acid (EDTA) at pH 10. Whereas, when critic acid is used, the 

formation of DyCrO4 along with Cr2O3 is observed. The crystallite size in the presence of a 

complexing agent in the basic medium is ~55 nm which is small compared to only ammonia 

solution. The various reaction modes lead to tetragonal zircon-type DyCrO4 at ~500 °C, 

transforming into orthorhombic perovskite DyCrO3 at 800 °C. The magnetization curve shows 

the ferromagnetic behaviour of DyCrO4 below transition temperature Tc ~21 K. 
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2.1 Introduction 

 

The mixed-metal oxides such as chromites, manganites, and ferrites have gained 

tremendous attention due to their large-scale structural, magnetic, and transport properties, 

potentially being used in optoelectronic and magnetoelectric devices.1-6 The R-Cr-O (R - rare 

earth element) combination in mixed-metal oxides was crystallized in chromates (RCrO4) and 

chromites (RCrO3). The RCrO4 compounds were found in a tetragonal zircon-type structure 

(for R= Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) with space group I41/amd and 

monoclinic monazite-type structure (for R= La, Ce) with space group P21/n, while R=Pr shows 

both types of structures.7-17 The RCrO4 compounds were sensitive to external parameters like 

temperature and pressure. On the application of external pressure, the zircon-type RCrO4 

structure changes to another tetragonal scheelite-type structure with space group I41/a. This 

irreversible phase transition exhibits a volume contraction of close to 10%, denoting first-order 

phase transition. This phase transition results in volume change without changing the basic 

units of the parent structure.18-23 The difference in crystal structure directly affects the 

properties of RCrO4. Hence, selecting an appropriate synthesis process for RCrO4 becomes 

very important. 

The magnetic interaction in RCrO4 compounds depends on R3+-R3+ interchain spacing. 

In RCrO4, when R= Nd, Sm, Eu, Yb, Lu shows AFM ordering, whereas R= Gd, Er, Tm, Dy, 

Ho settled for FM ordering because of the shortening of the R3+ -R3+ inter-chain distances.8-15 

As pointed out by the Anderson-Goodenough-Kanemori (AGK) empirical rules, the SE 

interaction results in AFM ordering for ~180° interaction and FM for 90° interaction.24-26 

Morales-Sanchez et al. reported the Sm-Sm distance for the SmCrO4 was ~7.248 Å, larger than 

that along the c-axis, with the most favorable angle Sm-O-Cr of 180 ° that will enhance the 

interactions along the a-axis.10 So, SmCrO4 shows AFM nature. The RCrO4 structures are also 

ideal for studying the 3d-4f spin interaction. The magnetism shown by these structures was due 
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to the interplay of spin interactions in rare-earth and transition metal-sublattices. This interplay 

generates one exciting property in the material, namely the magnetocaloric effect (MCE). This 

technology is not related to any harmful chemicals, and that's why environment friendly. 

Initially, MCE was only used for cryogenic refrigeration, but now it is used in applications 

where cryogenic temperatures are required, such as hydrogen liquefaction, magnetic 

measurements, etc.27-29 

Among RCrO4 compounds, zircon-type DyCrO4 was studied for their unusual meta- 

magnetism driven by coexisting ferromagnetic and antiferromagnetic interactions.6 The large 

angular momentum of Dy3+ plays a significant role in tuning the magnetic properties of RCrO4. 

Scheme 2.1 (a) & (b) shows the crystal structure for zircon-type DyCrO4. The DyCrO4 

structure was drawn with the VESTA software (version: 3.1.0) using CIF-COD ID: 1008138. 

 

 
 

Scheme 2.1: Crystal structure of zircon-type DyCrO4 plotted using VESTA software (3.1.0 

version) using CIF – COD ID: 1008138. (a) Dy, Cr, and O atoms were represented by green, 

magenta, and blue spheres, respectively. (b) The basic units of the zircon-type structure are 

DyO8 polyhedra (Dy atom is situated at the center of an orange polyhedron) and CrO4 

tetrahedra (Cr atom is situated at the center of a blue tetrahedron). 
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The DyCrO4 structure consists of two basic units, namely CrO4 tetrahedra and DyO8 

bidisphenoid polyhedra. DyO8 polyhedra connect along the two crystallographic axes sharing 

O-O edges along the x-axis and y-axis, whereas it alternatively aligns with the CrO4 tetrahedra 

along the third direction (z-axis). So CrO4 tetrahedra were spatially isolated by DyO8 polyhedra. 

It provides the superexchange pathways between Dy+3 ions through the direct linkage of 

polyhedra (Dy+3-O-2-Dy+3) or the CrO4 tetrahedra (Dy+3- O-2- Cr+3- O-2- Dy+3), which was 

responsible for the magnetic properties in these compounds.6 The rare-earth sublattices of Dy+3 

were ordered antiferromagnetically at low temperatures (< 25 K), whereas transition metal Cr+3 

was ordered at relatively high temperatures.4-6 The low-temperature ordering in the Dy 

sublattices was due to the complex orbital configuration of f-electrons compared to transition 

metal d-electrons and magnetic interactions between f-f and d-f electrons.8 

In tetragonal zircon-type DyCrO4 (I41/amd), both Cr and Dy sublattices are ordered 

collinearly and simultaneously at a common transition temperature (24 K), making the 

magnetocaloric effect possible at low temperatures.8 MCE is related to the magnetic entropy 

change in the adiabatic process when applying a magnetic field. This entropy change is 

associated with the angular momentum 'J'. The J value for a rare and unstable Cr+5 (3d14s0) is 

large enough in RCrO4 compared to the other isostructural RXO4 (X= P, As, V) compounds. 

Such a large J value of Cr+5 may be responsible for the large entropy change near the transition 

temperature of these compounds.19, 30-33 On the other hand, Cr+3 in orthorhombic perovskite 

DyCrO3 (Pbnm) hardly contributes to the magnetocaloric effect at low temperatures due to the 

different ordering temperatures of Dy+3 and Cr+3.5 

The synthesis of DyCrO4 compounds was consistently reported by the solid-state 

methods.34-35 However, materials synthesized by the solid-state technique are bulk and have 

poor control over particle size, crystallinity, and morphology. The solid-state synthesis 

involves the multiple sintering sequences for a longer time (~4 h -11 h) in an oxygen 
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environment to achieve the single-phase of the RCrO4 compound. 9-12, 14 Whereas, the solution- 

based sol-gel method offers good control over morphology and particle size. It produces 

complex inorganic ternary and quaternary oxides at comparatively lower sintering 

temperatures and in a shorter synthesis time than the solid-state method. The aqueous 

hydrolysis chemistry of the metal ions in the sol-gel synthesis can be modified by complexing 

agents. This modification gives pure phases and nanoparticles that can tune magnetic 

properties.36-37 

In this work, the nanocrystalline DyCrO4 synthesis was carried out using sol-gel and 

complexing agents. Further, the formation mechanism involved in the hydrolytic sol-gel 

process was intensively investigated and proposed for the first time in zircon-type DyCrO4. 

These samples were synthesized in two different mediums; acidic (in oxalic acid) and basic (in 

ammonia solution), and the formation mechanism was carried out thoroughly by analyzing the 

intermediate samples collected in between the reactions. The steps consisting of the formation 

of complex, gel, and specific structures at sintering temperatures were discussed. It was 

observed that complexing agents like oxalic acid, citric acid, and EDTA affects the 

crystallization temperature of zircon-type DyCrO4. The comparative study between the 

complexing agent for different mediums (acidic and basic) was done to understand which 

suitable complexing agent with a reaction medium will form the single phase of DyCrO4 with 

minimal impurity. To the best of our knowledge, the sol-gel method for synthesizing DyCrO4 

is rarely reported, and not much information is available on the formation mechanism. Further, 

morphology changes and surface valence state of the Dy, Cr, and O with the used reaction 

mediums for different complexing agents were investigated. The magnetic properties of sol- 

gel synthesized DyCrO4 in oxalic acid were also studied and compared to the earlier reported 

solid-state prepared bulk DyCrO4. 
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2.2 Experimental 

 

2.2.1 Sample preparation 

 

A hydrolytic sol-gel method was used to synthesize the polycrystalline zircon-type 

DyCrO4. The reaction sequence is explained in Scheme 2.2. The mechanism of phase 

formation was studied by (i) changing the reaction medium, i.e., acidic and basic (depending 

on the pH of the precursor solution in the reaction), and (ii) in the absence and presence of a 

complexing agent. Oxalic acid (H2C2O4. 2H2O, Merck, 99.5%), citric acid (C6H8O7, Merck, 

99.5%), and EDTA (C10H16N2O8, Thomas Baker, 99.0%) were used as complexing agents. The 

homogeneous solution was prepared for two different reaction mediums, acidic (A) and basic 

(B). 

The dysprosium(III) nitrate hydrate (Dy(NO3)3.xH2O, Aldrich, 99.9% metal basis), 

chromium trioxide (CrO3, Thomas Baker, 99.9%) were dissolved in deionized water in the 

molar ratio- Dy: Cr -1.3: 1, without using any complexing agent called hereafter as precursor 

solution. The precursor solution was kept on stirring for 3h at ~30 °C, which resulted in a sol 

formation. The pH of the precursor solution was observed to be ~0.4. Further, without adjusting 

the pH, the precursor solution, when heated at 80 °C, resulted in sticky gel adhering to the 

beaker's bottom that was difficult to collect and use for the calcination. For comparison, sol 

was formed by adding 30% ammonia solution dropwise to adjust the pH to ~10. The obtained 

sol with pH 10 was heated at 80 °C, which initially forms a gel, and then dried powder can be 

collected for further calcination process and denoted as DyCrO4(B). 

The formation mechanism was studied using the intermediate samples between the 

reactions in acidic (in the presence of oxalic acid) and basic (in ammonia solution) mediums 

for characterization. At the same time, the effect of a complexing agent was also studied by 

adding an aqueous solution of oxalic acid to the precursor solution. The pH of the precursor 

solution with oxalic acid was ~0.24. As mentioned earlier, the acidic sol was heated and dried 
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to collect the powder. Also, for basic sol with oxalic acid, the pH was adjusted to 10 by the 

dropwise addition of 30% ammonia solution and dried to collect the powder. The oxalic acid 

derived acidic and basic powders were named DyCrO4(OA) and DyCrO4(OB), respectively. 

Further, the powders were calcined at 500 °C, 600 °C, 700 °C, and 800 °C for 2h to find 

the accurate crystallization temperature of the phases. Citric acid and EDTA were also used as 

complexing agents in the other two reactions. The whole reaction was carried out with citric 

acid, and EDTA using the same reaction sequence mentioned for oxalic acid in acidic and basic 

medium and denoted as DyCrO4(CA), DyCrO4(CB), DyCrO4(EA), DyCrO4(EB). (C= citric acid, 

E=EDTA, A= acidic and B=basic) 

 

 

Scheme 2.2: The reaction sequence followed in the hydrolytic sol-gel method to synthesize 

DyCrO4 in different reaction mediums depending on the pH of the precursor's solution using 

complexing agents. 

2.2.2 Characterization techniques 

 

Powder X-ray diffraction (XRD) patterns of the synthesized samples were recorded 

using a PANalytical X'PERT PRO instrument in the 2θ range of 10°−80° with iron-filtered Cu 

Kα radiation (λ = 1.54 Å) and step size of 0.013°. HR-800 Raman spectrophotometer (Jobin 

Yvon-HORIBA, France) was used for bond analysis equipped with He−Ne laser (633 nm), 

operated at 20 mW with the accuracy of ±1 cm−1. The Raman spectra were recorded with 

thermoelectrically cooled (with Peltier junctions), multichannel, spectroscopic grade CCD 

detector (1024 × 256 pixels of 26 μm). An objective of 50 XLD magnification was used to 
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focus and collect the signal from the powder sample dispersed on a glass slide. The thermal 

decomposition study was done using the thermogravimetric analysis (TGA) model DTG-60H 

of Shimadzu instrument at a heating rate of 10 °C/ min in an air atmosphere. Transmission 

Electron Microscope (TEM) (FEI Tecnai T20) was used to characterize the morphology and 

particle size at an accelerating voltage of 200 keV. Field emission scanning electron 

microscopy (FESEM: Hitachi S-4200) was used to analyze the particle size. Also, Energy 

Dispersive X-ray Analysis (EDAX) was done to determine the elemental composition of 

synthesized samples. The X-ray Photoelectron spectra for Dy, Cr, and O were recorded on 

Thermo Fisher Scientific X-ray Photoelectron Spectrometer (XPS) K-Alpha+. The 

monochromatic Al Kα (hν = 1486.6 eV) as the X-ray source was operated with a beam current 

of 6 mA and voltage of 12 kV coupled with a Physical Electronics 04-548 dual Mg/Al anode 

and in an ultra-high vacuum system with a base pressure of ≤ 5 × 10−9 Torr. The spot size of 

400 μm was used during the XPS measurement. The recorded XPS data were deconvoluted 

using XPS PEAK 4.123. The XPS measurements were done on the exposed surface of the 

nanoparticles (NPs) prepared with a different complexing agent for acidic and basic pH without 

any surface treatment. All measurements mentioned above were performed at a laboratory 

temperature of ~30 °C. A superconducting quantum interference device-based vibrating sample 

magnetometer (SQUID-VSM, Quantum Design) was used to measure the magnetic properties 

of DyCrO4. The precisely weighed powder sample was taken and packed inside a plastic 

sample holder. It was fitted into a brass specimen holder provided by Quantum Design Inc., 

contributing to an overall magnetic signal. The magnetization versus magnetic field (M–H) 

loops was collected at a different temperature in a field sweep  60 kOe. The magnetization 

versus temperature (M−T) measurements at standard field-cooled (FC) and zero-field cooled 

(ZFC) sequences was performed at a temperature sweep from 5 to 300 K in a field of 100 Oe. 
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2.3 Results and discussion 

 

2.3.1 Formation mechanism 

 

In order to study the effect of acidic and basic mediums on the phase formation 

temperature of DyCrO4, the formation mechanism of the sol-gel reaction was intensively 

examined by collecting intermediate samples. The details involved in the mechanism were 

discussed in this work. 

2.3.1.1 Acidic medium 

 

The DyCrO4 was synthesized using oxalic acid (pH ~0.24) using the hydrolytic sol-gel 

method. The dissolution of CrO3 in water resulted in the formation of chromic acid (H2CrO4) 

and Dy(NO3)3 in the aqueous medium dissociated in Dy3+ and (NO3)
3- ions (Scheme 2.3(1, 2)). 

So, at 30 °C, the precursor solution contains H2CrO4, Dy3+, and (NO3)
3-. The addition of oxalic 

acid in the precursor solution made the complex with Dy3+, resulting in dysprosium oxalate 

hydrate (Dy2(C2O4)3. H2O) (Scheme 2.3(3)) as seen in the powder XRD pattern (JCPDS card 

number 21-0315, Figure 2.1a(i)) and Raman spectra (Figure 2.1b(iv)). Whereas the 

highlighted portions of the Raman spectra in Figure 1b at ~ 890 cm-1 and 365 cm-1 also gave 

the presence of CrO4 unit for the chromic acid solution and < 200 cm-1 (denoted by *) 

confirming the presence of Dy-O.38-40 At 80 °C, after 1h, the XRD peaks of dysprosium oxalate 

hydrate disappeared due to its conversion from crystalline to an amorphous form, as observed 

in Figures 2.1a(i & ii). The Raman spectra also showed changes in the bonding at 80 °C 

compared to the precursor solution at 30 °C (Figure 2.1b(v)). After the complete gelation, the 

XRD in Figure 2.1a(iii) revealed the traces of crystalline dysprosium oxalate hydrate. Figure 

2.1b(vi) shows a slight shift in peak at ~ 890 cm-1 of Raman spectra supporting linkage 

formation in the gel. The peaks at ~ 890 cm-1 and ~ 357 cm-1 gave evidence for CrO4 unit, 

which was also present in the single phase of DyCrO4 (Figure 2.1b(vii)).38-40
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The phase transformation of dysprosium oxalate hydrate and chromic acid from dried 

gel to crystalline DyCrO4 during the sintering from 30 °C to 500 °C was also studied by TGA. 

Initially, TGA of precursor CrO3 and dysprosium oxalate hydrate synthesized for reaction were 

studied individually to identify the decomposition temperature. The TGA curve of only the 

CrO3 precursor depicts the decomposition at ~357 °C for the pyrolysis of CrO3 forming Cr2O5 

 

(a) Acidic medium (in presence of oxalic acid): 
 

1. CrO3 + H2O H2CrO4 

2. Dy(NO3)3 + H2O Dy3+ + (NO3)
3-

 

3. H2CrO4 + Dy3+ + (NO3)
3- + (COOH)2 Dy2(C2O4)3. H2O + H2CrO4 

4. 2 H2CrO4 2 CrO3 + 2 H2O           Cr2O5 + ½ O2 Cr2O3 + O2  

5.  2 Dy2(C2O4)3. H2O 2 Dy2(C2O4)3 + H2O            2 Dy2O3 + 6 CO2  + 6 CO  

6. Cr2O3 + Dy2O3 + O2 2 DyCrO4 

7. 2 DyCrO4 2 DyCrO3 + O2  

 
(b) Basic medium (in presence of ammonium solution only): 

 

8. H2CrO4 + Dy3+ + (NO3)
3- + NH4OH (NH4)2CrO4 + (NH4)2Cr2O7 + Dy(OH)3 + 

NH4(NO)3 

9. 2 (NH4)2CrO4 (NH4)2Cr2O7 + 2 NH3  + H2O  

10. 3 (NH4)2Cr2O7 3 (Cr2O5, NH3) + N2  + 6 H2O + NH3       [(CrO2)6(H2O)] + N2  

+ 2 H2O  + NH3 6 CrO2 + H2O 3 Cr2O3 + 2 O2  

11. Dy(OH)3 DyOOH + H2O  

12. 2 DyOOH Dy2O3 + H2O  

 
Scheme 2.3: Proposed formation mechanism of the DyCrO4 compound in (a) acidic (in presence 

of oxalic acid) and (b) basic (in presence of ammonia solution) mediums. 
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Figure 2.1: (a) XRD patterns (b) Raman spectra for the samples taken during the reaction for 

acidic medium in the presence of oxalic acid as a small molecule. (i) & (iv) Crystalline nature 

and bonding for the homogeneous solution of precursors at 30 ºC. (ii) & (v) Amorphous nature 

and Raman spectra for the sample collected during the reaction at 80 ºC after one hour. (iii) & 

(vi) crystallinity and bonds in the gel form. (vii) The structural bonding in single-phase 

DyCrO4. The highlighted portion in the Raman graphs shows the presence of CrO4 units (~890 

cm-1 and ~365 cm-1) for the higher frequency region. In comparison, at lower frequency region 

< 200 cm-1, asterisks show the presence of rare earth element Dy. (c) The TGA plots of (viii) 

CrO3 precursor, (ix) synthesized dysprosium oxalate hydrate (x) dried gel of the sample, in air 

atmosphere. The arrows in the graphs denote the decomposition point in the corresponding 

compounds. 

(Figure 2.1c(viii)). The second decomposition step shows the conversion of Cr2O5 to Cr2O3 at 
 

~499 °C. The steps for converting CrO3 to Cr2O3 well matched with the reported data studied 

in N2 and O2 that had shown similar results in both the atmosphere.41 The thermal 

decomposition of only dysprosium oxalate hydrate shows a loss of water at ~112 °C. The 

formation of anhydrous oxalate can be traced by weight loss occurring between ~112 °C to 304 
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°C. Further, the anhydrous oxalate rapidly decomposes to give Dy2O3 at ~416 °C, as shown in 
 

Figure 2.1c(ix); the arrows in the plot show the decomposition temperatures.42 

 

The thermal decomposition of gel containing dysprosium oxalate hydrate and chromic 

acid exhibits similar transition temperatures starting from the evaporation of water molecule at 

~82 °C along with the conversion of chromic acid to CrO3 (Figure 2.1c(x)). Further, the CrO3 

loses oxygen to form Cr2O5 at ~238 °C and Cr2O3 at ~450 °C, as shown in Scheme 2.3(4).41 

The gel's transition temperatures are lower for Cr2O5 and Cr2O3 than the individual transition 

temperature of CrO3 to Cr2O3, as the gel also contains dysprosium oxalate hydrate. The second 

component of the gel form, dysprosium oxalate hydrate (Dy2(C2O4)3. H2O), transforms to 

anhydrous oxalate (Dy2(C2O4)3) in the first step between 133 °C- 283 °C, and rapidly 

decomposes to Dy2O3 between 283 °C- 450 °C in the second step, as the anhydrous oxalate 

was very unstable (Scheme 2.3(5)).42 So, in the temperature range of 400 °C – 450 °C, the 

Cr2O3 and Dy2O3 phases are present during the gel sintering process, which further converts to 

DyCrO4 at ~500 °C as confirmed by XRD presented later (Figure 2.3b). The DyCrO4 then 

decomposes to DyCrO3 at ~700 °C as observed by slight weight loss in TGA Figure 1c(x). The 

same reactions are also presented in Scheme 2.3(6,7). The similar formation mechanism might 

also apply to the citric acid and EDTA. 

2.3.1.2 Basic medium 

 

In order to carry out the reaction in the basic medium, the 30% ammonia solution 

(NH4OH) was added to the precursor solution containing chromic acid (H2CrO4), Dy3+, and 

(NO3)
3- ions (Scheme 2.3(1, 2)). After the addition of NH4OH in the precursor solution, it 

resulted in ammonium chromate ((NH4)2CrO4 (JCPDS card number [75-1578]), ammonium 

dichromate ((NH4)2Cr2O7 (JCPDS card number [25-0029]), and NH4NO3 (JCPDS card number 

[89-2829]), as shown in Figure 2.2a(i) and Scheme 2.3(8). The Raman peak at ~ 860 cm-1 

showed a CrO4 unit, as reported for single-phase DyCrO4 (Figure 2.2b(iv & vii)).38
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Figure 2.2: (a) XRD patterns for the samples taken during the reaction for basic medium in 

the presence of ammonia solution: (i) homogeneous solution of precursors at 30 ºC, (ii) sample 

taken at 80 ºC after one hour, (iii) gel form, revealed the presence of (NH4)2Cr2O7, NH4NO3 

and Dy(OH)3. (b) Raman spectra show the bonding in the samples collected during the basic 

medium reaction (in the presence of ammonia solution): (iv) homogeneous solution of 

precursors at 30 ºC, (v) sample taken at 80 ºC after one hour, (vi) gel form. (vii) Raman bonding 

in single-phase DyCrO4. The highlighted portion and dotted line in the Raman spectra show 

the peak at ~ 358 cm-1, and ~860 cm-1 denoted the presence of the CrO4 unit. (c) Thermal 

decomposition curve in presence of air: (viii) CrO3 and (ix) Dy(NO3)3 precursors mixed with 

30% ammonia solution, (x) dried gel of the sample. Decomposition points for the 

corresponding compounds denoted by arrows. 

The shift in CrO4 frequency from 890 cm-1 (acidic medium -(H2CrO4)) to 860 cm-1 

(basic medium) confirms the formation of the complex (NH4)2CrO4 due to the addition of 

NH4OH. The shift to the lower frequency is due to the higher mass of (NH4)2CrO4 compared 

to H2CrO4. The highlighted portion in Figure 2.2b shows the bending of CrO4 at ~358 cm-1.40 

For the gel formation, the homogeneous solution was heated at 80 °C. The intermediate sample 
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was collected after 1h at 80 °C, which shows the presence of (NH4)2Cr2O7, NH4NO3, and 

Dy(OH)3 (JCPDS card number [83-2039]) as shown in XRD pattern Figure 2.2a(ii) and 

Scheme 2.3(9).43 After the formation of gel, the phases remain consistent, as confirmed by 

XRD (Figure 2.2a(iii)). The bonding in Raman spectra (Figure 2.2b(v and vi)) also remains 

unchanged. 

The phases formed during the sintering temperature were investigated by thermal 

decomposition using TGA of the dried gel obtained in the reaction; further phases were 

confirmed by thermal decomposition of CrO3 and Dy(NO3)3 mixed with 30% ammonia. The 

CrO3 mixed with 30% ammonia solution, when dried at 80 °C, forms (NH4)2Cr2O7. The TGA 

investigated this ammonium dichromate, as shown in Figure 2.2c(viii). The decomposition 

steps were observed at ~224 °C (conversion of Cr(VI) to Cr(V) with the partial loss of 

ammonia), ~253 °C to 265 °C (approached Cr(IV) from Cr(V), with the loss of rest of 

ammonia) and at ~430 °C (complete decomposition to Cr2O3) (Scheme 1(10)).44 The thermal 

decomposition of NH4NO3 and Dy(OH)3 formed as a product of a mixture of Dy(NO3)3 with 

30% ammonia was also studied using TGA (Figure 2.2c(ix)). The decomposition of the 

mixture observed at ~292 °C reveals the presence of DyOOH, which converts to Dy2O3 at 345 

°C- 474 °C (Scheme 2.3(11,12)).45 In the same temperature range, the NH4NO3 decomposed 

to gases, as reported by Chaturvedi et al.46 Further, in Figure 2.2c(x), the TGA of gel 

containing (NH4)2Cr2O7, NH4NO3, and Dy(OH)3 were also investigated. The decomposition 

temperatures of gel observed to be: ~110 °C, ~227 °C, ~253 °C, ~306 °C- 411 °C corresponds 

to the loss of water; transformation of Cr(VI) to Cr(V), with loss of half of the ammonia; 

conversion of Cr(V) to Cr (IV) followed by the formation of Cr2O3, respectively (Scheme 

2.3(10)).44 The remaining two components of the gel NH4NO3 and Dy(OH)3 were decomposed 

in the gases and formed DyOOH from Dy(OH)3 at ~306 °C. Further, Dy2O3 formation occurs 

at ~ 411 °C.45- 46 Based on the comparison of decomposition of only ammonium dichromate 
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and Dy(OH)3, it can be concluded that in sintered gel, Cr2O3 and Dy2O3 both are present at an 

altered temperature of ~411 °C that can be further converted to DyCrO4 at ~500 °C (Scheme 

2.3(5)) as confirmed by XRD (Figure 2.4a). The proposed scheme suggests the formation of 

Cr2O3 and Dy2O3. However, the phase formation could not be observed in XRD and Raman 

but can be illustrated by TGA. The DyCrO4 was transformed to DyCrO3 above ~700 °C by 

removing oxygen, as shown in Scheme 2.3(5). 

The same reactions were carried out using the complexing agent (oxalic acid, citric 

acid, and EDTA), followed by adding ammonia solution to increase the solution's pH by ~10. 

The oxalic acid reacts with Dy3+ to form Dy-oxalate hydrate, and further addition of (NH)4OH 

forms (NH4)2CrO4. These complex molecules may form Dy2O3 and Cr2O3 via the intermediate 

reactions as discussed by the proposed mechanism in acidic and basic mediums during the 

sintering process. Further, sintering of Dy2O3 and Cr2O3 up to 600 °C forms single-phase 

DyCrO4. Similar reactions can also elaborate the formation mechanism when citric acid and 

EDTA are used with ammonia solution. The advantages of the sol-gel reactions carried out in 

this work suggest the formation of Dy2O3 and Cr2O3 via intermediate steps. These Dy2O3 and 

Cr2O3 forms nano-sized DyCrO4 during the sintering process (as confirmed from XRD). Such 

controls over the size are difficult to achieve in the solid-state reaction, which is generally used 

for DyCrO4 synthesis. 

 

2.3.2 X-ray diffraction study 

 

The gel form of DyCrO4 precursors synthesized using only a complexing agent (acidic 

medium), only ammonia solution (basic medium), and complexing agents with the ammonia 

solution (pH~10) were sintered at different temperatures 500 °C-800 °C. Further, the XRD 

measurements were carried out to understand the role of the complexing agent in altering the 

sintering temperature and achieving single-phase DyCrO4 and its transformation to DyCrO3, as 

discussed below. The molecular structure of used complexing agents were shown in the Figure 
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2.3. 

 

 

Figure 2.3: Molecular structure for different complexing agents used in the reaction: (a) Oxalic 

acid, (b) Citric acid, (c) EDTA. 

 

2.3.2.1 Ammonia solution (NH4OH) 
 

The zircon-type DyCrO4(NB) was obtained by sintering the intermediate gel forms of Dy, 

and Cr precursors formed using only NH4OH. The phase formation is studied by XRD at 

different temperatures to get DyCrO4 and DyCrO3. Figure 2.4(a) revealed zircon-type 

DyCrO4, obtained at 500 °C and 600 °C, that decomposes to DyCrO3 at 700 °C and 800 °C by 

the removal of the oxygen from DyCrO4. The phases well matched the reported JCPDS card 

numbers [74-1249] and [74-2196] of zircon-type DyCrO4 and perovskite DyCrO3 compounds, 

respectively. 

(a) (b) (c)
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Figure 2.4: The phase transformation of the dysprosium chromium oxide system from DyCrO4 

phase to DyCrO3 with increasing heating temperatures from 500 °C to 800 °C. The DyCrO4 

phase decomposes to DyCrO3 at higher temperatures when any of these conditions are met: (a) 

in the absence of complexing agents /small molecules, and at basic pH, (b) in presence of oxalic 

acid (acidic medium), and (c) in presence of oxalic acid (basic medium—pH~10 adjusted by 

the addition of ammonia solution). 

2.3.2.2 Oxalic acid (C2H2O4) 
 

Oxalic acid (bidentate ligand) crystallized the phases for both acidic (DyCrO4(OA)) and 

basic (DyCrO4(OB)) mediums at 500 °C, similar to phases crystallized for DyCrO4(NB), as shown 

in Figure 2.4(b) and 2.4(c). In acidic and basic mediums, at 500 °C and 600 °C, the zircon- 

type DyCrO4 phase was obtained and well-matched with the JCPDS card number [74-1249]. 

Further, calcination at higher temperatures of 700 °C and 800 °C, the DyCrO4 phase started to 

deform in the DyCrO3 perovskite phase with the removal of oxygen from the structure. The 

phase obtained at 800 °C was well-matched with the JCPDS card number [74-2196]. At 700 

°C, both phases, DyCrO4 and DyCrO3, were observed. The same trend for the phase formation 
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temperature was noticed in DyCrO4(OA) and DyCrO4(OB), as oxalic acid controls the 

decomposition profile of the nitrates to form pure phase DyCrO4 in basic and acidic mediums.38
 

 

Figure 2.5: The temperature-dependent XRD patterns of dysprosium chromium oxide in 

presence of citric acid over the heating temperature range of 500 °C to 800 °C. For (a) lower 

pH (acidic) gives DyCrO4 phase (not fully crystalline) at 500 °C, and 600 °C which was 

converted to DyCrO3 at 700 °C and 800 °C, and (b) pH~10 (basic) by addition of ammonia 

solution to the precursor's solution shows hump at ~30° with the presence of Cr2O3 phase for 

500 °C and 600 °C which was converted to DyCrO3 at higher temperature 700 °C and 800 °C. 

 

2.3.2.3 Citric acid (C6H8O7) 
 

The tridentate ligand, citric acid, decomposes the phases differently from other ligands. 

The citrate sol-gel method is more popular for the synthesis of nanoparticles of the perovskites 

like DyCrO3, SmCrO3, and YbCrO3. The pH-dependent homogeneity and stability of metal 

citrate solutions were studied previously.5 The present work observed that the citrate sol-gel 
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method decomposes the phases differently over the calcination in acidic and basic mediums. 

DyCrO4(CA) shows the DyCrO4 phase at 500 °C and 600 °C with some impurities in an acidic 

medium. The phase was not entirely crystallized over the temperature range up to 600 °C. It 

was converted to DyCrO3 perovskite phase at 700 °C and 800 °C. The hump near 30° in the 

XRD graphs shown in Figure 2.5(a) for 600 °C heating temperature may be due to the 

individual hydroxide in the sample. However, in the basic medium (Figure 2.5(b)) for 

DyCrO4(CB), at 500 °C found, the presence of Cr2O3 with the hump at 30°. DyCrO4(CB) shows 

the presence of DyCrO4 at 600 °C with Cr2O3 impurity phase, and over the heating temperature 

of 700 °C and 800 °C, the phase decomposed to DyCrO3. It was observed that the citrate sol- 

gel method did not give the single phase of DyCrO4 in the basic condition at pH 10, which 

means it favors the formation of Cr+3 ionic state to form the DyCrO3. 

2.3.2.4 EDTA (C10H16N2O8) 
 

EDTA (hexadentate ligand) crystallized the phases relatively at a lower temperature in 

the basic medium (DyCrO4(EB)) as compared to the acidic medium (DyCrO4(EA)), as shown in 

Figures 2.6(a) and 2.6(b). The DyCrO4 phase was obtained for calcination temperatures of 

500 °C and 600 °C in a basic medium, whereas DyCrO4(EA) was found at 600 °C. At 700 °C 

and 800 °C, a DyCrO3 was obtained for DyCrO4(EA) and DyCrO4(EB). At calcination of 600°C, 

DyCrO4(EB) exhibits mix phase of DyCrO4 and DyCrO3. Comparing the two reaction mediums 

for EDTA, the basic medium completes the hydrolysis process earlier than the acidic. Hence, 

the DyCrO4 phase was crystallized at a lower temperature in a basic medium than in an acidic 

medium. The early completion of hydrolysis steps provides more condensation sites; thus, the 

phase was formed at a lower temperature.38 
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Figure 2.6: The XRD patterns of dysprosium chromium oxide system in the presence of EDTA 

over the heating temperature range 500 °C – 800 °C when the reaction is performed at (a) lower 

pH (acidic), (b) higher pH ~10 (basic). 

Based on the overall XRD analysis of the phases obtained at different heating 

temperatures with various complexing agents in acidic and basic mediums, oxalic acid and 

EDTA formed the single DyCrO4 phase, as shown in Table 2.1. The crystallite size (d) for the 

single-phase DyCrO4 prepared using a complexing agent in different reaction mediums 

depending on the solution's pH was calculated using the Debye-Scherrer equation 1 for the 

highest intensity (200) plane tabulated in Table 2.2. The formula used to calculate the 

crystallite size along the hkl plane (hkl are the Miller indices of the plane) from the measured 

width of their diffraction curves are given as: 

𝑑 = 𝐾𝜆 / 𝐵𝑐𝑜𝑠 𝜃 - - - - - - - (1) 
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𝑀 𝑆 

 

Here, B represents the width of the diffraction curve at an intensity equal to half the 

maximum intensity called full width at half maxima (FWHM), measured in radians. The λ is 

the wavelength of the incident X-rays of source Cu Kα (λ ~1.54 Å), 𝜃 is the Bragg angle 

associated with hkl plane, and K is the numerical constant, considered as 0.94 since the shape 

of particles is random as observed in FESEM. Without taking the B values directly from peak 

broadening, it is corrected from standard data using equation 2. 

𝐵2 = 𝐵  2 ― 𝐵 2 - - - - - - - (2) 

 

BM and BS are the measured widths (FWHM) of the diffraction peaks of synthesized 

materials and standard samples, resulting in deducting the instrumental errors from the peak 

broadening. 

Reaction 

temperature 

(°C) 

 
Reaction 

medium 

Liq. 

ammonia 

Oxalic acid Citric acid EDTA 

500 Acidic (pH not 

adjusted) 

- DyCrO4 DyCrO4 DyCrO4 

600 - DyCrO4 Impurity+ 

DyCrO4 

DyCrO4 

700 - DyCrO4+ 
DyCrO3 

DyCrO3 DyCrO3 

800 - DyCrO3 DyCrO3 DyCrO3 

500 Basic (pH~10 

adjusted using 

liq. ammonia) 

DyCrO4 DyCrO4 Cr2O3 DyCrO4 

600 DyCrO4 DyCrO4 Cr2O3 + 

DyCrO4 

DyCrO4 + 

DyCrO3 

700 DyCrO3 + 

DyCrO4 

DyCrO3 + 

DyCrO4 

Cr2O3 + 

DyCrO3 

DyCrO3 

800 DyCrO3 DyCrO3 DyCrO3 DyCrO3 

 
 

Table 2.1: The obtained phases of dysprosium chromium oxide system with increasing 

temperatures in presence of different small molecules in lower (acidic) and higher (basic) pH 

solution. 



Chapter 2 CSIR-NCL 

P a g e | 63 Ph.D. Thesis- Supriya Ughade 

 

 

 

The DyCrO4(OA) and DyCrO4(EA) has crystallite size of ~ 63 nm and ~ 77 nm, respectively. 

However, in the basic medium, the crystallite size was reduced to ~ 56 nm (DyCrO4(OB)) and ~ 

54 nm (DyCrO4(EB)), which was nearly the same for both the complexing agent. The crystallite 

size of ~ 218 nm was observed for DyCrO4(NB). It was concluded from the calculation that the 

DyCrO4 synthesized with the complexing agent in basic medium favor the synthesis of smaller 

crystallite size. The crystallite size for DyCrO4(CA) and DyCrO4(CB) was not calculated, as the 

single-phase DyCrO4 was not obtained. 

Reaction medium Crystallite size (nm) for (200) plane 

 

 

Basic 

Liq. ammonia 218 ± 10 

Oxalic acid + liq. ammonia 56 ± 5 

EDTA+ liq. ammonia 54 ± 5 

 

Acidic 

Oxalic acid 63 ± 5 

EDTA 77 ± 5 

 
 

Table 2.2: The crystallite size for the pure phase of DyCrO4 for the (200) plane. 

 

 

2.3.3 Electron microscopy imaging and diffraction study 

 

The morphology of the DyCrO4 samples for different reaction mediums in the presence 

of a complexing agent was investigated using TEM. The TEM images show the 

hydroclathrus- like morphology with unevenly sized holes for the DyCrO4 phase synthesized 

using a complexing agent and extended sheet-like structure in the absence of a complexing 

agent. The bright-field (BF) TEM image in Figure 2.7(a) reveals the extended sheet-like 

structure for DyCrO4(NB). The size of morphology well corresponds to the listed crystallite 

size of 
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(a) (b) 

(c) (d) 

(e) (f) 

 

DyCrO4(NB). BF- images Figure 2.7(c) and 2.7(e) shows the TEM images for DyCrO4(OA) and 

DyCrO4(OB). The acidic medium has a hydrocathrus-like morphology with larger holes but 

 

Figure 2.7: BF-TEM images of synthesized DyCrO4 shown in (a), (c), and (e). (a) Extended 

sheet-like morphology for basic medium in absence of small molecules. The d-spacing for the 

sample 0.36 nm (200) is shown in the inset of (a). DF-TEM image shows the crystalline nature 

of the DyCrO4 in SAED. (c) and (e) shows hydroclathrus-like morphology for DyCrO4 

prepared in acidic and basic mediums in the presence of oxalic acid, respectively. Inset of (c) 

shows the lattice fringes spacing of 0.36 nm corresponds to (200) plane. Inset (e): lattice 

fringes spacing of 0.47 nm represent (101) plane. (d) and (f) SAED pattern reveals the level of 

crystallinity for the DyCrO4. (BF-bright field and DF- dark field) 
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connected sheets. Whereas, in the basic medium the sheet like morphology has smaller particles 

and comparatively smaller holes than that of the acidic medium. Following the same trend, the 

calculated crystallite size was smaller in basic medium. Inset of Figure 2.7(a), 2.7(c), and 

2.7(e) shows the lattice fringes spacing of 0.36 nm for (200) plane of DyCrO4(NB) and, 

DyCrO4(OA) whereas 0.47 nm for (101) plane of DyCrO4(OB). Darkfield images (DF) in Figure 

2.7(b), 2.7(d), and 2.7(f), shows the selected area electron diffraction (SAED) pattern, 

confirmed the crystalline nature of the synthesized DyCrO4(NB), DyCrO4(OA), DyCrO4(OB) 

respectively. 

 
 

Figure 2.8: Hydroclathrus-like morphology of DyCrO4 shown in BF- TEM images (a) for 

lower pH and (b) for higher pH, in the presence of citric acid. Inset of (a) and (c) shows the 

lattice fringes spacing of 0.32 nm and 0.25 nm corresponds to (200) and (220) planes, 

respectively. DF-TEM images show SAED patterns, revealing the crystallinity level for 

DyCrO4 (b) In the acidic medium and (d) in the basic medium, with citric acid. 
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The DyCrO4(CA) shows the hydroclathrus-like morphology having larger holes (Figure 

2.8(a)) with a d-spacing of 0.32 nm (inset Figure 2.8(a)). The crystalline nature of the prepared 

DyCrO4(CA) was confirmed by the SAED pattern, as shown in Figure 2.8(b). The TEM-image 

and SAED pattern of DyCrO4(CB) heated at 600 °C was shown in Figures 2.8(c) & 2.8(d). At 

600 °C, DyCrO4(CB) sample attains the DyCrO4 phase with the impurity of Cr2O3. The d-spacing 

of 0.25 nm is shown in inset Figure 2.8(c) may correspond to the (220) plane of the Cr2O3 

phase. The sample's crystallinity was again confirmed from the SAED pattern in Figure 2.8(d). 

 
 

Figure 2.9: (a) and (c) BF-TEM images show the hydroclathrus-like morphology for DyCrO4 

prepared using EDTA in both acidic and basic mediums. The lattice fringes spacing of 0.36 nm 

corresponds to (200) plane (inset (a)) and 0.50 nm present (101) plane (inset (c)). (b) and (d) 

DF-TEM images reveal the SAED patterns showing crystalline nature of DyCrO4 in acidic and 

basic mediums with EDTA, respectively. 

The DyCrO4(EA) and, DyCrO4(EB) show the same morphology as that of DyCrO4(OA) and, 

DyCrO4(OB), as presented in Figure 2.9(a) & 2.9(c). SAED pattern shows the crystalline nature 
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of the DyCrO4(EA) and DyCrO4(EB) samples in Figures 2.9(b) and 2.9(d). Inset of Figure 2.9(a) 

and 2.9(c) shows the lattice fringes spacing of 0.36 nm (DyCrO4(EA)) and 0.50 nm 

(DyCrO4(EB)). The size of morphology in TEM images are consistent with the calculated 

crystallite size of synthesized DyCrO4 using a complexing agent in the different reaction 

mediums from XRD measurements. 

 

Figure 2.10: FESEM images with the size distribution histograms for DyCrO4 compounds 

synthesized in (a) ammonia solution, (b) oxalic acid, (c) citric acid, and (d) EDTA for basic 

medium, (e) oxalic acid, (f) citric acid (g) EDTA in acidic medium. The black lines represent 

the results of Gaussian fitting. 

After sintering, the FESEM measurements were done for the single-phase DyCrO4 to 

calculate the particle size. All the FESEM images show the random morphology of DyCrO4 

particles suggesting their crystallization. The histogram was calculated for 30 particles in each 

case. Figure 2.10 shows the FESEM images with the calculated histogram. The particle size is 

in nm, as mentioned in Figure 2.10. Further, the EDAX analysis was done as presented in 

Table 2.3, which confirms the presence of Dy, Cr, and O in sintered single-phase DyCrO4 

samples. 

500 nm
(a)

500 nm
(b)

500 nm (c) 500 nm
(d)

500 nm
(e)

500 nm
(f) 500 nm

(g)
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Reaction mediums Complexing agents Atomic percentage of elements (%) 

Dy Cr O 

 

 
Basic 

 
(in ammonia solution) 

Ammonia solution 5 6 89 

Oxalic acid 5 7 88 

Citric acid 3 4 93 

EDTA 4 5 91 

 

 
Acidic 

Oxalic acid 3 5 92 

Citric acid 4 4 92 

EDTA 2 4 94 

 

 

Table 2.3: EDAX data of the DyCrO4 compounds formed in basic and acidic reaction mediums 

with different complexing agents. 

 

2.3.4 X-ray photoelectron spectroscopy analysis: 

 

XPS spectra for the DyCrO4 synthesized using a complexing agent at different reaction 

mediums were recorded at room temperature to reveal the surface valence states of the Dy, Cr, 

and O atoms. The core-level binding energy was aligned with the carbon binding energy of ~ 

284.8 eV. Figure 2.11(a) represents the XPS spectra of DyCrO4(NB) without a complexing 

agent. The Cr 2p3/2 peak for DyCrO4(NB) resolved into three peaks at ~ 576 eV, ~ 578 eV, ~ 579 

eV corresponding to Cr+3, Cr+5, and Cr+6. At the same time, the Cr 2p1/2 resolved into two 

peaks, ~ 586 eV and 588 eV.47-48 Figures 2.11(d) and 2.11(g) show the Cr 2p XPS binding 

energy spectra for DyCrO4(OA) and DyCrO4(OB), respectively. The spectra contain two spin-orbit 

split peaks of 2p1/2 and 2p3/2 were located at ~ 588 and 580 eV for DyCrO4(OA), whereas for 

DyCrO4(OB) at ~ 588 and 579 eV. The deconvolution of peaks further resolved the Cr 2p3/2 peak 

of DyCrO4(OA) in three peaks situated at ~ 577 eV (Cr+3), ~ 578 eV (Cr+5), ~ 580 eV (Cr+6).47- 

48 However, the Cr 2p1/2 peak divides into ~ 582 and 588 eV. It is well known that the binding 
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energy of Cr+6 and Cr+5 has nearly the same value, so it is difficult to distinguish them. Cr is 

in a +5-oxidation state that contains one unpaired electron in its valence band, contributing to 

the different valency states of Cr. The XPS spectra of Cr 2p3/2 for DyCrO4(OB) fitted peaks show 

the three peaks at ~577 eV (Cr+3), ~ 578 eV (Cr+5), ~ 579 eV (Cr+6), and Cr 2p1/2 at ~ 585, and 

588 eV. The binding energy for the surface elements present in DyCrO4(OA) and DyCrO4(OB) 

was nearly the same. It contains +3, +5, and +6 valence states of Cr. 
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526 528 530 532 534 536 

Binding energy (eV) 
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Figure 2.11: XPS derived Cr 2p, O 1s, Dy 4d core levels electron binding energy spectra for 

DyCrO4 synthesized in the absence of small molecule in basic medium ((a)-(c)), in the presence 

of oxalic acid in acidic medium ((d)-(f)), and oxalic acid in basic medium ((g)-(i)) to conclude 

the valence state of elements. 
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The fixed spherical size of the oxygen ion is approximated, but in reality, the valence 

electronic shell of the oxygen ion is no longer uniform but polarized when placed between 

covalent cations. The O1s spectra of DyCrO4(NB) (Figure 2.11(b)) fitted with four peaks ~ 529 

eV (Cr-O, metal oxide), ~ 530 eV (O1-), ~ 531 eV (surface absorbed oxygen in –OH form), ~ 

532 eV (chemically absorbed oxygen in the form of water).49-50 Figure 2.11(e) and 2.11(h) 

also show the similar deconvolution peaks of O1s spectra for DyCrO4(OA) and DyCrO4(OB). 

Thus, the XPS spectra of oxygen indicate the carboxyl and hydroxyl groups of the oxalic acid. 

 
 

Figure 2.12: Electron binding energy spectra obtained from XPS for Cr 2p, O 1s, Dy 4d core- 

levels of the DyCrO4 prepared using EDTA as a small molecule for acidic ((a)-(c) pH<7), and 

basic ((d)-(f) pH>7) mediums. 

Figure 2.11(f) and 2.11(i) shows the deconvoluted Dy 4d core-level spectra for 

DyCrO4(OA) and, DyCrO4(OB), respectively. The Dy 4d spectra have the four peaks at ~ 153 eV, 

~ 156 eV, ~ 159 eV, ~ 161eV for DyCrO4(OA) and ~153 eV, ~ 156 eV, ~ 157 eV, ~ 161 eV for 

DyCrO4(OB). The peaks at ~ 153 eV correspond to the Dy-Cr bond. The Dy-O-related peak was 

positioned at ~ 156 and 157 eV. In contrast, the highest binding energy peaks at ~ 161 eV of 
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Dy 4d were revealed for the Dy3+ ionic state.51-57 The same correspondence for the peak binding 

energy was also observed in DyCrO4(NB), with the peaks at ~ 153 eV (Dy-Cr), ~ 156 eV (Dy- 

O), ~ 158, and 161 eV (Dy3+) in Figure 2.11(c). 

The surface valance state of DyCrO4(EA) and DyCrO4(EB) was also studied. The Cr 2p, O 

1s, and Dy 4d core-level XPS spectra for DyCrO4 synthesized using EDTA were shown in 

Figure 2.12(a)-(c) for acidic medium and Figure 2.12(d)-(f) for basic medium. The 

deconvoluted peaks positioned at ~ 576 eV, ~ 578 eV, ~ 579 eV in both DyCrO4(EA) and 

DyCrO4(EB) corresponds to Cr 2p3/2. The peaks related to Cr+3 ionic states were positioned at ~ 

576 eV. While ~ 578 eV reveals Cr+5, and ~ 579 eV shows the presence of Cr+6 ionic form.47- 

48 Peaks at ~ 586 eV and ~ 588 eV show Cr 2p1/2 for DyCrO4 prepared in the presence of EDTA 

only and EDTA at pH 10. The deconvoluted O 1s spectra resolved into three peaks in both the 

mediums located at ~ 530 eV (Cr-O, due to metal oxide), ~ 531 eV (surface absorbed oxygen), 

and ~ 533 eV (chemically absorbed oxygen in the form of water) for DyCrO4(EA) and 

DyCrO4(EB).
49-50 The core-level XPS spectrum of Dy 4d shows the presence of Dy3+, Dy-Cr, 

and Dy-O. The peaks at ~ 152 and 159 eV of DyCrO4(EA) correspond to Dy3+. The same binding 

energy peak was observed in DyCrO4(EB) at ~ 159 eV. The peak at ~ 153 and 156 eV reveals 

Dy-Cr and, Dy-O bonds, respectively, for DyCrO4(EA) and DyCrO4(EB).
51-57 The XPS spectra 

for the samples prepared with citric acid in both the pH condition pH<7 and pH>7 were not 

recorded as the phases got for these reaction conditions have some impurity of Cr2O3. So, the 

XPS spectra reveal the chemical composition and state of the surface atoms in. all synthesized 

samples under different reaction conditions. 

2.3.5 Magnetic measurements 

 

The magnetic measurement was carried out only for DyCrO4(OB), as both the mediums 

crystallized the zircon phase at the same temperature of 500 ºC. The M-H measurements 

resulted in the straight line passing through origin without any hysteresis for temperatures 300 
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K to 50 K, corresponding to the PM state (Figure 2.13(a)) of DyCrO4(OB). Whereas, for 20 K 

and 10 K, the curve shows the hysteresis loop was depicting the soft ferromagnetic nature of 

DyCrO4(OB), as shown in Figure 2.14 (zoom view). At 10 K, the M-H curve shows the 

coercivity ~ 752 Oe and remanence ~40 emu/g; however, the values are smaller than permanent 

magnetic materials such as ferrites and magnetic alloys.58, 59 The soft ferromagnetic behavior 

at low temperature in the DyCrO4 was due to the f-f orbital superexchange interactions, as f 

orbitals have complex interactions. A similar, soft ferromagnetic curve was also observed in 

the case of solid-state derived DyCrO4 due to the temperatures only. This weak ferromagnetic 

super exchange coupling gives rise to opening up of hysteresis loop below 20 K with decreasing 

temperature. 

Superexchange mechanism: 

 

Weak ferromagnetic interaction between Dy-O-Cr below 20 K. 

 

 
Figure 2.13(b) shows the temperature dependence of ZFC and FC magnetization 

measured at a field of 100 Oe for the determination of transition temperature (Tc) of 

DyCrO4(OB). The ZFC and FC curve does not separate in the paramagnetic state and increases 

monotonically with decreasing temperature (T). It was observed that in the ZFC curve of 

DyCrO4(OB), the magnetization value sharply increases as the temperature goes to ~ 21 K (Tc) 

due to PM-FM transition. 
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Figure 2.13: Magnetic nature of the DyCrO4 synthesized using oxalic acid in a basic (pH~10) 

medium. (a) The magnetization versus magnetic field behavior of the sample over the 

temperature range 10 K – 300 K. At 300 K, DyCrO4 shows a paramagnetic nature, whereas 10 

K, the DyCrO4, shows a weak ferromagnetic nature. (b) Field-cooled and zero-field cooled 

measurements for the DyCrO4 at a magnetic field of 100 Oe. Inset shows dMFC/dT curve to 

conclude the transition temperature, at ~21 K. 
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Figure 2.14: Magnetic behavior for zircon-type DyCrO4 synthesized in a basic medium using 

oxalic acid (a) at 20 K and (b) at 10 K. 

A similar PM-FM transition was reported by Long et al. in solid-state derived bulk 

DyCrO4 at 23 K.6 For bulk DyCrO4, the neutron diffraction study also shows the transition 

temperature at 23 K.8 The ZFC and FC magnetization vs temperature curves separation shows 

the domain wall pinning effect. The domain can align along the external field direction or in a 

local anisotropy field direction if the sample is cooled down from the high temperature with or 
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without field. Inset of Figure 2.13(b) shows the derivative of FC magnetization concerning 

temperature reveals the transition temperature Tc of ~ 21 K, which is lower than the reported 

for the solid-state synthesized bulk DyCrO4.
27, 60 The lowering in the transition temperature in 

sol-gel synthesized nanocrystalline DyCrO4 was related to the small size effect of the particles; 

as the particle size decreases, the surface-to-volume ratio increases, which results in a larger 

number of surface electron spins per unit volume. The electron spin fluctuations became more 

prominent in nanocrystalline particles, causing disordered spin alignments, leading to the 

reduction in transition temperature as well as magnetization.61 

2.4 Conclusion 

 

The process involved in the synthesis of zircon-type DyCrO4 by hydrolytic sol-gel 

method in acidic (using oxalic acid) and basic (using ammonium solution) mediums was 

thoroughly discussed. The formation mechanism shows the presence of Cr2O3 and Dy2O3 in 

the gelation step of sol-gel as concluded by TGA. After sintering, this Cr2O3 and Dy2O3 form 

nanocrystalline DyCrO4, validating the advantage of sol-gel over solid-state reaction. When 

only ammonia solution was used for gel formation, the DyCrO4 phase crystallized at 500 ºC, 

which further converted to the DyCrO3 at 800 ºC. The gel formed with only oxalic acid and 

oxalic acid with pH 10 crystallizes to DyCrO4 at the same temperature of 500 ºC. In the case 

of EDTA, the acidic medium gel crystallized the DyCrO4 at 600 ºC, whereas EDTA with pH 

10 forms DyCrO4 at 500 ºC, which is lower than that of the acidic medium. The citric acid in 

the acidic as well as in the basic medium gives crystalline DyCrO4 along with Cr2O3 as an 

impurity at a sintering temperature of 500 ºC. The DyCrO4 phase decomposed to the DyCrO3 

for all complexing agents with increased sintering temperature. The crystallite size of DyCrO4 

formed using oxalic acid and EDTA at pH 10 was determined to be ≈55 nm. TEM shows the 

hydrocathrus-like morphology for the DyCrO4 samples. The binding energy of the valence 

state of elements present in the DyCrO4 differs due to the different surroundings of complexing 
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agents used in the acidic and basic mediums during the sol-gel synthesis. The magnetic 

measurements of single-phase DyCrO4 synthesized using oxalic acid at pH 10 showed 

ferromagnetic nature below the transition temperature of 21 K, which is less than the previously 

reported bulk DyCrO4 by solid-state synthesis. Thus, the nanocrystalline DyCrO4 synthesized 

at a lower sintering temperature (500 ºC) and in a shorter duration (2 h), can be suitable for 

cryogenic applications such as hydrogen liquefaction owing to its lower transition temperature 

of 21 K. 
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Chapter 3 
 

A systematic study of rare-earth ions size-dependent 

structural phase transition from monazite to zircon-type 
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Rare earth chromates (RCrO4) undergo monazite to zircon-type structural phase transition due 

to a decreased rare-earth ion size. They also exhibit an intermediate mixed phase. However, 

there is no systematic study on the influence of structural distortion on their phononic behavior, 

which is quite sensitive to subtle environmental variations. A change in the room temperature 

phononic spectrum was studied in the family of RCrO4 compounds where R was varied from 

La to Yb using Raman modes. With an increase in the atomic number from Nd to Yb for zircon- 

type phases, the external translational and rotational modes were observed to shift towards 

lower and higher frequencies, respectively. At the same time, all internal vibrational modes 

shifted towards higher phonon energies. A comparison between Raman modes for monazite, 

intermediate, and zircon-type RCrO4 phases showed a gradual shift in the internal modes 

towards a higher wavenumber. The confirmation of the change in Raman modes with the 

decreasing radius was found by comparing the rare-earth elements in DyCrO4 and LaCrO4 with 

non-rare-earth elements in YCrO4. 
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3.1. Introduction 

 

Rare earth chromates (RCrO4, here R = rare earth element) was crystallized in two 

different polymorphs depending on the R involved in the crystal structure. With the increasing 

lanthanide radius, the first R element 'La' formed a monazite-type structure with monoclinic 

symmetry belonging to space group P21/n (C5 ). The monazite-type structure has four number 

of molecules per unit cell (Z = 4). The other R elements, such as Nd, Sm, Eu, Gd, Tb, Dy, Ho, 

Tm, Yb, and Lu, crystallized in a tetragonal zircon-type crystal structure with I41/amd space 

group (D4h
19, Z = 4). R = Pr exhibits both monazite-type and zircon-type structures for RCrO4 

compounds. Many groups tried to obtain PrCrO4 in any single-phase form; however, 

crystallization of PrCrO4 in any single phase was very difficult.1-4 The stability of the phases 

in rare earth chromates depends on the R element radius in the crystal structure.2 

The crystal structure of monazite-type has two basic units: RO9 edge-shared polyhedra 

and CrO4 tetrahedra. In contrast, a tetragonal zircon-type structure has been observed with 

basic units of RO8 dodecahedra or polyhedra and CrO4 tetrahedra.3-7 The crystal structures for 

both monazite-type and zircon-type RCrO4 compounds are shown in Figures 3.1(a) and 3.1(b), 

drawn using VESTA software (version: 3.1.0). The monoclinic monazite-type cystal structure 

had a larger oxygen coordination number which is 9 than the tetragonal zircon-type structure, 

with an oxygen coordination number of 8.8-15 monazite and zircon-type structures were 

observed to have strong sensitivity toward the externally applied pressure and temperature. 

With external pressure, the zircon-type structure deforms into other tetragonal scheelite-type 

structures having larger density and lower symmetry. The zircon to scheelite transition only 

involved a noticeable change in the bond angles. However, with the application of external 

temperature, an orthorhombic perovskite structure was formed for both the monazite and 

zircon-type structures.1 
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Figure 3.1. Perspective view of (a) monazite-type and (b) zircon-type crystal structure (plotted 

using VESTA software) of RCrO4, showing R, Cr, and O atoms by green, blue, and red spheres, 

respectively (R = rare earth). The CrO4 unit is denoted by the tetrahedra (pink color) for both 

the structures, whereas the RO9 (in monazite-type) and RO8 (in zircon-type) appeared in 

polyhedra (green color). 

The exhibiting physical and chemical properties in the different materials mainly depend 

on the inbuilt crystallographic structure, which results in importance of phase control of these 

materials. An extensive investigation of the magnetic properties of most of the RCrO4 

compounds was studied by considering the rare valence state of chromium "+5".1-3, 8, 9, 13, 16- 

18The RCrO4 compounds were good candidates to study 3d-4f interaction and magnetocaloric 

effect (MCE) at low temperatures as both the sublattices are ordered at this temperature.1-5 The 

co-structural compounds such as RPO4 and RVO4 were studied for the structural changes using 

Raman modes at room temperature and with pressure variation. Firstly, the RPO4 compounds 

were studied for the lattice vibration in the structure. The structural packing of (PO4)
3- ions was 

observed in these compounds for the lanthanide series. However, the same closer packing of 

(VO4)
3- ion was also studied in the RVO4 compounds.19, 20 Aoki et al.11 conducted the initial 

Raman study at room temperature with LaCrO4 and NdCrO4. LaCrO4 has a monoclinic 

(a) (b)
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monazite-type structure, and NdCrO4 has a tetragonal zircon-type structure. The vibrational 

structures of these compounds were analyzed using Raman spectroscopy which was affected 

due to the CrO4 tetrahedra symmetry. Further, with pressure-dependent Raman spectra, Y. 

Long et al.21 reported the Raman study at room temperature for DyCrO4 and NdCrO4. They 

observed eight Raman modes in their work. The phase transition from the zircon-type to the 

scheelite-type crystal structure was investigated with Raman modes.21 The rest of the RCrO4 

compounds (except R = La, Nd, and Dy) have not been studied yet. The R-site element in 

RCrO4 compounds determines the crystallization structure. So, the different R-site elements 

create structural changes in these compounds, which have not been investigated so far. The 

reported synthesis method for these compounds was a solid-state reaction method with the 

drawback of having an impurity phase in the obtained mixture. Thus, there is a need to 

synthesize the single-phase RCrO4 compounds and re-investigate their physical and chemical 

properties.1, 4, 5, 22, 23 

The present study shows the room-temperature Raman spectra for monoclinic monazite- 

type LaCrO4, both polymorph (monazite-type and zircon-type) containing PrCrO4, tetragonal 

zircon-type RCrO4 compounds (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, and Yb). The effect of the 

R-site element on the Raman modes of RCrO4 compounds was investigated. The comparative 

study for the Raman spectra of different structures as well as Dy, La as rare earth elements, and 

Y as non-rare earth elements present at the R-site in RCrO4 compounds was also observed. Y 

was the next adjacent element to lanthanide from the d-block (group 3). It has similar chemical 

properties as that of lanthanides, but the radius contraction may differ in this element. So, 

YCrO4 was introduced in the Raman study along with the RCrO4 compounds to determine the 

contraction effect on the structure. 

Further, the Raman study extended to changes in the Raman modes of DyCrO4 by 

substituting Dy with Sm in some percentages forming the SmxDy1.3-xCrO4 system. The Sm has 
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a larger atomic radius and smaller atomic number than Dy. So, the effect of a larger atomic 

radius element substitution in place of a smaller one was investigated in this system. 

3.2. Experiment 

 

3.2.1 Sample preparation 

 

The powder samples of the monazite-type LaCrO4 and zircon-type RCrO4 (R = Pr, Nd, 

Sm, Gd, Dy, Ho, Er, Tm, Yb) and YCrO4 were synthesized using a hydrolytic sol-gel synthesis 

method. As mentioned in our previous work, the reaction sequence was followed to prepare 

RCrO4 compounds.24 The starting materials of R (III) nitrate hydrate (R(NO3)3. H2O, Aldrich, 

99.9% metal basis), chromium nitrate (Cr(NO3)3, Aldrich, 99.9%), and oxalic acid (H2C2O4. 

2H2O, Merck, 99.5%) were used. The ratio of the precursors was taken as R: Cr = 1:1 except 

for R = Dy. The DyCrO4 single phase was found with a higher concentration of Dy(NO3)3 as 

compared to other R elements. Firstly to synthesize LaCrO4, the precursor's La(NO3)3, 

Cr(NO3)3, and oxalic acid were dissolved in de-ionized water separately. The homogeneous 

solution was obtained by mixing all three aqueous solutions in one beaker with stirring. The 

pH of the homogeneous solution was raised to ~10 by adding 30% ammonia solution drop- 

wise. The mixture was then stirred at ~30 °C for 3h, which resulted in a sol formation. The 

obtained sol was heated at 80 °C and formed the gel. The gel form of the sample is heated, so 

the water gets evaporated and converted into the dried gel. The dried gel was sintered at 600 

°C for 2h to obtain the expected phase. The same procedure was repeated to prepare zircon- 

type RCrO4 (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) and YCrO4, mixed (zircon and monazite- 

type) PrCrO4 and SmxDy1.3-xCrO4 system by taking respective precursor salts. Further, to 

observe the effect of the longer atomic radius of Sm in place of the smaller atomic radius of 

Dy on Raman scattering, the samples were prepared by substituting Sm in place of Dy in 

DyCrO4. Sm concentration was taken as x = 0.3, 0.7, and 1 for the replacement of Dy in 
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SmxDy1.3-xCrO4, as the single-phase of DyCrO4 was obtained with a molar ratio of 1.3:1 (Dy: 

Cr). 

 

3.2.2 Characterisation techniques 

 

The crystallinity and phase purity of the samples was confirmed by X-ray diffraction 

(XRD) using a PANalytical X'PERT PRO instrument. The X-ray source was the iron-filtered 

Cu Kα radiation of wavelength 1.54 Å with a diffraction angle (2θ) varied in the range of 

10°−80° with a step size of 0.013°. Room-temperature Raman spectra were obtained from HR- 

800 Raman spectrophotometer (Jobin Yvon-Horiba, France) with a He-Ne laser of wavelength 

633 nm, of 20 mW power. The Raman instrument was equipped with a thermoelectrically 

cooled (with Peltier junctions), multi-channel, spectroscopic-grade CCD detector (1024×256 

pixels of 26 microns). An objective of 50 XLD magnification was used to focus and collect the 

signal from the powder sample dispersed on a glass slide. 

 

3.3. Results and discussion 

 

3.3.1. X-ray diffraction analysis 

 

The XRD patterns show that at a sintering temperature of 600 °C, LaCrO4 crystallized 

in a monazite-type structure, as shown in Figure 3.2 (JCPDS card number [89-0448]). 

However, PrCrO4 (sintered at 600 °C) shows the coexistence of both zircon [JCPDS card 

number 74-1243] and monazite [JCPDS card number 35-1289] phases (Figure 3.2), with the 

zircon phase forming the major fraction. Even after optimization of reaction conditions, the 

efforts to obtain. The single-phase PrCrO4 didn't get success with the hydrolytic sol-gel 

method. The other RCrO4 phases (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) and YCrO4 

crystallized in the zircon-type after sintering at 600 °C (Figure 3.2). The Rietveld refinement 

using FullProf software also confirms the single phase, as shown in Figure 3.3. When the 

JCPDS data of the zircon-type structures of RCrO4 compounds were piled together, it showed 
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Figure 3.2. XRD patterns for monazite-type LaCrO4, mixed monazite and zircon-type PrCrO4 

(showing both polymorphs), and zircon-type RCrO4 compounds (R = Nd, Sm, Gd, Dy, Ho, 

Er, Yb), and YCrO4. The JCPDS data matched with the synthesized compounds showing 

single phases of the RCrO4 compounds. 

a systematic shift in the 2θ position (Figure 3.4 (a) towards higher angles while going from 

NdCrO4 to YbCrO4, which shows the decrease in the lattice parameters. A similar shift in the 

2θ position was also observed in XRD data of as-synthesized samples, as shown in Figure 3.4 

(b). The shift in the 2θ towards the higher values shows the contraction in the lattice.27, 28 The 

lattice gets contracted with the increasing atomic number and decreasing atomic size (radius). 

The RCrO4 structure is affected by changing the R-site from Nd to Yb in the zircon-type 

structure. The powder XRD measurements on SmxDy1.3-xCrO4 series, with x= 0.3, 0.7, and 1 

(Figure 3.5), show that no structural phase transition was observed when the ratio Sm/Dy was 

altered from the parent structures (SmCrO4 and DyCrO4) which both crystallize in the zircon- 

type structure. 
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Figure 3.3: X-ray diffraction patterns fit zircon-type RCrO4 compounds (R = Nd, Sm, Gd, Dy, 

Ho, Er, Tm, Yb) and YCrO4. The observed and calculated peaks are denoted in red marks and 

solid lines (black), respectively. The vertical lines in the middle (green color) show Braggs 

reflection positions. The line in the blue color in the lower part of the graph reveals the 

difference in the calculated and observed intensities. 

 

 

Figure 3.4: The shift in the XRD pattern (a) JCPDS files from Nd-Yb, and Y in zircon-type 

RCrO4 compounds. Inset: zoom view of the graph. And (b) recorded for synthesized zircon- 
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type RCrO4 compounds (R = Nd, Sm, Gd, Dy, Ho, Er, Yb) and YCrO4. The inset shows the 

zoom view of the graph. 

 

 

Figure 3.5: XRD patterns for Sm substituted zircon-type SmxDy1.3-xCrO4 (x= 0.3, 0.7, 1) 

system and single-phase DyCrO4 and SmCrO4. 

3.3.2 Room temperature Raman spectra 

 

According to group theory analysis, the monoclinic monazite-type structure exhibits 69 

optical modes represented as 27, 28 

Γ = 16Bu + 17Au + 18Ag + 18Bg. 
 

Among that, 36 modes are Raman active, and 33 modes are IR-active: 

Γ = 18Ag + 18Bg 

Γ = 16Bu + 17Au. 

 

The tetragonal zircon-type structure has 33 optical modes from group theory prediction. 

Among these 33 optical modes, 12 are Raman active. 19-21, 27, 29 
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Γ = A1g(ν1, ν2) + B1g (2T, ν3, ν4) + B2g(ν2) + Eg(2T, R, ν3, ν4). 
 

A vibrational spectra of monazite and zircon-type structures were divided into two 

modes: (i) internal modes (ν1–ν4), which are associated with CrO4 tetrahedron and can be 

further divided into bending and stretching modes, and (ii) external modes can be classified as 

translational (T)- and rotational (R)-like modes that involves the movement of both R element 

and CrO4 ions.27, 28
 

In this experiment, eleven modes with measurable intensity were observed in the 

 

Raman spectra (recorded at room temperature) of the monazite-type LaCrO4 (Figure 3.6). Out 

of the eleven modes listed in Table 3.1, ten modes were correlated with the previously reported 

LaCrO4 structure.11, 27 Due to the overlap of several Ag and Bg modes and their low Raman 

scattering cross-section, other Raman modes may not have been present. The mixed zircon and 

monazite-type PrCrO4 show fourteen measurable intensity peaks, but only eight vibrational 

modes were correlated with the reported constructures (Figure 3.6). 28
 

 

Figure 3.6: The room temperature Raman spectra for monazite-type LaCrO4, mixed monazite, 

and zircon-type PrCrO4 in the frequency range 100 cm-1- 1100 cm-1. 
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These assigned modes show the zircon-type as well as the monazite-type structure of PrCrO4. 

The maximum modes were related to the zircon-type structure, which means the zircon phase 

was the major one in the mixture of PrCrO4. One external (R(Eg)) and five internal (ν2(B1g), 

ν2(A1g), ν4(B1g), ν3(B1g), ν1(A1g)) modes were observed for the zircon-type PrCrO4, at the same 

 

LaCrO4 

(Monazite-type) 

PrCrO4 

(Monazite-type and zircon-type) 

Frequency (cm-1) Raman modes Frequency (cm-1) Raman modes 

109 Ag 147 Ag 

121 Bg 160 R(Eg)/Ag 

150 Ag 191 ν2(B1g)/Ag 

173 Bg 279 ν2(A1g)/Ag 

252 Ag 321 - 

359 Ag 366 - 

439 Ag 456 ν4(B1g) 

586 - 585 - 

725 Ag 724 ν3(B1g) 

832 Ag/Bg 857 - 

865 Ag 883 ν1(A1g) 
  

903 - 
  

923 - 
  

945 Ag/Bg 

 
 

Table 3.1: Listed Raman modes for monazite-type LaCrO4 and mixed zircon and monazite-type PrCrO4 

compounds. 
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time four Ag modes were listed in the monazite-type PrCrO4. The Raman frequencies assigned 

with the modes for LaCrO4 and PrCrO4 are listed out in Table 3.1. 

Figure 3.7(a) shows room temperature Raman spectra for zircon-type RCrO4 (R = Nd, 

Sm, Gd, Dy, Ho, Er, Tm, and Yb) compounds from 100 -1100 cm-1 frequency range. The 

external modes for zircon-type RCrO4 compounds were reported from the 100 cm-1 - 200 cm-1 

frequency range. Three external modes were observed in this lower frequency region, as shown 

in figure 3.7(b). The external translational (T(Eg)) and rotational (R(Eg)) modes split into two 

separate modes as the atomic radius of the R (rR) decreased in zircon-type RCrO4. The two 

translational T(Bg) and T(Eg) modes shifted to lower frequency towards the left side as the 

atomic radius decreased and the atomic number increased from Nd-Yb. This tendency was 

ostensibly compensated for as a mass effect (harmonic approximation remains valid). In 

comparison, the R(Eg) mode shifted to the higher frequency related to the lanthanide 

contraction.19, 20 The shift in the external modes was denoted by the dotted line in Figure 3.7(b). 

As even the atomic number rises, the energy of the R-atomic ion's orbital drops. Consequently, 

the stronger the interaction force constant between R and CrO4 is, the smaller the energy 

difference is, which accounts for the shift in frequency of the internal modes and the decline in 

the R-O bond distance.19, 20 

A internal vibrational modes for RCrO4 compounds were recorded from 200 cm-1 to 

1000 cm-1. The first two internal modes ν2(B2g) and ν2(A1g), symmetric bending modes were 

observed in the frequency range of 200 cm-1 - 400 cm-1 (Figure 3.8(a)). The antisymmetric 

bending mode ν4(B1g) was located at ~ 456 cm-1 for the NdCrO4, which was shifted to the right 

towards a higher frequency region with the increasing atomic number and decreasing atomic 

radius, as shown in Figure 3.8(b). The antisymmetric stretching (ν3(B1g) and ν3(Eg)) with 

symmetric stretching (ν1(A1g)) modes were observed in the higher frequency region from 700 

cm-1 - 1000 cm-1, shown in Figure 3.8(b). 
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Figure 3.7: (a) The Raman spectra at room temperature from the frequency range 100 cm-1 - 

1100 cm-1, and (b) external vibrational modes of Raman spectra for zircon-type RCrO4 

compounds (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) in 100 cm-1- 200 cm-1 frequency range. The 

dotted line shows the shift in the Raman modes. 

All observed internal modes in zircon-type RCrO4 compounds were shifted to a higher 

frequency (right shift) as the atomic number increased (rR decreases) from Nd to Yb (shown in 

the dotted line in Figure 3.8). This tendency was attributed towards the lanthanide contraction, 

which causes the lanthanide atomic radii to shrink as the lanthanide atomic number grows and 

the energy of the atomic orbital to drop starting with Nd-Yb. The interaction force constant 

across R and CrO4 is correlated with this energy differential. The stronger interaction force 

constant is produced as a result of the lower energy differential. Additionally, this causes the 

R-O bond length to decrease and the frequency of a internal modes to increase.19, 20 The RCrO4 
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compounds show many peaks in the Raman spectra. The modes were assigned to RCrO4 

combinations by correlating with the reported vibrational spectra of RVO4 and RPO4. This 

work observed nine, ten, eight, eight, eight, four, six, and five Raman modes for NdCrO4, 

SmCrO4, GdCrO4, DyCrO4, HoCrO4, ErCrO4, TmCrO4, and YbCrO4, respectively. In addition, 

some weak modes probably overlapped in the compounds, which is why we cannot discern 

them in our work. The modes observed for ErCrO4 in the higher frequency region from 200- 

1000 cm-1 cannot be assigned as the peaks are not matched with the reported data. 

 

 
Figure 3.8: Internal vibrational modes of Raman spectra recorded at room temperature in 

zircon-type RCrO4 (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) compounds in the frequency range 

(a) 100 cm-1 - 400 cm-1, (b) 400 cm-1 - 1000 cm-1. The shaded portion and dotted line reveal the 

Raman frequencies and shift in the Raman modes. 
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Table 3.2: At room temperature, internal and external Raman modes are listed for zircon-type 

RCrO4 (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, and Yb) and YCrO4. 

The R3+ ions inside the RO8 dodecahedron gradually shrink from Pr3+ to Yb3+ as the 

size of the rare earth increases. The size of a CrO4 tetrahedra also grows concurrently. When a 

result, as the RCrO4 series of oxides grows, the Cr-O bond length expands and the bonds 

weaken. The stronger bonds, on the other hand, have a more acidic Lewis character and have 

a greater attraction for electrons since the R-O bond length decreases during the course of the 

series. Due to the lanthanide contraction in zircon-type RCrO4 compounds, the ionic radii of 

the rare earth is reduced from Pr to Yb, which causes a linear decline in the a and c lattice 

parameters of these phases.8, 9, 30 

 

Compounds External modes 

(cm-1) 
Internal modes (cm-1) 

 
Eg B1g Eg Eg B1g ν2(B2g) ν2(A1g) ν4(B1g) ν3(B1g) ν2(B1g) ν3(Eg) ν1(A1g) 

NdCrO4 - 123 144 152 - 215 289 456 717 - 776 846 

SmCrO4 110 122 143 157 - 238 311 466 712 - 780 850 

GdCrO4 111 - 142 160 - 255 326 478 720 - - 855 

DyCrO4 - 117 142 163 - 268 340 489 810 - - 860 

HoCrO4 - 114 141 158 - 266 367 489 805 - - 853 

ErCrO4 - 114 141 163 - - 377 - - - - - 

TmCrO4 - 114 142 165 - - - 501 826 - - 868 

YbCrO4 - 111 141 161 - - - - 821 - - 867 

YCrO4 - 150 186 278 - - 337 488 805 - - 856 
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The Raman measurements further extend to the comparative study between rare-earth 

(Dy, La) and non-rare earth (Y) elements in RCrO4 at R-site and for different structures such 

as zircon, monazite, and mixed RCrO4 compounds. The comparison between rare-earth and Y 

in RCrO4 combinations shows the shift in the Raman peaks, as shown in Figure 3.9(a). The 

highlighted portion in Figure 3.9(a) shows the peak position for ν1(A1g) mode. The intense 

high rise of symmetric stretching mode ν1(A1g) (internal mode related to motion in CrO4 

tetrahedra) for zircon-type DyCrO4 is located at ~ 860 cm-1. The same mode was positioned at 

~ 832 cm-1 for monazite-type LaCrO4 and ~ 856 cm-1 for zircon-type YCrO4. So, comparing 

the Dy, La (rare earth), and Y (non-rare earth) elements in the structure, the highest intensity 

mode ν1(A1g) is located at a lower frequency in YCrO4 due to the larger Y-O bond length than 

 

 
Figure 3.9: Raman spectra for (a) rare-earth-based RCrO4 (R = Dy, La) and non-rare earth- 

based YCrO4 compounds, (b) rare-earth-based RCrO4 compounds with the different crystal 

structures (zircon-type and monazite-type). Highlighted portion in both figures shows the peak 

position of ν1(A1g) mode. 
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Dy-O in the zircon-type DyCrO4 structure. In contrast, ν1(A1g) mode in the LaCrO4 is located 

at the middle position as that of DyCrO4 and YCrO4, as the crystal structure changes the 

frequency of Raman modes. 

Figure 3.9(b) compares the Raman modes in the different crystal structures. The 

ν1(A1g) mode of monazite-type LaCrO4 (at ~ 832 cm-1) is lower than that of zircon-type NdCrO4 

(at ~ 846 cm-1). The ν1(A1g) mode is related to the CrO4 unit in monazite-type and zircon-type 

crystal structures. The comparison between the common modes gives us the distortion in the 

structure related to the R-O bond distance. The PrCrO4 containing monazite and zircon-type 

structures shows various modes in the 800 cm-1 -1000 cm-1 frequency range associated with 

the CrO4 bonding. 27, 28
 

The internal modes at lower frequency range were apparently associated to the Sm or 

Dy motion, based on group theory analysis, in which a simplified zircon-type structure is 

thought to be formed of two sublattices of Sm or Dy and CrO4 "molecules." 27, 28 In comparison, 

CrO4 motion was connected to the latter modes at a greater frequency range (external modes). 

Raman spectroscopy is a useful instrument for examining the consequences of structural 

abnormalities, as was already mentioned. The first-order Raman phonon spectrum of a perfect 

crystal is composed of small lines that correlate to the Raman-allowed zone centre and that 

follow specific polarisation selection rules. However, in the case of disordered crystals, the 

phonon spectrum is expected to exhibit the following characteristics: (i) a broadening of the 

first-order Raman lines; (ii) the activation of prohibited Raman phonons; (iii) the emergence 

of broad Raman bands indicating the phonon density of states; (iv) frequency shifting of certain 

peaks proportional to the amount of the dopant element (i.e., one-phonon-like (i.e., two-phonon 

like behavior). [31] 

In this study, the newly synthesized materials were studied using Raman measurements. 

The Dy was substituted with Sm in zircon-type DyCrO4, and the effect of substitution was 
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studied using Raman spectra (Figure 3.10). The zircon-type DyCrO4 was substituted with x = 

0.3, 0.7, 1 and compared with single-phase DyCrO4 and SmCrO4. The Raman peaks intensity 

for samples x = 0.3 and 0.7 was greater as compared to the other samples. The Raman spectra 

observed extra peaks for x = 0.3 and 0.7. 

 

 
Figure 3.10: Recorded Raman spectra for Sm substituted zircon-type SmxDy1.3-xCrO4 (x = 0.3, 

0.7, 1) comparing with single phases of DyCrO4 and SmCrO4. The shaded portion shows the 

Raman frequency for ν1(A1g) in the SmxDy1.3-xCrO4 system. 

The most intense ν1(Ag) peak for pure DyCrO4 was found at ~ 847 cm-1, which is 

somewhat at the lowest frequency as the previously measured DyCrO4. The peak position shift 

was observed when Dy was substituted in zircon-type DyCrO4 by Sm. The intense peak ν1(Ag) 

shifted to a lower frequency for SmxDy1.3-xCrO4 (x=0.7), with a broadening in the line width. 

However, for x=1, the ν1(Ag) mode splits into two peaks. The peak position may relate to the 

single-phase SmCrO4 and DyCrO4, which reveals the vibration of the CrO4 group in both 
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Modes Frequency 

(cm-1) 

DyCrO4 

Frequency 

(cm-1) 

(X = 0.3) 

Frequency 

(cm-1) 

(X = 0.7) 

Frequency 

(cm-1) 

(X = 1) 

Frequency 

(cm-1) 

SmCrO4 

T (B1g) 110 114 113 117 116 

 
120 

T (Eg) 144 149 146 Weak 147 

ν2 (Bg) 236 234 233 `Weak 233 

ν2 (Ag) 361 365 361 365 363 

ν4 (Bg) - 431 429 - - 

ν3 784 780 769 767 770 

ν1 (Ag) 847 845 834 844 

 
865 

839 

- - 994 980 - 925 

 

 

Table 3.3: Raman modes listed for room temperature Raman spectra of zircon-type SmxDy1.3- 

xCrO4 (x= 0.3, 0.7, 1) and single-phase DyCrO4 and SmCrO4. 

Structures, indicating two phonons-like behavior. The substitution of Sm with x = 0.3 and x = 

1 shows the lower shift in the ν1(Ag) mode compared to the Sm substitution with x = 0.7. The 

broadening of the Raman peaks was observed in the SmxDy1.3-xCrO4 system as the percentage 

of Sm substitution was raised. And that's why it is difficult to record the phonon frequency of 

the samples accurately. Internal ν2(Bg), ν4(Bg), ν1(Ag), and ν3 modes shifted to lower 

wavenumber because of the effects of lanthanide contraction as discussed for the zircon-type 

RCrO4 compounds. At the same time, the external mode T(B1g) shifted to a higher 

wavenumber. Whereas T (Eg) shows randomly increased and decreased Raman frequency. The 
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shifting in the higher wavenumber confirmed the mass effect—validation of harmonic 

approximation.19, 20 The same trend for external and internal modes was observed with the 

zircon-type RCrO4 compounds changing with the R-site from Nd -Yb. The frequencies 

assigned to the Raman modes are listed in Table 3.3. 

3.4 Conclusion 

 

The entire series of compounds –RCrO4 (R = La, Pr, Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) 

and YCrO4 were synthesized using the hydrolytic sol-gel method. The RCrO4 (R = Nd, Sm, 

Gd, Dy, Ho, Er, Tm, Yb) and YCrO4 crystallized in zircon-type, while LaCrO4 forms monazite- 

type. On the other hand, PrCrO4 showed the coexistence of both the polymorphs, i. e. zircon- 

type and monazite-type structures at 600 °C. The Raman study of zircon-type RCrO4 

compounds concludes that the external Raman modes T(Bg) and T(Eg) shifted to a lower 

frequency from Nd-Yb. However, R(Eg) and internal modes moved to higher energy as the 

atomic radius decreased and the atomic number increased from Nd-Yb. A comparison between 

DyCrO4, LaCrO4 (rare-earth), and YCrO4 (non-rare earth) shows the lower frequency of ν1 

(A1g) mode for YCrO4 compared to the other two compounds. The structural comparison 

reveals the ν1 (A1g) mode at a lower frequency in the monazite-type structure than in the zircon- 

type structure. The substitution of Sm in the DyCrO4 host shifted the internal Raman modes 

((ν2 (B1g), ν2 (A1g), ν4 (B1g), ν3, ν1 (A1g)) to the lower frequency region. The shift towards the 

higher frequency is related to the mass effect, whereas the lower frequency shift counters the 

lanthanide contraction in the samples going from Nd-Yb in the RCrO4 system. 
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Outline 
 

 

 

Rare-earth chromites (RCrO3) with a perovskite structure are a fascinating class of materials 

widely used in many fields. Various methods have produced this family of materials; however, 

most of them only produce polycrystalline ceramics and need high-temperature crystallization 

processes exceeding 800 °C. Herein, uniformly sized perovskite DyCrO3 was produced for 7 

days of crystal growth duration at low temperatures (as low as 280 °C) using a mild 

hydrothermal method. The synthesis parameters, such as the amount of KOH, crystal growth 

duration, reaction temperature, precursor change, and effect of surfactant, were extensively 

investigated. The XRD pattern reveals the orthorhombic single-phase DyCrO3 for the ideal 

reaction condition observed and stated in this work. The morphology of the DyCrO3 was also 

studied for performed reaction conditions. The presence of surfactants like CTAB and PVA 

was investigated to examine the morphological alteration. 
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4.1 Introduction: 

 

Orthorhombic perovskite rare-earth chromites (RCrO3) have attracted a lot of interest in 

the fields of materials science, physics, and chemistry in recent years due to their electrical, 

magnetic, and structural properties.1–5 Perovskite RCrO3 is a class of p-type semiconductors 

that was employed as material of electronic sensing for ethanol and propylene1 as well as 

catalytic agent in the methanol2 and the hydrocarbon reaction oxidation6. LaCrO3 sintered 

ceramics with A-site doping have minimal thermal expansion behavior, stability in reducing 

conditions, and good electrical conductivity. These properties make them ideal components in 

solid oxide fuel cells as interconnecting materials.3 Perovskite RCrO3 is thought to be a new 

class of multiferroics and has been found to display ferroelectric (FE) and antiferromagnetic 

(AFM) properties at relatively low temperatures.7 This family is of great interest for future data 

storage applications because of the magnetoelectric coupling in between the rare-earth (R3+) 

and chromium (Cr3+) cations in theoretical prediction and the multiferroic properties derived 

from experimental observation.5 Due to their potential use as multifunctional materials, 

perovskite RCrO3 compounds from the rare-earth family are currently piquing the interest of 

researchers. Evidently, perovskite RCrO3 research is quite promising.8 

In solid oxide fuel cells as an interconnecting material operating at intermediate 

temperatures, DyCrO3 polycrystalline material can be coated over ferritic stainless steel. This 

coating dramatically reduces the stainless steel's oxidation rate.9 New magnetic and dielectric 

transitions have reportedly been observed in the DyCrO3 and HoCrO3.
10 According to studies 

of their dielectric and pyroelectric characteristics, two chromites shows FE.11 In our group 

previously, Gupta et al. discovered that the surface chemistry as well as morphology could alter 

dynamic and static magnetic behavior while synthesizing DyCrO3 using a hydrolytic sol-gel 

technique based on citric acid and oxalic acid.12 At the magnetic ordering transition 

temperature, the high magnetic moments of Dy3+ cation (10.63 μB) cause their oxides to exhibit 
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a significant magnetocaloric effect (MCE), which could be advantageous for magnetic 

refrigeration. This finding implies that the strong magnetic moments of Dy3+ could enhance 

coupling between magnetic-ferroelectric via exchange interactions (4f-3d) as well as lattice 

distortions brought on by variation of cation size.13 Orthorhombic perovskite DyCrO3's crystal 

structure is depicted in Scheme 4.1(a) and (b). With the help of CIF-COD ID: 1008154, the 

DyCrO3 structure was created using the VESTA software (version 3.1.0). In DyCrO3, the Cr 

ion is octahedrally associated with six O ions, while two Cr cations, four Dy cations, and 12 O 

anions work together to coordinate the O anions. The standard description of the perovskite 

structure is a 3D cubic lattice of corner-sharing CrO6 octahedra.14
 

 

 
Scheme 4.1: Crystal structure of orthorhombic perovskite DyCrO3 plotted using VESTA 

software (3.1.0 version) using CIF – COD ID: 1008154. (a) The basic unit of the perovskite 

structure is the CrO6 octahedra (the Cr atom is situated at the center of an orange octahedron). 

(b) The green, magenta, and red spheres represented Dy, Cr, and O atoms. 

 

 

It is typically possible to tailor magnetic & multiferroic properties in RCrO3 by doping into 

the crystal lattice Fe3+(3d5) and Mn3+(3d4), because of the before unheard-of Fe3+/Mn3+- O- 

Cr3+ linkages which are partially ordered in novel mixed lattice. This will increase number of 
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ferromagnetic (FM) exchange interactions of additional spins as well as the lattice distortion.15, 

16, 17, 18 The CrO6 octahedral tilting degree, which significantly impacts magnetic as well as 

polarisation behaviors, is affected by the order and size of the A-site atoms in RCrO3 and hence 

determines the crystal lattice distortion.19, 20 By using a supercritical hydrothermal method, 

Walton et al.21 had already reported magnetic behavior of LaxSm1-xCrO3, having an A-site 

composition-dependence, which demonstrates a decrease in Neel's transition temperature (TN) 

followed by a reduction in the average size of A-site cation with raising the Sm doping level. 

21 Many intriguing physical characteristics of RCrO3 have been observed, including 

magnetization reversal, photoinduced magnetic transition in ErCrO3
22 and exchange bias in 

TmCrO3 as well as SmCrO3 
23, 24. Also, magnetic-field as well as temperature-induced 

magnetization switching and exchange bias in YbCrO3, 
25, 26 and bi-ferroic and LuCrO3 

magnetodielectric effects. 27, 28 According to Bertaut notation, the magnetic structure of RCrO3 

typically exhibits three types of AFM configurations of G-type with Γ1 (Ax Gy Cz), Γ2 (Fx Cy 

Gz), & Γ4 (Gx Ay Fz). 29
 

The main technique used to create RCrO3 materials is the high-temperature solid-state 

method, which involves repeatedly grinding and sintering the material above 1000 °C. 30 There 

are potentially several other methods. However, many synthetic procedures rely on solution 

chemistry, including combustion route 31, self-propagating synthesis 32, sol-gel 33, Pechini 

method34, gel casting process35, and standard flux method for forming RCrO3 single crystals.36 

The preparation of the perovskite phase from the methods mentioned above required at least 

one high-temperature treatment step. Because of powder X-ray diffraction’s low detection limit 

for a impurity phases in small portion, RCrO3 materials made using these synthesis methods 

was prone to overoxidized phases forming near the sample surface.12 Additionally, it is possible 

to synthesize RCrO3 using a microwave-assisted technique, which requires 1300 °C for 

sintering to produce high-purity materials. 37 Nanostructures of RCrO3 has been produced by a 
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hydrothermal procedure employing an ethylene glycol precursor that must be calcined at 800– 

1000 °C.38 In PbF2PbOB2O3 at synthesis temperature of 1240 °C for ten days duration with 

gradual rate of cooling (34 °C/h), YbCrO3 single crystals was produced using the flux 

technique.39 However, high-temperature/-pressure methods should be used to synthesize the 

majority of perovskite samples with tiny A-site ionic-sized elements. ScCrO3 and InCrO3 must 

be synthesized, for instance, with a pressure of up to 6 GPa and 1500 K temperature.40 

The hydrothermal process, on the other hand, is quite gentle. The hydrothermal process is 

also quick, easy, safe, and scalable, which can influence particle crystallization and offer 

control over the end product's structures and morphologies. The creation of functional solids 

with well-defined morphologies using the synthetic hydrothermal technique, a solution-based 

approach, involved a traditional nucleation-growth strategy in crystallization processes. RCrO3 

can crystallize under hydrothermal conditions with relatively lower reaction temperatures41. 

Yoshimura et al. produced LaCrO3 crystals in 1982 using a hydrothermal technique at 400 °C. 

42 Ca-doped LaCrO3 was created by Rivas Vazquez et al. (2004) at a temperature of around 

400 °C. 43 LaCrO3 was synthesized at temeperature of 260 °C with heavy proportion of KOH 

in 1999, according to Zheng et al.44. Walton et al. described a thorough procedure for 

crystallizing metal hydroxide precursors at temperatures between 320 °C and 380 °C to 

synthesize RCrO3 hydrothermally. However, the crystallites produced with this approach 

aggregate.45 They also showed that the hydrothermal method is superior to the high- 

temperature calcination method for creating a mixed A-site cations uniform distribution at an 

atomic-scale.46 According to Xu et al.,47 constant supercritical flow hydrothermally approach 

to produced LaCrO3 nanoparticles can be used to fabricate this family of materials 

continuously. In a recent publication, hydrothermal preparation of mixed-metal hydroxides 

(amorphous) at reaction temperature 370 °C for growth duration 48 h was also required to 

synthesize a series of La1-xSmxCrO3 (x = 0, 0.25, 0.5, 0.62, 0.75, 0.87, and 1.0).48 Nevertheless, 
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Ref.45 states that two phases were involved in the hydrothermal synthesis of PrCrO3. PrCrO3 

was produced following the preparation of two amorphous hydroxides, Pr(OH)3 and Cr(OH)3, 

which underwent a hydrothermal reaction at high temperatures after getting washed and then 

dried for two days. Similar to this, Ref. 49 also required two steps to produce PrCrO3 

hydrothermally. Before crystallization, the amorphous PrCrO3 was first synthesized under 

certain hydrothermal conditions. Then the product was obtained following annealing in an 

environment of N2 at 400 ºC. High temperatures and specialized high-temperature-resistant 

equipment were required for these procedures. In moderate hydrothermal conditions, it is more 

challenging to synthesize single crystals of perovskite chromite with smaller rare-earth 

occupied A-sites. As a result, even though many papers have focused on the creation and use 

of perovskite RCrO3, the primary synthetic method frequently entails a high-temperature 

process that results in polycrystalline products. It is crucial to develop a broad, moderate way 

to produce RCrO3 with crystal size as well as shape uniformly for the applications related to 

single crystal orthochromites. The one-step hydrothermal approach has made complex oxides, 

including perovskites,50 garnets,51 pyrochlores,52 and other valuable materials.53 

This study offers a low-temperature hydrothermal synthesis method for producing micro- 

 

sized single-phase perovskite DyCrO3, which is helpful for future research on chromites 

applications and low-temperature crystal growth. Herein, the critical points of the hydrothermal 

reactions, such as the addition of KOH amount, growth temperature, crystal growth duration, 

precursor change, and effect of surfactant addition, were intensively investigated. Also, the 

reaction addition route was reinvestigated in the present work. Further, the morphology change 

in the single-phase DyCrO3 for different reaction conditions was thoroughly studied. Lastly, 

the room-temperature Raman spectra were analyzed for the single-phase DyCrO3. 
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4.2 Experimental 

 

4.2.1 Sample preparation 

 

The single-phase orthorhombic perovskite DyCrO3 were synthesized at low temperature 

hydrothermally. The starting materials of dysprosium (III) nitrate hydrate (Dy(NO3)3.xH2O, 

Aldrich, 99.9% metal basis), chromium chloride hexahydrate (CrCl3.6 H2O, Aldrich, 98.0%), 

chromium nitrate (Cr(NO3)3, Aldrich, 99.9% ), potassium hydroxide (KOH, Merck), Cetyl 

trimethyl ammonium bromide (CTAB, Aldrich), Polyvinyl alcohol (PVA, Thomas baker, ) 

were used. 

The reaction started with the dissolution of CrCl3 in distilled water at room temperature 

with continuous stirring. Then 1.5 g to 2 g of KOH in the solid form was added to the stirring 

solution. Adding KOH made the solution viscous with a color change. Now, stir the solution 

for ~10 minutes so that heat gets released due to KOH dissolution and the reaction solution 

cools down to room temperature. The further reaction was going on by adding an aqueous 

solution of Dy(NO3)3 with continuous magnetic stirring. Again, wait for ~10 minutes before 

adding the second part of the KOH portion. Secondly, 0.25 g to 4g of KOH was added to the 

agitated solution to keep the mineralizer concentration high enough for the hydroxide mixture 

to dehydrate and crystallize into perovskites.54 Then, the mixture was stirred for ~ 30 minutes 

to form a homogeneous solution. After that, the mixture was poured into a Teflon liner (in a 

stainless-steel autoclave) and transferred to the furnace. The reaction was carried out at a 

particular temperature and for days to get the single phase of the DyCrO3. Then the autoclave 

permits it to cool down naturally at room temperature. The obtained material was washed with 

distilled water several times and dried at 80 °C. As discussed, Scheme 4.2 shows the reaction 

sequence followed in the hydrothermal synthesis of DyCrO3. The concentration of Dy: Cr was 

taken as 1:1. Further, various reaction conditions were studied to obtain the single-phase of 

DyCrO3 as (i) with different KOH amounts in the two-step addition, (ii) with different reaction 
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temperatures, (iii) with different crystal growth duration, (iv) with two types of chromium 

precursors, and (v) with the addition of surfactants. 

 

 

Scheme 4.2: Schematic showing the sequence of the addition of precursors in the reactions, 

temperature maintained during the reaction, and crystal growth duration. 

 

4.2.2. Characterisation techniques 

 

The single phase with the crystallinity of orthorhombic perovskite DyCrO3 was 

confirmed using a PANalytical X'PERT PRO X-ray diffraction (XRD) instrument. The XRD 

instrument was equipped with the iron-filtered Cu Kα radiation with a wavelength of 1.54 Å in 

the 2θ range of 10°−80° with a step size of 0.013°. Raman spectra were recorded at room 

temperature from HR-800 Raman spectrophotometer made of Jobin Yvon-Horiba, France, 

having He-Ne laser of wavelength 633 nm, operated at 20 mW. The Raman instrument was 

equipped with a thermoelectrically cooled (with Peltier junctions), multi-channel, 

spectroscopic-grade CCD detector (1024×256 pixels of 26 microns). An objective of 50 XLD 

magnification was used to focus and collect the signal from the powder sample dispersed on a 

glass slide. Field Emission Scanning Electron Microscopy (FESEM: Hitachi S-4200) was 

performed to analyze the shape and size of the samples in different reaction conditions. The 
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morphology was characterized using an FEI Tecnai T20 transmission electron microscopy 

(TEM) equipped with a super twin lens (s-twin) operated at 200 keV accelerating voltage. The 

powders obtained were dispersed in ethanol and then drop-casted on a carbon-coated copper 

TEM grid with 200 mesh and loaded in a single-tilt sample holder. 

 

4.3. Results and discussion 

 

4.3.1. Reaction mechanism 

 

Hydrothermal crystallization of orthorhombic perovskite DyCrO3 involved two steps: 
 

(i) Mixed double metal hydroxide precursors were created in the first stage, and (ii) the second 

phase includes dehydrating the hydroxide precursor to initiate and advance crystal formation 

using a similar polymerization process.54 The key factors to be taken into account while 

hydrothermally synthesizing perovskite rare earth chromites are the mineralizer's dehydration 

processes in the right concentration and regulated manner, temperature maintained during a 

reaction, and crystal development time. The reactant's addition followed a specific pattern to 

obtain a single-phase perovskite DyCrO3 during the reaction, as shown in Scheme 4.2. The 

alteration in the sequence results in different products discussed in the coming section. 

If the Dy(NO3)3 is added for the first time and then KOH, it leads to a precursor 

dehydration process forming DyO(OH) and Dy(OH)3. So, there will be no change in the 

precursor with further addition of CrCl3 as it developed Cr(OH)4. If directly added the 

precursors Dy(NO3)3 and then CrCl3 in a one step, Dy(OH)-CrO4 formed, which is difficult to 

form perovskite phase. So, considering amphoteric nature of Cr+3, the KOH must be added in 

two steps in the reaction. KOH was added in the first step work for Cr+3 precipitation and in 

second step for nucleation of perovskite chromites by suppling enough concentration of 

mineralizer. The reaction was carried out with the different steps of adding KOH. KOH first 

step addition leads to the formation of only rare-earth hydroxide. In contrast, the last step 

addition of KOH was reported with the appearance of the rare-earth hydroxide crystallites 
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along with chromium-oxygen clusters. The proper concentration of KOH only provides the 

precipitation and nucleation of the perovskite phase. The different reaction conditions were 

studied by considering the critical point of the hydrothermal reaction as listed above. The 

results of these additional conditions were discussed as follows: 

 

4.3.1.1 With identical KOH amounts but different reaction temperatures 

 

The KOH amount in the reaction was taken as 2 g in the first step and 4 g in the second 

step, as mentioned in the published literature 54, 55, 56. The hydrothermal reaction temperature 

varied from 240 ºC to 280 ºC in an interval of 20 ºC, with a crystal growth duration of 7 days 

for all temperatures. The recorded XRD graphs show the formation of Dy(OH)3, which matches 

the JCPDS file no. [83-2039] of Dy(OH)3, for all temperatures, as shown in Figure 4.1. So, the 

concluding remarks from overall reactions in this section offer that the KOH addition in the 2 

g, and 4 g combination was not suitable for forming single-phase perovskite DyCrO3. Table 

4.1 shows the phases observed for the given reaction conditions, and highlighted portion 

depicts the change in reaction temperature. 

4.3.1.2 With different KOH amounts added in two steps during the reaction 

 

The reactions were studied with the changing KOH amount to obtain the single-phase 

orthorhombic DyCrO3. The amount of KOH gradually decreases in both steps compared to the 

reactions studied in the first section with the KOH combinations of 2 g + 4 g, by taking all 

other reaction parameters, i.e., reaction temperature, crystal growth duration, and used 

precursors, was constant. The first reaction started with a decrease in the KOH amount in the 

first step from 2 g to 1.5 g, and in the second step, from 4 g to 2 g, at 280 ºC for 7 days reaction 

duration, which resulted in the formation of DyCrO3 along with Dy(OH)3 confirmed by the 

XRD graphs shown in Figure 4.2. Considering the DyCrO3 appearance, the KOH amount in 

the first step was maintained at 1.5 g and altered in the second step by gradually decreasing it 
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Figure 4.1: XRD patterns showing the graphs of synthesized materials with the KOH amount 

added of 2 g + 4 g in two steps for different reaction temperatures 240 ºC, 260 ºC, and 280 ºC 

having the same crystal growth duration of 7 days. The recorded data matched the reported 

JCPDS file of Dy(OH)3 [File No. 83-2039]. 

KOH added 

during the reaction 

(g) 

Reaction 

temperature 

(°C) ± 5 °C 

Reaction 

duration 

(days) 

 

Precursors used 

 

Phase obtained 

2 + 4 240 7 CrCl3, Dy(NO3)3 Dy(OH)3 

2 + 4 260 7 CrCl3, Dy(NO3)3 Dy(OH)3 

2 + 4 280 7 CrCl3, Dy(NO3)3 Dy(OH)3 

 
 

Table 4.1: Tabulated reactions results at different temperatures 240 ºC, 260 ºC, and 280 ºC for 

the KOH amount of 2 g + 4 g, with the same synthesis duration of 7 days. The highlighted 

column shows the change in the reaction temperature. 
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Figure 4.2: XRD patterns obtained for reactions conducted with change in adding KOH 

amount in both the steps for the reaction temperature 280 ºC and crystal growth duration of 7 

days. Only for KOH combinations of 1.5 g + 1 g and 1.5 g + 0.5 g, single phase DyCrO3 was 

observed; otherwise, it resulted in DyCrO3 along with Dy(OH)3 or only Dy(OH)3. The phases 

obtained were matched with the reported JCPDS files of DyCrO3 and Dy(OH)3 of File nos. 

[74-2196] and [83-2039], respectively. 

to 1.5 g, 1 g, 0.5 g, and 0.25 g.The phases obtained after these reactions were examined by 

XRD (Figure 4.2) as well as listed out in Table 4.2. The highlighted column in Table 4.2 

depicts the gradual decrease in the KOH amount in the reaction. So, from the observed results, 

only KOH combinations of 1.5 g + 1 g and 1.5 g + 0.5 g gave a single-phase DyCrO3. Whereas 

for other KOH combinations, the reactions resulted in DyCrO3 along with the impurity phase 

of Dy(OH)3. So, the correct KOH concentrations for crystallization of single-phase DyCrO3 

were concluded as 1.5 g in the first step and 1g or 0.5 g in the second step. The reaction 
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conditions in the upcoming sections were studied by considering the ideal KOH amount as 1.5 

g + 1 g in the two-step addition. 

KOH added 

during the 

reaction (g) 

Reaction 

temperature 

(°C) ± 5 °C 

Reaction 

duration 

(days) 

 
Precursors used 

 
Phase obtained 

2 + 4 280 7 CrCl3, Dy(NO3)3 Dy(OH)3 

1.5 + 2 280 7 CrCl3, Dy(NO3)3 Dy(OH)3 + DyCrO3 

1.5 + 1.5 280 7 CrCl3, Dy(NO3)3 Dy(OH)3 + DyCrO3 

1.5 + 1 280 7 CrCl3, Dy(NO3)3 DyCrO3 

1.5 + 0.5 280 7 CrCl3, Dy(NO3)3 DyCrO3 

1.5 + 0.25 280 7 CrCl3, Dy(NO3)3 Dy(OH)3 + DyCrO3 

 
 

Table 4.2: List of the phases observed from the reactions with decreasing KOH amount 

gradually from 2 g to 1.5 g in the first step and from 4 g to 2 g, 1.5 g, 1 g, 0.5 g, and 0.25 g in 

the second step with the other reaction parameters keeping constant. The highlighted portion 

in the table shows the change in the amount of KOH added during the reaction. 

 

Further, the morphology of the single-phase DyCrO3 was observed in the FESEM. The 

KOH combinations of 1.5 g + 1 g and 1.5 g + 0.5 g resulted in the same phase formation of 

perovskite DyCrO3, but the morphology of both the reactions product was different. 

The DyCrO3 synthesized in KOH amount of 1.5 g in the first step and 1 g in the second 

step revealed the bone-like structure from the side perspective and rectangular shape particle 

from an upper standpoint (Figure 4.3(a)). The Figure 4.3(a) inset gives the zoomed-in view 

of a particle at 3 μm scale. Considering the 30-particle calculation, the particle histogram was 

plotted, which gives an average particle size of almost ~ 3.6 μm (Figure 4.3(b)). Further, the 

decrease in KOH amount for the second step from 1 g to 0.5 g, keeping the first step of 1.5 g 

constant, made a difference in the particle morphology. 
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Figure 4.3: FESEM images showing the morphology of the synthesized single-phase DyCrO3 

with change in the addition of KOH amount, while other reaction parameters like reaction 

temperature (280 º C) and reaction duration (7 days) keeping constant. Adding KOH amount 

in 1.5 g + 1 g shows (a) rectangular morphology from the upper perspective, inset: the single 

particle with 3 μm scale. (b) particle size histogram shows the average particle size of ~ 3.6 

μm. While adding the KOH amount in 1.5 g + 0.5 g shows (c) round edges to the rectangular 

morphology with a mouth-like opening at the center on one side, the inset shows a zoomed-in 

view of a single particle in the scale of 5 μm. (d) the histogram shows the average particle size 

of ~ 3.8 μm. 

 

The shape of the particle looks like round edges to the rectangular particle with a mouth 

opening on one side central part (Figure 4.3(c)). The single particle with a zoomed-in view is 

shown in Figure 4.3(c) inset with a measurement scale of 5 μm. However, the calculated 
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particle histogram for 30 particles gives an average particle size of nearly 3.8 μm for the 

synthesized single-phase DyCrO3 (Figure 4.3(d)). 

 

 
Figure 4.4: TEM images for the single-phase DyCrO3 synthesized with the KOH amount of 

 

1.5 g and 1 g in two-step addition, at 280 ºC for 7 days, showing the rectangular morphology. 

The lattice fringes show the crystalline nature of the DyCrO3. 

 

The single-phase DyCrO3, synthesized in the reaction condition containing KOH 

amount in 1.5 g + 1 g, at 280 º C for 7 days crystal growth duration, was again studied by TEM 

imaging to confirm the morphology. The images were recorded at 200 nm and 50 nm scales, 

as shown in Figure 4.4. The image recorded at 200 nm scale shows the rectangular shape 

morphology, but due to the crystal's thickness, which is significantly greater than 100 nm and 

makes it impossible for electrons to pass through the crystal, and hence in the center part shows 

an entirely black image. So, the image was recorded at 50 nm (zoomed-in view) and focused 

200 nm 50 nm 

2 nm 2 nm 
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on the edges of the rectangular morphology, which shows the steps. The steps from this image 

concluded that the rectangular particle of the single-phase DyCrO3. The d-spacing in the 

DyCrO3 was measured with the Digital Micrograph software. The d-spacing for the single-

phase DyCrO3 is ~ 0.20 nm and ~ 0.22 nm corresponding to (122) and (022) planes, as shown 

in Figure 4.4. 

 

4.3.1.3 With different crystal growth duration 

 

 
Figure 4.5: XRD patterns showing the phases obtained for different crystal growth durations 

by considering other parameters such as added KOH amount and reaction temperature constant 

and also matched with the reported JCPDS files of Dy(OH)3-[83-2039] and DyCrO3-[74- 

2196]. Only for 7 days, reactions resulted in single-phase DyCrO3; otherwise, the formation of 

Dy(OH)3 and impurity phases also occurred. 
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The third important point for hydrothermal synthesis was the duration of crystal growth. 

The results of the phase formation were investigated by altering crystal growth duration while 

keeping other parameters constant in the reactions. The time of the reactions varies for 7 days, 

4 days, and 2 days by considering other reaction parameters stable as KOH amount 1.5 g in the 

first step and 1 g in the second step, at a reaction temperature of 280 ºC. The recorded XRD 

patterns reveal the phases formed by changing the duration of crystal growth. 

The single phase DyCrO3 was obtained by keeping the reaction up to 7 days as 

confirmed by the XRD pattern shown in Figure 4.5. Less than that results in the developing 

Dy(OH)3 and other impurities along with DyCrO3. So, 7 days was the suitable crystal growth 

duration for forming single-phase DyCrO3. Also, the results of the reaction are listed in Table 

4.4. 

 

KOH added 

during the 

reaction (g) 

Reaction 

temperature 

(°C) ± 5 °C 

Reaction 

duration 

(days) 

Precursors 

used 

 
Phase obtained 

 

1.5 + 1 
 

280 
 

7 
CrCl3, 

Dy(NO3)3 

 

DyCrO3 

 

1.5 + 1 
 

280 
 

4 
CrCl3, 

Dy(NO3)3 

 

Dy(OH)3 + DyCrO3 

 
1.5 + 1 

 
280 

 
2 

CrCl3, 

Dy(NO3)3 

Dy(OH)3 + DyCrO3 + 

impurity 

 

 

Table 4.4: Lists of phases obtained for different reaction durations keeping other reaction 

parameters constant. The highlighted portion shows the change in the crystal growth duration 

in the table. 

4.3.1.4 With different Chromium precursors 

 

After investigating the basic conditions of the hydrothermal reactions, other parameters 

were also studied. The precursors may change the reaction morphology or phase crystallization 

temperatures; hence, the reaction was investigated with different chromium (Cr) precursors. 
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The two precursors of Chromium salts, i.e., CrCl3 and Cr(NO3)3, were used to obtain the single- 

phase DyCrO3. The phases obtained with the different precursors were listed and shown in the 

XRD graphs. Both the Cr-precursors crystallized the single-phase DyCrO3 at a reaction 

temperature of 280 ºC with the KOH concentration of 1.5 g + 1 g in two steps, confirmed by 

the XRD patterns shown in Figure 4.6, which was well matched with the reported JCPDS file 

no. [74-2196]. 

 

 

Figure 4.6: shows XRD graphs for single-phase DyCrO3 with different chromium precursors 

in the reaction conditions matched with the JCPDS file no. [74-2196] correlated with the 

DyCrO3 phase. 

There was no difference in the crystallization of DyCrO3 by differing the precursors. 

The morphology of the single-phase DyCrO3 prepared using different Cr-precursors was 

further studied using FESEM. The CrCl3 and Cr(NO3)3 precursors give the rectangular shape 

particles, as shown in Figure 4.7(a) and (c). The morphology made with the CrCl3 precursor 

was clean, but for Cr(NO3)3, particles did not show clean edges. The particle histogram shows 
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a larger average particle size of ~3.8 μm for Cr(NO3)3 than for CrCl3 (~3.6 μm) (Figure 4.7 (c) 

and (d)). So, both Cr-precursors resulted in the same morphology with different particle sizes. 

 

 
Figure 4.7: FESEM images showing rectangular particles for both the reactions in which (a) 

CrCl3 and (b) Cr(NO3)3 were used as Cr-precursors at 280 ºC, for KOH amount of 1.5 g+ 1 g 

with 7 days duration. (c) and (d) show the histogram calculated for single-phase DyCrO3 

synthesized with CrCl3 and Cr(NO3)3. 

 

4.3.1.5 With the addition of surfactants CTAB and PVA 

 

The hydrothermal synthesis of orthorhombic DyCrO3 was further investigated using 

surfactants such as cetyltrimethylammonium bromide (CTAB) and Polyvinyl alcohol (PVA), 

as shown in Figure 4.8. The surfactant was added after the addition of the second step KOH 

(refer to scheme 4.1), stirred well to make a homogeneous solution, and transferred to the 

autoclave. The single-phase DyCrO3 obtained in XRD patterns are shown in Figure 4.9. 
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Figure 4.8: Surfactant used in the synthesis process of perovskite DyCrO3: (a) 

cetyltrimethylammonium bromide (CTAB) and (b) Polyvinyl alcohol (PVA).57, 58 

 

 
Figure 4.9: XRD patterns of the single phase DyCrO3 obtained from the ideal reaction 

conditions of KOH amount 1.5 g + 1 g, at 280 ºC for 7 days reaction duration using different 

surfactants such as CTAB and PVA and matched with the reported JCPDS File No. [74-2196]. 

So, with the surfactant, the DyCrO3 phase formed in the ideal reaction condition of KOH 

amount 1.5 g + 1 g, at 280 ºC for 7 days reaction duration as mentioned above. In the solution 

process, surfactants are frequently used to regulate the crystal structure, morphology, and 

(a) (b)
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particle size19. Hence the reactions were further investigated using FESEM for the morphology 

change. Cationic surfactants include CTAB. CTAB will ionize into Br- and CTA+ when 

dissolved in ethanol or water. A lengthy hydrophobic tail and a tetrahedral head characterize 

CTA+, which is positively charged. At low surfactant concentrations, conventional surfactants, 

such as CTAB, often produce micelles with spherical shapes. Figure 4.10(a) illustrates CTAB 

aggregates into spherical micelles in an aqueous solution when its concentration is between 0.1 

- 0.5 M. However, at high CTAB concentrations, CTAB aggregation in aqueous solutions 

produces rod-like micelles that act as soft templates. 59, 60 In order to give particles stability and 

regulate their morphologies, CTAB has been an extensively utilized reagent. 

 

 

 
Figure 4.10: Typical aggregate morphology of CTAB in solution: (a) spherical micelle, (b) 

worm-like micelle, (c) bilayer phase, (d) vesicle, and (e) inverted micelle. 59 

By more firmly or selectively adhering to different developing crystal facets, CTAB may retain 

particle size and form. 60 It was found from the CTAB-assisted hydrothermal process explain 

elswhere, CTA+ forms ion pairs with negatively charged hydroxides of Cr and Dy by 

electrostatic interaction. The CTAB could accelerate the ionization of these hydroxides as it 

was a strong-acid-weak base salt. And due to low concentration of CTAB it gives the 

spherical dumbbell shape to the particles as discussed in the FESEM image.    

(a) (e)(d)(c)(b)
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Figure 4.11: FESEM images recorded for synthesized single-phase DyCrO3 in ideal reaction 

conditions of KOH amount 1.5 g + 1 g, at 280 º C for 7 days (a) without surfactant, (c) CTAB- 

assisted, and (e) PVA-assisted. Insets of (a), (c), (e) show the single particle morphology in the 

reactions. (b), (d) and (f) depict the histogram for DyCrO3 without surfactant, with CTAB, and 

with PVA, respectively. 

 

PVA was employed to scatter particles and regulate size throughout the hydrothermal 

synthesis. The distinctive structure of PVA allowed for the consistent distribution of 

nanoparticles throughout the chain. To prevent cation mobility, PVA offers a polymeric 

network, which preserves the local stoichiometry & reduces the precipitation of undesirable 

phases. As a result, the likely impurity phases are so uncommon that they do not fall inside the 

XRD detection accuracy limitations. Additionally, the PVA chains' hydroxyl groups can form 

hydrogen bonds with a variety of anions, increasing the metal salt's solubility in the PVA- 

containing solution. PVA is a polymer that acts as an emulsifying agent. It reduces the 

interfacial tension that exists between the organic and aqueous phases and contributes to the 
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formation of smaller spherical structure during the emulsification process. Moreover, PVA 

can form a film that surrounds droplets, avoiding coalescence during the evaporation of the 

organic solvent, thus preventing aggregation of the formed NPs. 61, 62, 63, 64
 

The FESEM images in Figure 4.11(a), (c), and (e) depict the morphology of the 

synthesized DyCrO3 without surfactant, with CTAB, and with PVA, respectively. The 

reactions with the ideal conditions of KOH amount 1.5 g + 1 g, at 280 º C for 7 days, without 

surfactant, give the rectangular morphology. The Inset of Figure 4.11(a) shows the single 

particle morphology at the measurement scale of 3 μm. However, the morphology change 

occurred with surfactant CTAB and PVA, which was recorded in FESEM. The CTAB-assisted 

reaction gives the spherical morphology with the dumb-bell shape appearance. Here, in the 

reaction, the CTAB concentration used was 0.1 M, which comes under the low concentration 

category, giving spherical micelles structure as shown in Figure 4.10(a). The single particle 

morphology can be seen in Figure 4.11(c) inset, which was recorded at 5 μm scale. 

The PVA-assisted reaction shows smaller particles with an oval shape (Figure 4.11(e)). 

The Inset of Figure 4.11(e) shows the single particle morphology at the measurement scale of 

3 μm. The average particle size histogram for the single-phase DyCrO3 was calculated by 

considering 30 particles shown in Figures 4.11(b), (d), and (f) for reactions without surfactant, 

CTAB-assisted, and PVA-assisted, respectively. So, the average particle sizes for reaction with 

ideal conditions without surfactant, CTAB-assisted, and PVA-assisted gives ~ 3.6 μm, ~ 4.2 

μm, and ~ 2.6 μm, respectively. The PVA-assisted morphology gives the smaller particle size. 

It appears that the presence of surfactant lowers the solution's surface tension, reducing the 

energy required to produce a phase. 64, 65 

Figure 4.12(a)-(f) shows the TEM images for the prepared DyCrO3 samples. The 

photos appear dark as the electron beam cannot pass through the sample due to more thickness  
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than 100 nm. The particle shape can be seen in Figure 4.12(a), (c), and (e) for the prepared 

DyCrO3 particle in ideal conditions of KOH amount 1.5 g + 1 g, at 280 º C for 7 days without 

surfactant, CTAB-assisted, and PVA-assisted, respectively. In Figure 4.12(b), the particle 

edges are readily visible, which shows 2D sheets layered on each other. Figures 4.12 (d) and 

 

(f) show the round edges for the CTAB-assisted and PVA-assisted single-phase DyCrO3. 
 

 

Figure 4.12: TEM images recorded for synthesized single-phase DyCrO3 in ideal reaction 

condition of KOH amount 1.5 g + 1 g, at 280 º C for 7 days: (a)-(b) without surfactant, (c)-(d) 

CTAB-assisted, and (e)-(f) PVA-assisted. 

From the overall studied reaction conditions, we got the single-phase perovskite 

DyCrO3 for the five conditions shown in Figure 4.13. The refinement of the XRD graphs also 

shows the single phase of DyCrO3 obtained in studied conditions. 

Further, the crystallite size (d) for the single-phase orthorhombic perovskite DyCrO3 was 

calculated using the Debye-Scherrer equation (1) for the highest intensity (112) plane tabulated 

in Table 4.5. The formula and procedure used to determine the crystallite size across the hkl 

plane is discussed in the chapter 2 thoroughly. 
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The larger crystallite sizes were observed in the sample prepared with ideal reaction 

conditions with KOH of 1.5 g + 1 g. However, the decrease in the KOH amount in the second 

step from 1g to 0.5 g also decreases the crystallite size of the DyCrO3 particle. Comparing 

precursors for single-phase DyCrO3 prepared with Cr(NO3)3, the calculated particle size was 

smaller than the sample prepared using CrCl3. Again, surfactant plays an essential role in the 

crystallite size change. The reactions without surfactant have larger crystallite sizes. 

While with a surfactant, the crystallite size decreases. But, on comparing CTAB- 

assisted and PVA-assisted DyCrO3, PVA-assisted synthesized particles have larger crystallite 

size as compared to CTAB-assisted because PVA addition may be associated with the metal 

salt's improved solubility in PVA solution as a result of hydrogen bonding between anions 
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Figure 4.13: XRD refinement data for the reaction conditions. The observed and calculated 

peaks are denoted in red marks and solid lines (black), respectively. The vertical lines in the 

middle (green color) show Braggs reflection positions. The line in the blue color in the lower 

part of the graph reveals the difference in the calculated and observed intensities. 

 

inside the sol64, which quickens the reaction's kinetics. As a result, the crystals grow during the 

hydrothermal treatment for a longer period of time because they form at relatively short 

hydrothermal treatment durations. 

 

 

DyCrO3 with a different condition 
Crystallite size along 

(112) plane (nm) 

KOH-1.5+1; 7days, 280 ºC; CrCl3 96 ± 10 

KOH-1.5+0.5; 7days, 280 ºC; CrCl3 36 ± 3 

KOH-1.5+1; 7days, 280 ºC; Cr(NO3)3 46 ± 3 

KOH-1.5+1; 7days, 280 ºC; CrCl3; CTAB 36 ± 3 

KOH-1.5+1; 7days, 280 ºC; CrCl3; PVA 46 ± 3 

 

 

Table 4.5: Tabulated crystallite size for the single-phase DyCrO3 prepared in different reaction 

conditions. 

4. 4 Raman Study of single phase DyCrO3 

 

Orthorhombic perovskite chromites theoretically exhibit 24 Raman active modes. 

Therefore, the active Raman modes are 7 A1g, 5 B3g, 5 B1g, and 7 B2g. These modes were 

produced via structural distortion, which was identified in the Raman vibrational spectra as 

CrO6 octahedral distortion in two orientations, A-site distortion and Jahn-teller distortion in the 

ideal perovskite position. Raman modes were categorized as follows: (i) symmetric modes, B1g 

and Ag; (ii) antisymmetric octahedral stretching modes, 2 B2g, and 2 B3g; (iii) bending modes, 

Ag, B3g, and 2 B2g; (iv) tilt or rotation modes of octahedral, 2 Ag, 2 B2g, B3g, , B1g; and (v) rare-  
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earth cation moment resulted in modes, 3 Ag, 3 B1g, B2g, B3g. This space group contains the 

remaining 3 acoustic modes, along with 25 optical modes. 54, 55, 56 However, all of the modes 

were not apparent in the samples created through experimental synthesis. The vibrational 

spectra for single-phase DyCrO3 produced hydrothermally at 280 ºC with 1.5 g + 1 g of KOH 

in two steps for 7 days are shown in Figure 4.14 under ideal reaction conditions. 

 

 
 
 

Figure 4.14. Room temperature Raman spectra of hydrothermally synthesized DyCrO3 in ideal 

KOH 1.5 g in the first step and 1 g in the second step at 280 ºC of crystal growth temperature 

in 7 days. 

In an experiment, the hydrothermally synthesized DyCrO3's Raman spectra showed 13 

modes in the ideal reaction conditions shown in Table 4.6, with the Raman frequencies and 

shown in Figure 4.14. The Raman spectra's scattered spots reveal the precise location of the 

modes in the material. The vibration of Dy3+ ions is connected to the bands Ag and B2g, at 141 

cm-1 and 161 cm-1, respectively. Peaks of B1g at 375 cm-1 were associated with an A-site (Dy3+) 

and O1 z-direction mode of reverse motion. Additionally, Ag (403 cm-1) and B2g (303 cm-1) are  
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relevant modes for the synergetic motion of Dy3+ and O1. Ag, Ag, and B2g, which are positioned at 473, 

724, and 487 cm-1, respectively, are three modes that emerge from the motion of CrO6 and are related 

to out-of-phase x rotations, bendings, and bendings of CrO6. Mode Ag, which is positioned at 403 

cm-1, is activated by the synergistic interaction of Jahn–Teller distortion and rotation along [010], 

which causes CrO6 in-phase y rotations. Along with this mode inconsistency with the A-site 

rare-earth cations, there is an unidentified mode discrepancy.54, 55, 56 

 

Table 4.6: Raman modes with the assigned frequencies were listed in the table. 

4.5 Conclusion 

 

In conclusion, using a hydrothermal technique at a temperature as lower as 280 ºC, 

we have effectively synthesised homogenous single-phase DyCrO3 in micrometer-sized 

particles. We compared the primary reaction conditions to investigate the synthesis 

limitations of DyCrO3 such as KOH amount, reaction temperature, crystal growth duration, 

surfactants effect, precursor change, and reactant addition routes. The synthesized DyCrO3 

shows higher crystallinity and homogeneous particle size. KOH and surfactant play essential 

roles in the formation of different morphology of the products. Rectangular morphology  

Raman Frequency (cm-1) Raman modes

141 Ag

161 B2g

255 B1g

270 Ag

303 B2g

337 Ag

375 B1g

403 Ag

464 B3g

473 Ag

487 B2g

566 B3g

724 Ag
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comprises 2D sheets stacked on each other with the KOH amount of 1.5 g + 1 g at 280 ºC 

for 7 days (called ideal reaction condition). 

In contrast, rectangular particles with round edges have mouth-like openings at the 

center form with the change in ideal reaction condition only at the amount of KOH, i.e., 1.5 

g + 0.5 g. During hydrothermal synthesis, no perovskite phase might be produced below 280 

°C and for 7 days. With carefully monitored mineralizer concentrations in every step and a 

crystallisation temperature of 280 °C, single-phase DyCrO3 could be produced. The primary 

impurity for reactions occurring at low temperatures was Dy(OH)3. The CTAB-assisted and 

PVA-assisted reactions show the dumbell shape and oval shape morphology for the 

synthesized DyCrO3 phase. The synthetic method described here demonstrated the lower 

temperature reaction with different shapes for preparing perovskite DyCrO3. Raman spectra 

recorded at room temperature show characteristic vibration states of Dy3+ local structure and 

CrO6 clusters. Our research provides a simple method for producing high-quality rare-earth 

chromite single - crystalline at low temperatures, that might also supply single crystals for 

numerous commercial and technical uses. 
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This chapter summarised the research presented in the thesis and suggested potential areas for 

more study. 
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5.1 Summary of the thesis: 

 

The R-Cr-O system has unique structural and physical features as a component of 

ternary metal oxides. We get the two significant structures, RCrO3 and RCrO4, from the R-Cr- 

O combination. The R element involved in the phase determines the diverse crystal structures 

of RCrO4, including zircon-type and monazite-type structures. Due to different R-O and Cr-O 

distances, each phase has unique electric and magnetic characteristics in RCrO4. The unstable 

valence state of Cr, i.e., Cr5+, is also crucial in determining these features. As both of the 

sublattices, R and Cr, order at low temperatures, it is a perfect system for studying the 3d–4f 

interaction and helps us to obtain the MCE effect at low temperatures. 

The physical characteristics of the compounds were altered due to change in shape, 

size, and different chemical environments. The synthesis method used to produce a particular 

phase is also crucial during the investigation. Understanding the material's characteristics was 

simple because of the thorough knowledge of the formation mechanism used during the 

synthesis. Furthermore, the compounds' confirmed single phase gives credibility to the 

researched features. Choosing the proper synthesis technique is necessary for these. One can 

only regulate the pure compound by thoroughly understanding the material's formation process. 

Chapter 1 covered the fundamental information regarding the various types of 

magnetism, its discovery, and its history. Even though the magnetism of metal elements was 

well established, the magnetic properties of compounds were a little more challenging to 

comprehend. The use of exchange interaction was attempted to explain the nature of magnetism 

in the various compounds. In-depth explanations of the multiple forms of exchange interaction 

were provided using examples. The conversation also covered the principles of other physical 

characteristics, including the ferroelectric and magnetocaloric effects. In this chapter, the 

RCrO4 and RCrO3 compounds are also discussed. The graphic illustrating the basic units was 

used to thoroughly explore the crystalline RCrO4 structures such as tetragonal zircon-type, 
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monoclinic monazite-type, and tetragonal scheelite-type as well as orthorhombic perovskites 

RCrO3. This chapter described the phase transition in RCrO4 compounds from zircon and 

monazite-type to scheelite-type under external pressure and from zircon and monazite-type to 

perovskites under external temperature. Additionally, a review of the published literature for 

RCrO4 and RCrO3 compounds were also included. The importance of R-Cr-O compounds in 

terms of their fundamental and technological implications is discussed in this chapter. The 

thesis' scope is the subject of the final discussion. 

Our first experiment used a hydrolytic sol-gel synthesis to synthesize zircon-type 

DyCrO4 discussed in Chapter 2. It was thoroughly explained how DyCrO4 is synthesized in 

both acidic (using oxalic acid) and basic (using ammonium solution) media. According to 

TGA's findings, Cr2O3 and Dy2O3 are present in the sol-gel gelation step of the formation 

mechanism. The formation of nanocrystalline DyCrO4 from Cr2O3 and Dy2O3 after sintering 

supports the benefit of sol-gel over solid-state reaction. When ammonia solution alone was 

used to create the gel, the DyCrO4 phase crystallized at 500 ºC and then changed to the DyCrO3 

phase at 800 ºC. The gel that forms when oxalic acid alone and oxalic acid with a pH of 10 is 

combined crystallizes to DyCrO4 at the same temperature of 500 ºC. EDTA's acidic medium 

gel crystallized DyCrO4 at 600 ºC, but EDTA with a pH of 10 produces DyCrO4 at 500 ºC, 

which is lower than the acidic medium. At a sintering temperature of 500 ºC, citric acid has 

crystalline DyCrO4 and Cr2O3 as an impurity in both the acidic and the basic medium. For all 

complexing agents at higher sintering temperatures, the DyCrO4 phase disintegrated into 

DyCrO3. It was observed that the DyCrO4 crystallite size generated with oxalic acid and EDTA 

at pH 10 was ~ 55 nm. The morphology of the DyCrO4 samples is hydrocathrus-like, as seen 

by TEM. Due to the differing environments of the complexing agents utilized in the acidic and 

basic media during the sol-gel synthesis, the valence state of the elements present in DyCrO4 

has distinct binding energies. The magnetic measurements of single-phase DyCrO4 produced 
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by solid-state oxalic acid synthesis at pH 10 revealed ferromagnetic nature below the transition 

temperature of 21 K, which is lower than the bulk DyCrO4 previously reported by that method. 

As a result, the nanocrystalline DyCrO4 produced at a lower sintering temperature (500 ºC) and 

for a shorter period of time (2 h) can be used for cryogenic applications such as hydrogen 

liquefaction due to its lower transition temperature of 21 K. 

We continue our study on this in Chapter 3 after learning more about the structures of 

RCrO4 molecules. The hydrolytic sol-gel process created the whole series of compounds, 

RCrO4 (R = La, Pr, Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb), and YCrO4. While LaCrO4 formed as 

monazite-type, RCrO4 (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) and YCrO4 crystallized as 

zircon-type. On the other hand, PrCrO4 demonstrated the coexistence of both polymorphs, i.e., 

structures of the zircon-type and those of the monazite-type, at 600 °C. According to the results 

of the Raman analysis of zircon-type RCrO4 compounds, the external Raman modes T(Bg) and 

T(Eg) shifted from Nd-Yb to a lower frequency. However, as the atomic radius reduced and 

the atomic number increased from Nd-Yb, R(Eg) and internal modes shifted to higher energies. 

Comparing DyCrO4, LaCrO4 (rare-earth), and YCrO4 (non-rare earth), it can be shown that 

YCrO4 has a lower frequency of the ν1 (A1g) mode than the other two substances. The structural 

comparison shows that the monazite-type structure has a lower frequency of the ν1 (A1g) mode 

than the zircon-type structure. The internal Raman modes ((ν2 (B1g), ν2 (A1g), ν4 (B1g), ν3, ν1 

(A1g)) in the DyCrO4 host were moved to the lower frequency range by the substitution of Sm. 

In contrast to the lower frequency shift that counteracts lanthanide contraction in samples 

transitioning from Nd-Yb in the RCrO4 system, the shift toward the higher frequency is 

attributed to the mass effect. 

There was also research done on the second structure from the R-Cr-O pairings. As we 

already noted, it crystallized as the perovskite RCrO3 structure. Chapter 4 discussed the 

hydrothermal synthesis method for synthesizing perovskites DyCrO3 at low temperatures. 
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Compared to particle size and shape, low-temperature synthesis offers significant benefits. An 

extensive investigation of the reaction chain is conducted first in the study. Analyzing the end 

products allowed us to monitor the impact of several precursor additions closely made 

sequentially, along with KOH, to modify the reaction. It was determined that this was the best 

sequential method after obtaining the desired product of single-phase DyCrO3 from a particular 

sequential addition of precursors. 

The research was also expanded by changing reaction parameters such as synthesis time, 

temperature, and amount of KOH. The adding KOH in the amounts of 1.5 g + 1g in two steps 

to obtain single-phase DyCrO3 at the synthesis temperature of 280 ºC for 7 days. Consequently, 

this is regarded as the optimal circumstance for producing single-phase DyCrO3. The 

morphology of the produced particles, which resemble reactangular sheets stacks on each other, 

is seen in the microscopy images of FESEM as well as HRTEM. However, the variation in 

KOH amount for both steps resulted in the formation of Dy(OH)3 individually or along with 

DyCrO3. 

Additionally, single-phase DyCrO3 was formed with a different morphology than the 

optimal condition of adding 1.5 g + 0.5 g KOH. This morphology was round edges to the 

rectangular shape particle. As a result, the ideal reaction was investigated by adding 

complexing agents like CTAB and PVA. This interests us to pursue this research further for 

other particle shapes. As a response, adding CTAB at low concentration causes the change in 

morphology to look like dumbbells, but adding PVA causes the morphology to change to a 

oval-like shape with smaller particle sizes. 
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5.2. Future scope 

 

The synthesis of rare earth complex oxides with excellent control over particle 

morphology is quite challenging. We have synthesized the single-phase RCrO4 compounds 

using hydrolytic sol-gel synthesis. We have obtained hydrocathrous-like morphology for the 

DyCrO4 in nanoscale, which differs in the transition temperature to 21 K from the previously 

reported bulk sample (23 K). So, there will be a need to synthesize the RCrO4 phases at low 

temperatures to control these compounds' shape and size as the particles' shape and size 

significantly impact the material's physical properties. There is an open problem to be 

addressed in the future. 

The ferroelectric effect is another significant feature of this work. RCrO4 compounds 

have recently emerged as a new class of multiferroic materials. Ferroelectric materials offer 

various practical physical properties, but only a few combinations were investigated for 

ferroelectricity in the RCrO4 system. They include: 1) high dielectric constants that make them 

useful for electrical capacitors; 2) high piezoelectric constants that make them suitable for 

sensors, actuators, and RF filters; 3) ferroelectric hysteresis that makes it possible to create 

non-volatile memories; 4) more excellent pyroelectric characteristics for infrared detectors and 

thermistors; and 5) potent electro-optic effects that are employed in optical switches and data 

storage, among other applications. Hence, there is a need to explore these materials near future 

for ferroelectric applications. 

Furthermore, in my current thesis study, we synthesized orthochromites at low 

temperatures and again obtained various morphologies. In great detail, it is necessary to 

investigate shape and size-dependent features in orthochromites since particle size and 

morphology significantly impact the material's physical characteristics. The multiferroic 

characteristics of these orthochromites, which are also extensively investigated, make them 

commonly regarded as insulators. However, catalytic research might take advantage of it. This 
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calls for more investigation into another rare earth chromite property that must be done soon. 

Rare earth chromites' optical characteristics have not yet been extensively discussed in the 

literature. In order to better understand their catalytic activity, it is required to look at their 

optical characteristics, band gap, etc. Additionally, their uses in water-splitting-based hydrogen 

production have not yet been thoroughly investigated. 
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This thesis focuses on the rare-earth chromates (RCrO4) and chromites(RCrO3), two 

compounds produced by the R-Cr-O combination in ternary metal oxide systems. These 

compounds' varied structural configurations and the presence of rare earth elements give them 

a variety of physical characteristics. Different oxidation states of chromium (Cr) in both 

structures have an impact on the material's final characteristics. Chapter 1 of this thesis 

introduces the fundamentals of magnetism, the role of exchange interaction, and the many 

different physical features. The RCrO4 and RCrO3 structures, their phase transitions, and an 

overview of the studied properties are included. This chapter discusses the importance of R- 

Cr-O compounds in terms of their scientific and technological applicability. Chapter 2 

investigates and proposes the formation mechanism for the hydrolytic sol-gel synthesis of 

DyCrO4 in acidic and basic environments after carefully reviewing the intermediate samples 

obtained throughout the reaction processes. The effect of complexing agents was also examined 

in order to establish the crystallization temperature for single-phase DyCrO4 with the least 

amount of impurities. The magnetic properties of DyCrO4 made in a basic solution with oxalic 

acid were then examined. In the same vein, Chapter 3 discussed the effects of changing rare 

earth elements on the structural phase transition in RCrO4 compounds from monazite to zircon- 

type using Raman scattering. Sol-gel synthesis has been used to create single-phase 

polycrystalline monazite-type LaCrO4, intermediate PrCrO4, zircon-type RCrO4 (R = Nd, Sm, 

Gd, Dy, Ho, Er, Tm, and Yb), and YCrO4. By contrasting Raman modes for various crystal 

structures, rare-earth (Dy, La), and non-rare-earth (Y) elements, the investigation's scope is 

further broadened. In order to create perovskites DyCrO3, Chapter 4 describes a low- 

temperature synthesis hydrothermally. The reaction mechanism was also thoroughly studied 

while reaction variables like synthesis time, temperature, and amount of KOH were changed. 

The purpose and outcomes of adding the precursors in order have also been discussed. The 

investigations mentioned in the thesis and the scope of this work are summarised in Chapter 

5. 
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The formation mechanism of hydrolytic sol-gel synthesized DyCrO4 with a complexing agent in acidic and basic 

mediums is thoroughly studied. The role of complexing agents and pH on phase formation temperature is also 

intensively investigated. The formation temperature for DyCrO4 is ~500 ◦C in the absence and presence of 

complexing agents such as oXalic acid and ethylenediaminetetraacetic acid (EDTA) at pH 10. When critic acid is 

used, the DyCrO4 forms with Cr2O3 impurity. The crystallite size in the presence of a complexing agent in the 

basic medium is ~55 nm which is small as compared to only ammonia solution. The various reaction modes lead 

to tetragonal zircon-type DyCrO4 at ~500 ◦C, transforming into orthorhombic perovskite DyCrO3 at 800 ◦C. The 

magnetization curve shows the ferromagnetic behavior of DyCrO4 below transition temperature Tc ~21 K. This 

low Tc makes nanocrystalline DyCrO4 a potential material for cryogenic applications. 
 

 

 

1. Introduction 

 
The miXed-metal oXides such as chromites, manganites, and ferrites 

have gained tremendous attention due to their large-scale structural, 

magnetic, and transport properties, potentially being used in optoelec- 

tronic and magnetoelectric devices [1–6]. The R-Cr-O (R - rare earth 

element) combination in miXed-metal oXides was crystallized in chro- 

mates (RCrO4) and chromites (RCrO3). The RCrO4 compounds were 

found in a tetragonal zircon-type structure (for R = Pr, Nd, Sm, Eu, Gd, 
Tb, Dy, Ho, Er, Tm, Yb, Lu) with space group I41/amd and monoclinic 

monazite-type structure (for R = La, Ce) with space group P21/n, while 

R     Pr shows both types of structures [7–17]. The RCrO4 compounds 

were sensitive to external parameters like temperature and pressure. On 

the application of external pressure, the zircon-type RCrO4 structure 

changes to another tetragonal scheelite-type structure with space group 

I41/a. This irreversible phase transition exhibits a volume contraction of 

close to 10%, denoting first-order phase transition. This phase transition 

results in volume change without changing the basic units of the parent 

structure [18–23]. The difference in crystal structure directly affects the 

properties of RCrO4. Hence, selecting an appropriate synthesis process 
for RCrO4 becomes very important. 

The magnetic interaction in RCrO4 compounds depends on R3+-R3+
 

interchain spacing. In RCrO4, when R Nd, Sm, Eu, Yb, Lu shows an- 

tiferromagnetic (AFM) ordering, whereas R  Gd, Er, Tm, Dy, Ho settled 

for ferromagnetic (FM) ordering because of the shortening of the R3+
 

-R3+ inter-chain distances [8–15]. As pointed out by the Anderson-
Goodenough-Kanemori (AGK) empirical rules, the super- exchange 

interaction results in AFM ordering for ~180◦ interaction and 

FM for 90◦ interaction [24–26]. Morales-Sanchez et al. reported the 

Sm–Sm distance for the SmCrO4 was ~7.248 Å , larger than that along 

the c-axis, with the most favorable angle Sm-O-Cr of 180◦ that will 

enhance the interactions along the a-axis [10]. So, SmCrO4 shows AFM 

nature. The RCrO4 structures are also ideal for studying the 3d-4f spin 

interaction. The magnetism shown by these structures was due to the 

interplay of spin interactions in rare-earth and transition metal-

sublattices. This interplay generates one exciting property in the 

material, namely the magnetocaloric effect (MCE). This technology is 

not related to any harmful chemicals, and that’s why environment 

friendly. Initially, MCE was only used for cryogenic refrigeration, but 

now it is used in applications where cryogenic temperatures are 

required, such as hydrogen liquefaction, magnetic measurements, etc. 

[27–29]. 

Among RCrO4 compounds, zircon-type DyCrO4 was studied for their 

unusual meta-magnetism driven by coexisting ferromagnetic and anti- 

ferromagnetic interactions [6]. The large angular momentum of Dy3+
 

plays a significant role in tuning the magnetic properties of RCrO4. 

Schemes S1(a) and (b) shows the crystal structure for zircon-type 

DyCrO4. The DyCrO4 structure was drawn with the VESTA software 

(version: 3.1.0) using CIF-COD ID: 1008138. The DyCrO4 structure 

consists   of   two   basic units, namely   CrO4   tetrahedra and DyO8 
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bidisphenoid polyhedra. DyO8 polyhedra connect along the two crys- 

tallographic axes sharing O–O edges along the x-axis and y-axis, whereas 

it alternatively aligns with the CrO4 tetrahedra along the third direction 

(z-axis). So CrO4 tetrahedra were spatially isolated by DyO8 polyhedra. 

It provides the superexchange pathways between Dy+3 ions through the 

direct linkage of polyhedra (Dy+3-O—2-Dy+3) or the CrO4 tetrahedra 

(Dy+3- O—2- Cr+3- O—2- Dy+3), which was responsible for the magnetic 

properties in these compounds [6]. The rare-earth sublattices of Dy+3 

were ordered antiferromagnetically at low temperatures (<25 K), 
whereas transition metal Cr+3 was ordered at relatively high tempera- 

tures [4–6]. The low-temperature ordering in the Dy sublattices was due 

to the complex orbital configuration of f-electrons compared to transi- 

tion metal d-electrons and magnetic interactions between f-f and d-f 

electrons [8]. 

In tetragonal zircon-type DyCrO4 (I41/amd), both Cr and Dy sub- 

lattices are ordered collinearly and simultaneously at a common tran- 

sition temperature (24 K), making the magnetocaloric effect possible at 

low temperatures [8]. MCE is related to the magnetic entropy change in 

the adiabatic process when applying a magnetic field. This entropy 

change is associated with the angular momentum ‘J’. The J value for a 

rare and unstable Cr+5 (3d14s0) is large enough in RCrO4 compared to 

the other isostructural RXO4 (X P, As, V) compounds. Such a large J 

value of Cr+5 may be responsible for the large entropy change near the 

transition temperature of these compounds [19,30–33]. On the other 

hand, Cr+3 in orthorhombic perovskite DyCrO3 (Pbnm) hardly contrib- 

utes to the magnetocaloric effect at low temperatures due to the 

different ordering temperatures of Dy+3 and Cr+3 [5]. 

The synthesis of DyCrO4 compounds was consistently reported by the 

solid-state methods [34,35]. However, materials synthesized by the 

solid-state technique are bulk and have poor control over particle size, 

crystallinity, and morphology. The solid-state synthesis involves the 

multiple sintering sequences for a longer time (~4–11 h) in an oXygen 

environment to achieve the single-phase of the RCrO4 compound [9–12, 

14]. Whereas, the solution-based sol-gel method offers good control over 

morphology and particle size. It produces complex inorganic ternary and 

quaternary oXides at comparatively lower sintering temperatures and in 

a shorter synthesis time than the solid-state method. The aqueous hy- 

drolysis chemistry of the metal ions in the sol-gel synthesis can be 

modified by complexing agents. This modification gives pure phases and 

nanoparticles that can tune magnetic properties [36,37]. 

In this work, the nanocrystalline DyCrO4 synthesis was carried out 

using sol-gel and complexing agents. Further, the formation mechanism 

involved in the hydrolytic sol-gel process was intensively investigated 

and proposed for the first time in zircon-type DyCrO4. These samples 

were synthesized in two different mediums; acidic (in oXalic acid) and 

basic (in ammonia solution), and the formation mechanism was carried 

out thoroughly by analyzing the intermediate samples collected in be- 

tween the reactions. The steps consisting of the formation of complex, 

gel, and specific structures at sintering temperatures were discussed. It 

was observed that complexing agents like oXalic acid, citric acid, and 

EDTA affects the crystallization temperature of zircon-type DyCrO4. The 

comparative study between the complexing agent for different mediums 

(acidic and basic) was done to understand which suitable complexing 

agent with a reaction medium will form the single phase of DyCrO4 with 

minimal impurity. To the best of our knowledge, the sol-gel method for 

synthesizing DyCrO4 is rarely reported, and not much information is 

available on the formation mechanism. Further, morphology changes 

and surface valence state of the Dy, Cr, and O with the used reaction 

mediums for different complexing agents were investigated. The mag- 

netic properties of sol-gel synthesized DyCrO4 in oXalic acid were also 

studied and compared to the earlier reported solid-state prepared bulk 

DyCrO4. 

2. Experimental 

2.1. Sample preparation 

 
A hydrolytic sol-gel method was used to synthesize the poly- 

crystalline zircon-type DyCrO4. The reaction sequence is explained in 

Scheme S2. The mechanism of phase formation was studied by (i) 

changing the reaction medium, i.e., acidic and basic (depending on the 

pH of the precursor solution in the reaction), and (ii) in the absence and 

presence of a complexing agent. OXalic acid (H2C2O4. 2H2O, Merck, 

99.5%), citric acid (C6H8O7, Merck, 99.5%), and EDTA (C10H16N2O8, 

Thomas Baker, 99.0%) were used as complexing agents. The homoge- 

neous solution was prepared for two different reaction mediums, acidic 

(A) and basic (B). 

The dysprosium (III) nitrate hydrate (Dy(NO3)3. XH2O, Aldrich, 

99.9% metal basis), chromium trioXide (CrO3, Thomas Baker, 99.9%) 

were dissolved in deionized water in the molar ratio- Dy: Cr    1.3: 1, 

without using any complexing agent called hereafter as precursor so- 

lution. The precursor solution was kept on stirring for 3h at ~30 ◦C, 
which resulted in a sol formation. The pH of the precursor solution was 

observed to be ~0.4. Further, without adjusting the pH, the precursor 

solution, when heated at 80 ◦C, resulted in sticky gel adhering to the 
beaker’s bottom that was difficult to collect and use for the calcination. 

For comparison, sol was formed by adding 30% ammonia solution 
dropwise to adjust the pH to ~10. The obtained sol with pH 10 was 

heated at 80 ◦C, which initially forms a gel, and then dried powder can 

be collected for further calcination process and denoted as DyCrO4(B). 

The formation mechanism was studied using the intermediate sam- 

ples between the reactions in acidic (in the presence of oXalic acid) and 

basic (in ammonia solution) mediums for characterization. At the same 

time, the effect of a complexing agent was also studied by adding an 

aqueous solution of oXalic acid to the precursor solution. The pH of the 

precursor solution with oXalic acid was ~0.24. As mentioned earlier, the 

acidic sol was heated and dried to collect the powder. Also, for basic sol 

with oXalic acid, the pH was adjusted to 10 by the dropwise addition of 

30% ammonia solution and dried to collect the powder. The oXalic acid 

derived acidic and basic powders were named DyCrO4(OA) and DyCrO4 

(OB), respectively. 

Further, the powders were calcined at 500 ◦C, 600 ◦C, 700 ◦C, and 

800 ◦C for 2h to find the accurate crystallization temperature of the 

phases. Citric acid and EDTA were also used as complexing agents in the 

other two reactions. The whole reaction was carried out with citric acid, 

and EDTA using the same reaction sequence mentioned for oXalic acid in 

acidic and basic medium and denoted as DyCrO4(CA), DyCrO4(CB), 

DyCrO4(EA), DyCrO4(EB). (C citric acid, E EDTA, A acidic and B 

basic) 

2.2. Characterization techniques 

 
Powder X-ray diffraction (XRD) patterns of the synthesized samples 

were recorded using a PANalytical X’PERT PRO instrument in the 2θ 

range of 10◦–80◦ with iron-filtered Cu Kα radiation (λ   1.54 Å) and step 

size of 0.013◦. HR-800 Raman spectrophotometer (Jobin Yvon-HORIBA, 

France) was used for bond analysis equipped with He Ne laser (633 

nm), operated at 20 mW with the accuracy of    1 cm—1. The Raman 

spectra were recorded with thermoelectrically cooled (with Peltier 

junctions), multichannel, spectroscopic grade CCD detector (1024 × 256 

piXels of 26 μm). An objective of 50 XLD magnification was used to focus 

and collect the signal from the powder sample dispersed on a glass slide. 

The thermal decomposition study was done using the thermogravimetric 

analysis (TGA) model DTG-60H of Shimadzu instrument at a heating 

rate of 10 ◦C/min in an air atmosphere. Transmission Electron Micro- 

scope (TEM) (FEI Tecnai T20) was used to characterize the morphology 

and particle size at an accelerating voltage of 200 keV. Field emission 

scanning electron microscopy (FESEM: Hitachi S-4200) was used to 

analyze the particle size. Also, Energy Dispersive X-ray Analysis (EDAX) 
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Scheme 1. Proposed formation mechanism of the DyCrO4 compound in (a) 

acidic (in presence of oXalic acid) and (b) basic (in presence of ammonia so- 

lution) mediums. 

 was done to determine the elemental composition of synthesized sam- 

provided by Quantum Design Inc., contributing to an overall magnetic 

signal. The magnetization versus magnetic field (M H) loops was 

collected at a different temperature in a field sweep 60 kOe. The 

magnetization versus temperature (M T) measurements at standard 

field-cooled (FC) and zero-field cooled (ZFC) sequences was performed 

at a temperature sweep from 5 to 300 K in a field of 100 Oe. 

3. Results and discussion 

 
3.1. Formation mechanism 

 
In order to study the effect of acidic and basic mediums on the phase 

formation temperature of DyCrO4, the formation mechanism of the sol- 

gel reaction was intensively examined by collecting intermediate sam- 

ples. The details involved in the mechanism were discussed in this work. 

3.1.1. Acidic medium 

The DyCrO4 was synthesized using oXalic acid (pH ~0.24) using the 

hydrolytic sol-gel method. The dissolution of CrO3 in water resulted in 

the formation of chromic acid (H2CrO4) and Dy(NO3)3 in the aqueous 

medium dissociated in Dy3+ and (NO3)3- ions (Scheme 1(1, 2)). So, at 

30 ◦C, the precursor solution contains H2CrO4, Dy3+, and (NO3)3-. The 
addition of oXalic acid in the precursor solution made the complex with 

ples. The X-ray Photoelectron spectra for Dy, Cr, and O were recorded on Dy3+, resulting in dysprosium oXalate hydrate (Dy2(C2O4)3. H2O) 

Thermo Fisher Scientific X-ray Photoelectron Spectrometer (XPS) K- 

Alpha . The monochromatic Al Kα (hν 1486.6 eV) as the X-ray source 

was operated with a beam current of 6 mA and voltage of 12 kV coupled 
with a Physical Electronics 04–548 dual Mg/Al anode and in an ultra- 

(Scheme 1(3)) as seen in the powder XRD pattern (JCPDS card number 

21–0315, Fig. 1a(i)) and Raman spectra (Fig. 1b(iv)). Whereas the 

highlighted portions of the Raman spectra in Fig. 1b at ~890 cm—1 and 

365 cm—1 also gave the presence of CrO4 unit for the chromic acid so- 

high vacuum system with a base pressure of 

size of 400 μ 

≤5 × 10—9
 Torr. The spot 

lution and <200 cm—1 (denoted by *) confirming the presence of Dy–O 
[38–40]. At 80 ◦C, after 1h, the XRD peaks of dysprosium oXalate hy- 

m was used during the XPS measurement. The recorded XPS 
data were deconvoluted using XPS PEAK 4.123. The XPS measurements 

were done on the exposed surface of the nanoparticles (NPs) prepared 

with a different complexing agent for acidic and basic pH without any 

surface treatment. All measurements mentioned above were performed 

at a laboratory temperature of ~30 ◦C. A superconducting quantum 

interference device-based vibrating sample magnetometer (SQUID- 

VSM, Quantum Design) was used to measure the magnetic properties of 

DyCrO4. The precisely weighed powder sample was taken and packed 

inside a plastic sample holder. It was fitted into a brass specimen holder 

drate disappeared due to its conversion from crystalline to an amor- 
phous form, as observed in Fig. 1a(i & ii). The Raman spectra also 

showed changes in the bonding at 80 ◦C compared to the precursor 

solution at 30 ◦C (Fig. 1b(v)). After the complete gelation, the XRD in 

Fig. 1a(iii) revealed the traces of crystalline dysprosium oXalate hydrate. 

Fig. 1b(vi) shows a slight shift in peak at ~890 cm—1 of Raman spectra 

supporting linkage formation in the gel. The peaks at ~890 cm—1 and 
~357 cm—1 gave evidence for CrO4 unit, which was also present in the 

single phase of DyCrO4 (Fig. 1b(vii)) [38–40]. 

 
 

 

Fig. 1. (a) XRD patterns (b) Raman spectra for the samples taken during the reaction in acidic medium for oXalic acid. (i) & (iv) Crystallinity and bonding for the 

homogeneous solution of precursors at 30 ◦C. (ii) & (v) Amorphous nature and bonding at 80 ◦C after 1h. (iii) & (vi) crystallinity and bonds in the gel form. (vii) The 

structural bonding in single-phase DyCrO4. The highlighted portion in the Raman graphs shows the presence of CrO4 unit (~890 cm—1 and ~365 cm—1). In com- 

parison, < 200 cm—1, asterisks show the presence of Dy. (c) The TGA plots of (viii) CrO3 precursor, (iX) synthesized dysprosium oXalate hydrate (X) dried gel in air. 

The arrows in the graphs denote the decomposition point in the corresponding compounds. 
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Fig. 2. (a) XRD patterns and (b) Raman spectra for the samples taken during the reaction for basic medium (ammonia solution): (i, iv) homogeneous solution of 

precursors at 30 ◦C, (ii, v) sample taken at 80 ◦C after 1h, (iii, vi) gel form, where, XRD revealed the presence of (NH4)2Cr2O7, NH4NO3 and Dy(OH)3. (vii) Raman 

bonding in single-phase DyCrO4. The highlighted portion and dotted line in the Raman spectra show the peak at ~358 cm—1, and ~860 cm—1 denoted the presence of 

the CrO4 unit. (c) Thermal decomposition curve in presence of air (viii) CrO3 and (iX) Dy(NO3)3 precursors miXed with 30% ammonia solution, (X) dried gel of the 

sample. Decomposition points for the corresponding compounds are denoted by arrows. 
 

The phase transformation of dysprosium oXalate hydrate and chro- 
mic acid from dried gel to crystalline DyCrO4 during the sintering from 

30 ◦C to 500 ◦C was also studied by TGA. Initially, TGA of precursor 

CrO3 and dysprosium oXalate hydrate synthesized for reaction were 

studied individually to identify the decomposition temperature. The 

TGA curve of only the CrO3 precursor depicts the decomposition at 

~357 ◦C for the pyrolysis of CrO3 forming Cr2O5 (Fig. 1c(viii)). The 

second decomposition step shows the conversion of Cr2O5 to Cr2O3 at 

~499 ◦C. The steps for converting CrO3 to Cr2O3 well matched with the 

reported data studied in N2 and O2 that had shown similar results in both 

the atmosphere [41]. The thermal decomposition of only dysprosium 

oXalate hydrate shows a loss of water at ~112 ◦C. The formation of 
anhydrous oXalate can be traced by weight loss occurring between 

~112 ◦C and 304 ◦C. Further, the anhydrous oXalate rapidly decomposes 

to give Dy2O3 at ~416 ◦C, as shown in Fig. 1c(iX); the arrows in the plot 
show the decomposition temperatures [42]. The thermal decomposition 

of gel containing dysprosium oXalate hydrate and chromic acid exhibits 
similar transition temperatures starting from the evaporation of water 

molecule at ~82 ◦C along with the conversion of chromic acid to CrO3 

(Fig. 1c(X)). Further, the CrO3 loses oXygen to form Cr2O5 at ~238 ◦C 

and Cr2O3 at ~450 ◦C, as shown in Scheme 1(4) [41]. The gel’s tran- 

sition temperatures are lower for Cr2O5 and Cr2O3 than the individual 

transition temperature of CrO3 to Cr2O3, as the gel also contains 

dysprosium oXalate hydrate. The second component of the gel form, 

dysprosium oXalate hydrate (Dy2(C2O4)3. H2O), transforms to anhy- 

drous oXalate (Dy2(C2O4)3) in the first step between 133 ◦C and 283 ◦C, 

 
 

 

Fig. 3. The phase transformation of DyCrO4 to DyCrO3 with increasing temperatures from 500 ◦C to 800 ◦C when any of these conditions are met: (a) in ammonia 

solution, (b) in oXalic acid (acidic medium), and (c) in oXalic acid (basic medium). 
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and rapidly decomposes to Dy2O3 between 283 ◦C and 450 ◦C in the 
second step, as the anhydrous oXalate was very unstable (Scheme 1(5)) 

[42]. So, in the temperature range of 400 ◦C–450 ◦C, the Cr2O3 and 

Dy2O3 phases are present during the gel sintering process, which further 

converts to DyCrO4 at ~500 ◦C as confirmed by XRD presented later 

(Fig. 3b). The DyCrO4 then decomposes to DyCrO3 at ~700 ◦C as 

observed by slight weight loss in TGA Fig. 1c(X). The same reactions are 

also presented in Scheme 1(6,7). The similar formation mechanism 

might also apply to the citric acid and EDTA. 

3.1.2. Basic medium 

In order to carry out the reaction in the basic medium, the 30% 

ammonia solution (NH4OH) was added to the precursor solution con- 

taining chromic acid (H2CrO4), Dy3+, and (NO3)3- ions (Scheme 1(1, 2)). 

After the addition of NH4OH in the precursor solution, it resulted in 

ammonium chromate ((NH4)2CrO4 (JCPDS card number [75–1578]), 

ammonium dichromate ((NH4)2Cr2O7 (JCPDS card number [25–0029]), 

and NH4NO3 (JCPDS card number [89–2829]), as shown in Fig. 2a(i) 

and Scheme 1(8). The Raman peak at ~860 cm—1 showed a CrO4 unit, as 

reported for single-phase DyCrO4 (Fig. 2b(iv & vii)) [38]. The shift in 

CrO4 frequency from 890 cm—1 (acidic medium -(H2CrO4)) to 860 cm—1
 

(basic medium) confirms the formation of the complex (NH4)2CrO4 due 

to the addition of NH4OH. The shift to the lower frequency is due to the 

higher mass of (NH4)2CrO4 compared to H2CrO4. The highlighted 

portion in Fig. 2b shows the bending of CrO4 at ~358 cm—1 [40]. For the 

gel formation, the homogeneous solution was heated at 80 ◦C. The in- 

termediate sample was collected after 1h at 80 ◦C, which shows the 

presence of (NH4)2Cr2O7, NH4NO3, and Dy(OH)3 (JCPDS card number 

[83–2039]) as shown in XRD pattern Fig. 2a(ii) and Scheme 1(9) [43]. 

After the formation of gel, the phases remain consistent, as confirmed by 

XRD (Fig. 2a(iii)). The bonding in Raman spectra (Fig. 2b(v and vi)) also 

remains unchanged. 

The phases formed during the sintering temperature were investi- 

gated by thermal decomposition using TGA of the dried gel obtained in 

the reaction; further phases were confirmed by thermal decomposition 

of CrO3 and Dy(NO3)3 miXed with 30% ammonia solution separately. 

The CrO3 miXed with 30% ammonia solution, when dried at 80 ◦C, forms 

(NH4)2Cr2O7. The TGA investigated this ammonium dichromate, as 

shown in Fig. 2c(viii). The decomposition steps were observed at 

~224 ◦C (conversion of Cr(VI) to Cr(V) with the partial loss of 

ammonia), ~253 ◦C–265 ◦C (approached Cr(IV) from Cr(V), with the 

loss of rest of ammonia) and at ~430 ◦C (complete decomposition to 
Cr2O3) (Scheme 1(10)) [44]. The thermal decomposition of NH4NO3 and 

Dy(OH)3 formed as a product of a miXture of Dy(NO3)3 with 30% 
ammonia was also studied using TGA (Fig. 2c(iX)). The decomposition of 

the miXture observed at ~292 ◦C reveals the presence of DyOOH, which 

converts to Dy2O3 at 345 ◦C–474 ◦C (Scheme 1(11,12)) [45]. In the same 

temperature range, the NH4NO3 decomposed to gases, as reported by 

Chaturvedi et al. [46] Further, in Fig. 2c(X), the TGA of gel containing 

(NH4)2Cr2O7, NH4NO3, and Dy(OH)3 were also investigated. The 

decomposition temperatures of gel observed to be: ~110 ◦C, ~227 ◦C, 

~253 ◦C, ~306 ◦C–411 ◦C corresponds to the loss of water; trans- 

formation of Cr(VI) to Cr(V), with loss of half of the ammonia; conver- 

sion of Cr(V) to Cr (IV) followed by the formation of Cr2O3, respectively 

(Scheme 1(10)) [44]. The remaining two components of the gel NH4NO3 

and Dy(OH)3 were decomposed in the gases and formed DyOOH from 

Dy(OH)3 at ~306 ◦C. Further, Dy2O3 formation occurs at ~411 ◦C [45, 

46]. Based on the comparison of decomposition of only ammonium di- 
chromate and Dy(OH)3, it can be concluded that in sintered gel, Cr2O3 

and Dy2O3 both are present at an altered temperature of ~411 ◦C that 

can be further converted to DyCrO4 at ~500 ◦C (Scheme 1(5)) as 

confirmed by XRD (Fig. 3a). The proposed scheme suggests the forma- 

tion of Cr2O3 and Dy2O3. However, the phase formation could not be 

observed in XRD and Raman but can be illustrated by TGA. The DyCrO4 

was transformed to DyCrO3 above ~700 ◦C by removing oXygen, as 

shown in Scheme 1(5). 

The same reactions were carried out using the complexing agents 

(oXalic acid, citric acid, and EDTA), followed by adding ammonia so- 

lution to increase the solution’s pH by ~10. The oXalic acid reacts with 

Dy3+ to form Dy-oXalate hydrate, and further addition of (NH)4OH 

forms (NH4)2CrO4. These complex molecules may form Dy2O3 and 

Cr2O3 via the intermediate reactions as discussed by the proposed 
mechanism in acidic and basic mediums during the sintering process. 

Further, sintering of Dy2O3 and Cr2O3 up to 600 ◦C forms single-phase 

DyCrO4. Similar reactions can also elaborate the formation mechanism 

when citric acid and EDTA are used with ammonia solution. The ad- 

vantages of the sol-gel reactions carried out in this work suggest the 

formation of Dy2O3 and Cr2O3 via intermediate steps. These Dy2O3 and 

Cr2O3 forms nano-sized DyCrO4 during the sintering process (as 

confirmed from XRD). Such controls over the size are difficult to achieve 

in the solid-state reaction, which is generally used for DyCrO4 synthesis. 

3.2. X-ray diffraction study 

 
The gel form of DyCrO4 precursors synthesized using only a com- 

plexing agent (acidic medium), only ammonia solution (basic medium), 

and complexing agents with the ammonia solution (pH~10) were sin- 

tered at different temperatures 500 ◦C–800 ◦C. Further, the XRD mea- 
surements were carried out to understand the role of the complexing 

agent in altering the sintering temperature and achieving single-phase 

DyCrO4 and its transformation to DyCrO3, as discussed below. 

3.2.1. Ammonia solution (NH4OH) 

The zircon-type DyCrO4(NB) was obtained by sintering the interme- 

diate gel forms of Dy, and Cr precursors formed using only NH4OH. The 

phase formation is studied by XRD at different temperatures to get 

DyCrO4 and DyCrO3. Fig. 3a revealed zircon-type DyCrO4, obtained at 

500 ◦C and 600 ◦C, that decomposes to DyCrO3 at 700 ◦C and 800 ◦C by 
the removal of the oXygen from DyCrO4. The phases well matched the 

reported JCPDS card numbers [74–1249] and [74–2196] of zircon-type 

DyCrO4 and perovskite DyCrO3 compounds, respectively. 

3.2.2. Oxalic acid (C2H2O4) 

OXalic acid (bidentate ligand) crystallized the phases for both acidic 

(DyCrO4(OA)) and basic (DyCrO4(OB)) mediums at 500 ◦C, similar to 
phases crystallized for DyCrO4(NB), as shown in Fig. 3b and (c). In acidic 

and basic mediums, at 500 ◦C and 600 ◦C, the zircon-type DyCrO4 phase 

was obtained and well-matched with the JCPDS card number [74–

1249]. Further, calcination at higher temperatures of 700 ◦C and 800 
◦C, the DyCrO4 phase started to deform in the DyCrO3 perovskite 

phase with the removal of oXygen from the structure. The phase ob- 

tained at 800 ◦C was well-matched with the JCPDS card number [74–

2196]. At 700 ◦C, both phases, DyCrO4 and DyCrO3, were observed. 

The same trend for the phase formation temperature was noticed in 

DyCrO4(OA) and DyCrO4(OB), as oXalic acid controls the decomposition 

profile of the nitrates to form pure phase DyCrO4 in basic and acidic 

mediums [38]. 

3.2.3. Citric acid (C6H8O7) 

The tridentate ligand, citric acid, decomposes the phases differently 

from other ligands. The citrate sol-gel method is more popular for the 

synthesis of nanoparticles of the perovskites like DyCrO3, SmCrO3, and 

YbCrO3. The pH-dependent homogeneity and stability of metal citrate 

solutions were studied previously [5]. The present work observed that 

the citrate sol-gel method decomposes the phases differently over the 

calcination in acidic and basic mediums. DyCrO4(CA) shows the DyCrO4 

phase at 500 ◦C and 600 ◦C with some impurities in an acidic medium. 

The phase was not entirely crystallized over the temperature range up to 

600 ◦C. It was converted to DyCrO3 perovskite phase at 700 ◦C and 

800 ◦C. The hump near 30◦ in the XRD graphs shown in Fig. S1(a) for 

600 ◦C heating temperature may be due to the individual hydroXide in 

the sample. However, in the basic medium (Fig. S1(b)) for DyCrO4(CB), at 
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Fig. 4. The XRD patterns of dysprosium chromium oXide system in the presence of EDTA over the heating temperature range 500 ◦C–800 ◦C when the reaction is 

performed at (a) lower pH (acidic), (b) higher pH ~10 (basic). 

 

Table 1 

The phases of the dysprosium chromium oXide system with increasing temperatures in different complexing agents in lower (acidic) and higher (basic) pH. 

Reaction mediums Reaction temperature (◦C) Ammonia 

Solution 

Complexing agents 
 

 

OXalic acid Citric acid EDTA 
 

 

Acidic (pH not adjusted) 500 – DyCrO4 DyCrO4 DyCrO4 

600 – DyCrO4 Impurity + DyCrO4 DyCrO4 

700 – DyCrO4+DyCrO3 DyCrO3 DyCrO3 

800 – DyCrO3 DyCrO3 DyCrO3 

Basic (pH~10 adjusted using ammonia solution) 500 DyCrO4 DyCrO4 Cr2O3 DyCrO4 

600 DyCrO4 DyCrO4 Cr2O3 +DyCrO4 DyCrO4 +DyCrO3 

700 DyCrO3 +DyCrO4 DyCrO3 + DyCrO4 Cr2O3 +DyCrO3 DyCrO3 

800 DyCrO3 DyCrO3 DyCrO3 DyCrO3 

 

500 ◦C found, the presence of Cr2O3 with the hump at 30◦. DyCrO4(CB) 

shows the presence of DyCrO4 at 600 ◦C with Cr2O3 impurity phase, and 

over the heating temperature of 700 ◦C and 800 ◦C, the phase decom- 

posed to DyCrO3. It was observed that the citrate sol-gel method did not 

give the single phase of DyCrO4 in the basic condition at pH 10, which 

means it favors the formation of Cr+3 ionic state to form the DyCrO3. 

3.2.4. EDTA (C10H16N2O8) 

EDTA (hexadentate ligand) crystallized the phases relatively at a 

lower temperature in the basic medium (DyCrO4(EB)) as compared to the 

acidic medium (DyCrO4(EA)), as shown in Fig. 4(a) and (b). The DyCrO4 

phase was obtained for calcination temperatures of 500 ◦C and 600 ◦C in 

a basic medium, whereas DyCrO4(EA) was found at 600 ◦C. At 700 ◦C and 

800 ◦C, a DyCrO3 was obtained for DyCrO4(EA) and DyCrO4(EB). At 

calcination of 600 ◦C, DyCrO4(EB) exhibits miX phase of DyCrO4 and 

DyCrO3. Comparing the two reaction mediums for EDTA, the basic 

medium completes the hydrolysis process earlier than the acidic. Hence, 

the DyCrO4 phase was crystallized at a lower temperature in a basic 

medium than in an acidic medium. The early completion of hydrolysis 

steps provides more condensation sites; thus, the phase was formed at a 

lower temperature [38]. 

Based on the overall XRD analysis of the phases obtained at different 

heating temperatures with various complexing agents in acidic and basic 

mediums, oXalic acid and EDTA formed the single DyCrO4 phase, as 

shown in Table 1. The crystallite size (d) for the single-phase DyCrO4 

prepared using a complexing agent in different reaction mediums 

depending on the solution’s pH was calculated using the Debye-Scherrer 

equation (1) for the highest intensity (200) plane tabulated in Table S1. 

The formula used to calculate the crystallite size along the hkl plane (hkl 

are the Miller indices of the plane) from the measured width of their 

diffraction curves are given as: 

d = Kλ / Bcos θ - - - - - - - (1) 

Here, B represents the width of the diffraction curve at an intensity 

equal to half the maximum intensity called full width at half maxima 

(FWHM), measured in radians. The λ is the wavelength of the incident X- 

rays of source Cu Kα (λ ~1.54 Å), θ is the Bragg angle associated with hkl 

plane, and K is the numerical constant, considered as 0.94 since the 

shape of particles is random as observed in FESEM. Without taking the B 

values directly from peak broadening, it is corrected from standard data 

using equation (2). 

B2 = B2   – Bs2 - - - - - - - (2) 

BM and BS are the measured widths (FWHM) of the diffraction peaks 

of synthesized materials and standard samples, resulting in deducting 

the instrumental errors from the peak broadening. 
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Fig. 5. TEM data of DyCrO4: (a) EXtended sheet-like morphology for basic 

medium in ammonia solution with the d-spacing of 0.36 nm (200) (inset of (a)). 

(b) Crystalline nature in SAED. (c) and (e) show hydrocathrus-like morphology 

in acidic and basic mediums for oXalic acid, respectively. Inset of (c) shows the 

lattice fringes spacing of 0.36 nm corresponds to the (200) plane. Inset (e): d- 

spacing of 0.47 nm represent (101) plane. (d) and (f) SAED pattern reveals the 

level of crystallinity. 

 
The DyCrO4(OA) and DyCrO4(EA) has crystallite size of ~63 nm and 

~77 nm, respectively. However, in the basic medium, the crystallite size 

was reduced to ~56 nm (DyCrO4(OB)) and ~54 nm (DyCrO4(EB)), which 

was nearly the same for both the complexing agent. The crystallite size 

of ~218 nm was observed for DyCrO4(NB). It was concluded from the 

calculation that the DyCrO4 synthesized with the complexing agent in 

basic medium favor the synthesis of smaller crystallite size. The crys- 

tallite size for DyCrO4(CA) and DyCrO4(CB) was not calculated, as the 

single-phase DyCrO4 was not obtained. 

 
3.3. Electron microscopy imaging and diffraction study 

 
The morphology of the DyCrO4 samples for different reaction me- 

diums in the presence of a complexing agent was investigated using 

TEM. The TEM images show the hydrocathrus-like morphology with 

unevenly sized holes for the DyCrO4 phase synthesized using a com- 

plexing agent and extended sheet-like structure in the absence of a 

complexing agent. The bright-field (BF) TEM image in Fig. 5a reveals the 

extended sheet-like structure for DyCrO4(NB). The size of morphology 

well corresponds to the listed crystallite size of DyCrO4(NB). BF- images 

Fig. 5c and (e) shows the TEM images for DyCrO4(OA) and DyCrO4(OB). 

The acidic medium has a hydrocathrus-like morphology with larger 

Fig. 6. (a) and (c) BF-TEM images show the hydrocathrus-like morphology for 

DyCrO4 prepared using EDTA in both acidic and basic mediums. The lattice 

fringes spacing of 0.36 nm corresponds to (200) plane (inset (a)) and 0.50 nm 

present (101) plane (inset (c)). (b) and (d) DF-TEM images reveal the SAED 

patterns showing crystalline nature of DyCrO4 in acidic and basic mediums with 

EDTA, respectively. (BF-bright field and DF- dark field). 

 
holes but connected sheets. Whereas, in the basic medium the sheet like 

morphology has smaller particles and comparatively smaller holes than 

that of the acidic medium. Following the same trend, the calculated 

crystallite size was smaller in basic medium. Inset of Fig. 5a, (c), and 5(e) 

shows the lattice fringes spacing of 0.36 nm for (200) plane of DyCrO4 

(NB) and, DyCrO4(OA) whereas 0.47 nm for (101) plane of DyCrO4(OB). 

Darkfield images (DF) in Fig. 5b, (d), and 5(f), shows the selected area 

electron diffraction (SAED) pattern, confirmed the crystalline nature of 

the synthesized DyCrO4(NB), DyCrO4(OA), DyCrO4(OB) respectively. The 

DyCrO4(CA) shows the hydrocathrus-like morphology having larger 

holes (Fig. S2(a)) with a d-spacing of 0.32 nm (inset Fig. S2(a)). The 

crystalline nature of the prepared DyCrO4(CA) was confirmed by the 

SAED pattern, as shown in Fig. S2(b). The TEM-image and SAED pattern 

of DyCrO4(CB) heated at 600 ◦C was shown in Figs. S2(c) and S2(d). At 

600 ◦C, DyCrO4(CB) sample attains the DyCrO4 phase with the impurity 

of Cr2O3. The d-spacing of 0.25 nm is shown in inset Fig. S2(c) may 

correspond to the (220) plane of the Cr2O3 phase. The sample’s crys- 

tallinity was again confirmed from the SAED pattern in Fig. S2(d). 

The DyCrO4(EA) and, DyCrO4(EB) show the same morphology as that 

of DyCrO4(OA) and, DyCrO4(OB), as presented in Fig. 6a, (c). SAED pattern 

shows the crystalline nature of the DyCrO4(EA) and DyCrO4(EB) samples 

in Fig. 7(b) and (d). Inset of Fig. 6a and (c) shows the lattice fringes 

spacing of 0.36 nm (DyCrO4(EA)) and 0.50 nm (DyCrO4(EB)). The size of 

morphology in TEM images are consistent with the calculated crystallite 

size of synthesized DyCrO4 using a complexing agent in the different 

reaction mediums from XRD measurements. 

After sintering, the FESEM measurements were done for the single- 

phase DyCrO4 to calculate the particle size. All the FESEM images 

show the random morphology of DyCrO4 particles suggesting their 

crystallization. The histogram was calculated for 30 particles in each 

case. Fig. S3 shows the FESEM images with the calculated histogram. 

The particle size is in nm, as mentioned in Fig. S3. Further, the EDAX 

analysis was done as presented in Table S2, which confirms the presence 

of Dy, Cr, and O in sintered single-phase DyCrO4 samples. 
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Fig. 7. XPS derived Cr 2p, O 1s, Dy 4d core levels electron binding energy spectra for DyCrO4 synthesized in the absence of small molecule in basic medium ((a)–(c)), 

in the presence of oXalic acid in acidic medium ((d)–(f)), and oXalic acid in basic medium ((g)–(i)) to conclude the valence state of elements. 

 
3.4. X-ray photoelectron spectroscopy analysis 

 
XPS spectra for the DyCrO4 synthesized using a complexing agent at 

different reaction mediums were recorded at room temperature to reveal 

the surface valence states of the Dy, Cr, and O atoms. The core-level 

binding energy was aligned with the carbon binding energy of 

~284.8 eV. Fig. 7a represents the XPS spectra of DyCrO4(NB) without a 

complexing agent. The Cr 2p3/2 peak for DyCrO4(NB) resolved into three 

peaks at ~576 eV, ~578 eV, ~579 eV corresponding to Cr+3, Cr+5, and 

Cr+6. At the same time, the Cr 2p1/2 resolved into two peaks, ~586 eV 

and 588 eV [47,48]. Fig. 7d and (g) show the Cr 2p XPS binding energy 

spectra for DyCrO4(OA) and DyCrO4(OB), respectively. The spectra 

contain two spin-orbit split peaks of 2p1/2 and 2p3/2 were located at 

~588 and 580 eV for DyCrO4(OA), whereas for DyCrO4(OB) at ~588 and 

579 eV. The deconvolution of peaks further resolved the Cr 2p3/2 peak of 

DyCrO4(OA) in three peaks situated at ~577 eV (Cr+3), ~578 eV (Cr+5), 

~580 eV (Cr+6) [47,48]. However, the Cr 2p1/2 peak divides into ~582 

and 588 eV. It is well known that the binding energy of Cr+6 and Cr+5
 

has nearly the same value, so it is difficult to distinguish them. Cr is in a 

5-oXidation state that contains one unpaired electron in its valence 

band, contributing to the different valency states of Cr. The XPS spectra 

of Cr 2p3/2 for DyCrO4(OB) fitted peaks show the three peaks at ~577 eV 

(Cr+3), ~578 eV (Cr+5), ~579 eV (Cr+6), and Cr 2p1/2 at ~585, and 588 

eV. The binding energy for the surface elements present in DyCrO4(OA) 

and DyCrO4(OB) was nearly the same. It contains 3, 5, and 6 valence 

states of Cr. 

The fiXed spherical size of the oXygen ion is approXimated, but in 

reality, the valence electronic shell of the oXygen ion is no longer uni- 

form but polarized when placed between covalent cations. The O1s 

 
spectra of DyCrO4(NB) (Fig. 7b) fitted with four peaks ~529 eV (Cr–O, 

metal oXide), ~530 eV (O1—), ~531 eV (surface absorbed oXygen in –OH 

form), ~532 eV (chemically absorbed oXygen in the form of water) [49, 

50]. Fig. 7e and (h) also show the similar deconvolution peaks of O1s 

spectra for DyCrO4(OA) and DyCrO4(OB). Thus, the XPS spectra of oXygen 

indicate the carboXyl and hydroXyl groups of the oXalic acid. 

Fig. 7f and (i) shows the deconvoluted Dy 4d core-level spectra for 

DyCrO4(OA) and, DyCrO4(OB), respectively. The Dy 4d spectra have the 

four peaks at ~153 eV, ~156 eV, ~159 eV, ~161eV for DyCrO4(OA) and 

~153 eV, ~156 eV, ~157 eV, ~161 eV for DyCrO4(OB). The peaks at 

~153 eV correspond to the Dy–Cr bond. The Dy-O-related peak was 

positioned at ~156 and 157 eV. In contrast, the highest binding energy 

peaks at ~161 eV of Dy 4d were revealed for the Dy3+ ionic state [51–

57]. The same correspondence for the peak binding energy was also 

observed in DyCrO4(NB), with the peaks at ~153 eV (Dy–Cr), ~156 eV 

(Dy–O), ~158, and 161 eV (Dy3+) in Fig. 7c. 

The surface valence state of DyCrO4(EA) and DyCrO4(EB) was also 

studied. The Cr 2p, O 1s, and Dy 4d core-level XPS spectra for DyCrO4 

synthesized using EDTA were shown in Fig. S4(a)–(c) for acidic medium 

and S4(d)-(f) for basic medium. The deconvoluted peaks positioned at 

~576 eV, ~578 eV, ~579 eV in both DyCrO4(EA) and DyCrO4(EB) cor- 

responds to Cr 2p3/2. The peaks related to Cr+3 ionic states were posi- 

tioned at ~576 eV. While ~578 eV reveals Cr+5, and ~579 eV shows the 

presence of Cr+6 ionic form [47,48]. Peaks at ~586 and 588 eV show Cr 
2p1/2 for DyCrO4 prepared in the presence of EDTA only and EDTA at pH 

10. The deconvoluted O 1s spectra resolved into three peaks in both the 

mediums located at ~530 eV (Cr–O, due to metal oXide), ~531 eV 

(surface absorbed oXygen), and ~533 eV (chemically absorbed oXygen 

in the form of water) for DyCrO4(EA) and DyCrO4(EB) [49,50]. The 
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Fig. 8.   Magnetic nature of the DyCrO4 synthesized using oXalic acid in a basic (pH~10) medium. (a) The magnetization versus magnetic field behavior of the sample 

over the temperature range 10 K–300 K. At 300 K, DyCrO4 shows a paramagnetic nature, whereas at 10 K, the DyCrO4 shows a soft ferromagnetic nature. (b) Field- 

cooled and zero-field cooled measurements for the DyCrO4 at a magnetic field of 100 Oe. Inset shows dMFC/dT curve to conclude the transition temperature at ~21 K. 

core-level XPS spectrum of Dy 4d shows the presence of Dy3+, Dy–Cr, 

and Dy–O. The peaks at ~152 and 159 eV of DyCrO4(EA) correspond to 

Dy3+. The same binding energy peak was observed in DyCrO4(EB) at 

~159 eV. The peak at ~153 and 156 eV reveals Dy–Cr and, Dy–O bonds, 

respectively, for DyCrO4(EA) and DyCrO4(EB) [51–57]. The XPS spectra 

for the samples prepared with citric acid in both the pH condition pH < 7 

and pH > 7 were not recorded as the phases got for these reaction 

conditions have some impurity of Cr2O3. So, the XPS spectra reveal the 

chemical composition and state of the surface atoms in. all synthesized 

samples under different reaction conditions. 

3.5. Magnetic measurements 

 
The magnetic measurement was carried out only for DyCrO4(OB), as 

both the mediums crystallized the zircon phase at the same temperature 

of 500 ◦C. The M — H measurements resulted in the straight line passing 
through origin without any hysteresis for temperatures 300 K–50 K, 

corresponding to the paramagnetic (PM) state (Fig. 8a) of DyCrO4(OB). 

Whereas, for 20 K and 10 K, the curve shows the hysteresis loop was 

depicting the soft ferromagnetic nature of DyCrO4(OB), as shown in 

Fig. S5 (zoom view). At 10 K, the M      H curve shows the coercivity 

~752 Oe and remanence ~40 emu/g; however, the values are smaller 

than permanent magnetic materials such as ferrites and magnetic alloys 

[58,59]. The soft ferromagnetic behavior at low temperature in the 

DyCrO4 was due to the f-f orbital superexchange interactions, as f or- 

bitals have complex interactions. A similar, soft ferromagnetic curve was 

also observed in the case of solid-state derived DyCrO4 due to the 

involvement of f-orbitals [6,8]. 

Fig. 8b shows the temperature dependence of zero-field-cooled (ZFC) 

and field-cooled (FC) magnetization measured at a field of 100 Oe for 

the determination of transition temperature (Tc) of DyCrO4(OB). The ZFC 

and FC curve does not separate in the paramagnetic state and increases 

monotonically with decreasing temperature (T). It was observed that in 

the ZFC curve of DyCrO4(OB), the magnetization value sharply increases 

as the temperature goes to ~21 K (Tc) due to paramagnetic- 

ferromagnetic (PM-FM) transition. A similar PM-FM transition was re- 

ported by Long et al. in solid-state derived bulk DyCrO4 at 23 K [6]. For 

bulk DyCrO4, the neutron diffraction study also shows the transition 

temperature at 23 K [8]. The ZFC and FC magnetization vs temperature 

curves separation shows the domain wall pinning effect. The domain can 

align along the external field direction or in a local anisotropy field di- 

rection if the sample is cooled down from the high temperature with or 

without field. Inset of Fig. 8b shows the derivative of FC magnetization 

concerning temperature reveals the transition temperature Tc of ~21 K, 

which is lower than the reported for the solid-state synthesized bulk 

DyCrO4 [27,60]. The lowering in the transition temperature in sol-gel 

synthesized nanocrystalline DyCrO4 was related to the small size effect 

of the particles; as the particle size decreases, the surface-to-volume 

ratio increases, which results in a larger number of surface electron 

 
spins per unit volume. The electron spin fluctuations became more 

prominent in nanocrystalline particles, causing disordered spin align- 

ments, leading to the reduction in transition temperature as well as 

magnetization [61]. 

4.  Conclusion 

 
The process involved in the synthesis of zircon-type DyCrO4 by hy- 

drolytic sol-gel method in acidic (using oXalic acid) and basic (using 

ammonium solution) mediums was thoroughly discussed. The formation 

mechanism shows the presence of Cr2O3 and Dy2O3 in the gelation step 

of sol-gel as concluded by TGA. After sintering, this Cr2O3 and Dy2O3 

form nanocrystalline DyCrO4, validating the advantage of sol-gel over 

solid-state reaction. When only ammonia solution was used for gel for- 

mation, the DyCrO4 phase crystallized at 500 ◦C, which further con- 

verted to the DyCrO3 at 800 ◦C. The gel formed with only oXalic acid and 

oXalic acid with pH 10 crystallizes to DyCrO4 at the same temperature of 

500 ◦C. In the case of EDTA, the acidic medium gel crystallized the 

DyCrO4 at 600 ◦C, whereas EDTA with pH 10 forms DyCrO4 at 500 ◦C, 

which is lower than that of the acidic medium. The citric acid in the 
acidic as well as in the basic medium gives crystalline DyCrO4 along with 

Cr2O3 as an impurity at a sintering temperature of 500 ◦C. The DyCrO4 

phase decomposed to the DyCrO3 for all complexing agents with 

increased sintering temperature. The crystallite size of DyCrO4 formed 

using oXalic acid and EDTA at pH 10 was determined to be ~ 55 nm. 

TEM shows the hydrocathrus-like morphology for the DyCrO4 samples. 

The binding energy of the valence state of elements present in the 

DyCrO4 differs due to the different surroundings of complexing agents 

used in the acidic and basic mediums during the sol-gel synthesis. The 

magnetic measurements of single-phase DyCrO4 synthesized using 

oXalic acid at pH 10 showed ferromagnetic nature below the transition 

temperature of 21 K, which is less than the previously reported bulk 

DyCrO4 by solid-state synthesis. Thus, the nanocrystalline DyCrO4 syn- 

thesized at a lower sintering temperature (500 ◦C) and in a shorter 

duration (2 h), can be suitable for cryogenic applications such as 

hydrogen liquefaction owing to its lower transition temperature of 21 K. 
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J. Romero De Paz, L.C. Chapon, Zircon to scheelite phase transition induced by 

pressure and magnetism in TbCrO4, Phys. Rev. B Condens. Matter 81 (2010) 1–7, 

https://doi.org/10.1103/PhysRevB.81.174419. 

[24] P.W. Anderson, Antiferromagnetism. Theory of suyerexchange, Phys. Rev. 79 

(1950) 350–356. 

[25] J.B. Goodenough, Theory of the role of covalence in the perovskite-type 

manganites [La,M(II)]MnO3, Phys. Rev. 100 (1955) 564–573, https://doi.org/ 

10.1103/PhysRev.100.564. 

[26] J. Kanamori, Superexchange interaction and symmetry properties of electron 

orbitals, J. Phys. Chem. Solid. 10 (1959) 87–98, https://doi.org/10.1016/0022- 

3697(59)90061-7. 

[27] A. Midya, N. Khan, D. Bhoi, P. Mandal, 3d-4f spin interaction induced giant 

magnetocaloric effect in zircon-type DyCrO4 and HoCrO4 compounds, Appl. Phys. 

Lett. 103 (2013), https://doi.org/10.1063/1.4819768. 
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1 | INTRODUCTION  

 
The development of new experimental methodologies is 

frequently the main impetus for scientific advancement. 

One of the few experimental methods that can identify 

coexisting domains with sizes comparable to the lattice 

constant is Raman spectroscopy. This is because the 

occurrence of structural non-uniformity in the material 

significantly impacts the intensity, shape, and Raman 

peak positions. These include structural  abnormalities 

like dislocations or grain boundaries and point defects 

like vacancies, interstitials, and anti-sites. For several 

materials, it is possible to see distinct variations in 

Raman spectrum characteristics due to changes in com- 

position and doping.1,2 

In this work, the Raman measurements were investi- 

gated thoroughly by considering the rare earth chromate 

system. Rare earth chromates (RCrO4, where R = rare 

earth element) was crystallized in two different polymorphs 

depending on the R involved in the crystal structure. With 

the increasing lanthanide radius, the first R element “La” 

formed a monazite-type structure with monoclinic symme- 

try belonging to space group P21/n (C5h). The monazite- 

type structure has four molecules per unit cell (Z = 4). The 

other R elements, such as Nd, Sm, Eu, Gd, Tb, Dy, Ho, Tm, 

Yb, and Lu, crystallized in a tetragonal zircon-type structure 
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Abstract 

Rare earth chromates (RCrO4) undergo monazite to zircon-type structural 

phase transition due to a decreased rare-earth ion size. They also exhibit an 

intermediate mixed phase. However, there is no systematic study on the influ- 

ence of structural distortion on their phononic behavior, which is quite sensi- 

tive to subtle environmental variations. A change in the room temperature 

phononic spectrum was studied in the family of RCrO4 compounds, where R 

was varied from La to Yb using Raman modes. With an increase in the atomic 

number from Nd to Yb for zircon-type phases, the external translational and 

rotational modes were observed to shift towards lower and higher wavenum- 

bers, respectively. At the same time, all internal vibrational modes shifted 

towards higher phonon energies. A comparison between Raman modes for 

monazite, intermediate, and zircon-type RCrO4 phases showed a gradual shift 

in the internal modes towards a higher wavenumber. The confirmation of the 

change in Raman modes with the decreasing radius was found by comparing 

the rare-earth elements in DyCrO4 and LaCrO4 with non-rare-earth elements 

in YCrO4. 

 
K E Y W O R  DS  

monazite-type, Raman spectroscopy, rare earth chromates (RCrO4), YCrO4, zircon type 

https://doi.org/10.1002/jrs.6542
mailto:p.poddar@ncl.res.in
http://wileyonlinelibrary.com/journal/jrs


 

 

 

with space group I41/amd (Dh19, Z = 4). R = Pr exhibits 

both monazite-type and zircon-type structures for the 

PrCrO4 compound. Many groups tried to obtain PrCrO4 in 

any single-phase form; however, crystallization of PrCrO4 

in any single phase was very difficult.3–6 The phase stabil- 

ity of rare earth chromates depends on the radius of the R 

element in the crystal structure.4 

The crystal structure of monazite-type has two basic 

units: RO9 edge-shared polyhedra and CrO4 tetrahedra. 

In contrast, a tetragonal zircon-type structure has been 

observed with basic units of RO8 dodecahedra or polyhe- 

dra and CrO4 tetrahedra.5–9 The crystal  structures  for 

both monazite-type and zircon-type RCrO4 are shown in 

Figure S1A,B, drawn using VESTA software (version: 

3.1.0). The monoclinic monazite-type structure had a 

higher oxygen coordination number of 9 than the tetrago- 

nal zircon-type structure, with an oxygen coordination 

number of 8.10–17 Monazite and zircon-type structures 

were  observed  to  have  strong  sensitivity  towards  the 

externally applied pressure and temperature. With exter- 

nal pressure, the zircon-type structure deforms into other 

tetragonal scheelite-type structures having larger density 

and lower symmetry. The zircon to scheelite transition 

only involved a noticeable change in the bond angles. 

However, with the application of external temperature, 

an orthorhombic perovskite structure was formed  for 

both the monazite and zircon-type structures.3 

The physical and chemical properties of the materials 

mainly depend on the inherent crystallographic structure, 

which results in the importance of phase control of the 

materials. An extensive investigation of the magnetic prop- 

erties of most of the RCrO4 was studied by considering the 

rare valence state of chromium “+5.”3–5,10,11,15,18–20 The 

RCrO4 compounds were good candidates to study 3d-4f 

interaction and magnetocaloric effect (MCE) at low tem- 

peratures, as both the sublattices are ordered at this 

temperature.3–7 The co-structural compounds such as 

RPO4 and RVO4 were studied for the structural changes 

using Raman modes at room temperature and with pres- 

sure variation. First, the RPO4 compounds were studied for 

the lattice vibration in the structure. The structural pack- 

ing of (PO4)3— ions was observed in these compounds for 

the lanthanide series. However, the same closer packing of 

(VO4)3— ion was also studied in the RVO4 compounds.21,22 

Aoki et al.13 conducted the initial Raman study at room 

temperature with LaCrO4 and NdCrO4. LaCrO4 has a 

monoclinic monazite-type structure, and NdCrO4 has a 

tetragonal zircon-type structure. The vibrational structures 

of these compounds were analyzed using Raman spectros- 

copy, which was affected due to the CrO4 tetrahedra sym- 

metry. Further, with pressure-dependent Raman spectra, 

Long et al.23 reported the Raman study at room tempera- 

ture for DyCrO4 and NdCrO4. They observed eight Raman 

modes in their work. The phase transition from zircon to 

the scheelite-type structure was investigated with Raman 

modes. The rest of the RCrO4 compounds (except R = La, 

Nd, and Dy) have not been studied yet. The R-site element 

in RCrO4 compounds determines the crystallization struc- 

ture. So the different R-site elements create structural 

changes in these compounds, which have not been investi- 

gated so far. The reported synthesis method for these com- 

pounds was a solid-state reaction method with the 

drawback of having an impurity phase in the obtained 

mixture. Thus, there is a need to synthesize the single- 

phase RCrO4 compounds and re-investigate their physical 

and chemical properties.3,6,7,24,25 

The present study shows the  room-temperature 

Raman spectra for monoclinic monazite-type LaCrO4, 

intermediate PrCrO4, and tetragonal zircon-type  RCrO4 

(R = Nd, Sm, Gd, Dy, Ho, Er, Tm, and Yb) phases. The 

effect of R-site element size on the Raman modes of 

RCrO4 was investigated, as it gives the structural phase 

transition from monazite to zircon-type structure with an 

increase in the size of rare earth elements. The compara- 

tive study for the Raman spectra of different structures as 

well as Dy, La as rare earth elements, and Y as non-rare 

earth elements present at the R-site in RCrO4 compounds 

was also observed. Y is the next adjacent element to lan- 

thanide from the d-block (group 3). It has similar chemi- 

cal properties as that of lanthanides, but the radius 

contraction may differ in this element. So YCrO4 was 

introduced in the Raman study along with the RCrO4 sys- 

tem to determine the contraction effect on the structure. 

Further, the Raman study extended to changes in the 

Raman modes of DyCrO4 by substituting Dy with Sm in 

some percentages forming the SmxDy1.3-xCrO4 system. 

The Sm has a larger atomic radius and smaller atomic 

number than Dy. So the effect of a larger atomic radius 

element substitution in place of a smaller one was inves- 

tigated in this system. 

 
 

2 | EXPERIMENT  
 

2.1 | Sample preparation 

 
The polycrystalline samples of the monazite-type LaCrO4 

and zircon-type RCrO4 (R = Nd, Sm, Gd, Dy, Ho, Er, 

Tm, Yb) and YCrO4 were synthesized using a hydrolytic 

sol–gel synthesis method. As mentioned in our previous 

work,  the  reaction  sequence  was  followed  to  prepare 

RCrO4 compounds.26 The starting materials of R (III) 

nitrate hydrate (R [NO3]3. H2O, Aldrich, 99.9% metal 

basis), chromium nitrate (Cr [NO3]3, Aldrich, 99.9%), and 

oxalic acid (H2C2O4. 2H2O, Merck, 99.5%) were used. The 

ratio of the precursors was taken as R: Cr = 1:1 except 
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for R = Dy. The DyCrO4 single phase was found with a 

higher concentration of Dy (NO3)3 as compared to other R 

elements. First, to synthesize LaCrO4, the precursor's La 

(NO3)3, Cr (NO3)3, and oxalic acid were dissolved in de- 

ionized water separately. The homogeneous solution was 

obtained by stirring all three aqueous solutions in one bea- 

ker. The pH of the homogeneous solution was raised to 

~10 by adding 30% ammonia solution drop-wise. The mix- 

ture was then stirred at ~30◦C for 3 h, which resulted in a 

sol formation. The obtained sol was heated at 80◦C and 

formed the gel. The gel form of the sample is heated, so 

the water gets evaporated and converted into the dried gel. 

The dried gel was sintered at 600◦C for 2 h to obtain the 

expected phase. The same procedure was repeated to pre- 

pare zircon-type RCrO4 (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, 

Yb) and YCrO4, intermediate PrCrO4 and SmxDy1.3-xCrO4 

system by taking respective precursor salts. Further, to 

observe the effect of the longer atomic radius of Sm in 

place of the smaller atomic radius of Dy on Raman scatter- 

ing, the samples were prepared by substituting Sm in place 

of Dy in DyCrO4. Sm concentration was taken as x = 0.3, 

0.7, and 1 for the replacement of Dy in SmxDy1.3-xCrO4, as 

the single-phase of DyCrO4 was obtained with a molar 

ratio of 1.3:1 (Dy:Cr). 

 
 

2.2 | Characterization  techniques 

 
The crystallinity and phase purity of the samples were 

confirmed by X-ray diffraction (XRD) using a PANalyti- 

cal X'PERT PRO instrument. The X-ray source was the 

iron-filtered Cu Kα radiation of wavelength 1.54 Å with a 

diffraction angle (2θ) varied in the range of 10–80◦ with a 

step size of 0.013◦. Room-temperature Raman spectra 

were obtained from HR-800 Raman spectrophotometer 

(Jobin Yvon-Horiba, France) with a He-Ne laser of wave- 

length 633 nm, of 20 mW power. The Raman instrument 

was equipped with a thermoelectrically cooled (with Pel- 

tier junctions), multi-channel, spectroscopic-grade CCD 

detector (1,024 × 256 pixels of 26 μm). An objective of 

50 XLD magnification was used to focus and collect the 

signal from the powder sample dispersed on a glass slide. 

 
 

3 | RESULTS AND DISCUSSION  
 

3.1 | X-ray diffraction analysis 

 
The XRD patterns show  that at a sintering  temperature 

of 600◦C, LaCrO4 crystallized in a monazite-type struc- 

ture, as shown in Figure S2 (JCPDS card number [89-

0448]). However, PrCrO4 (sintered at 600◦C) shows the 

coexistence of both zircon [JCPDS card number 

74-1243] and monazite [JCPDS card number 35-1289] 

phases (Figure S2), with the zircon phase forming the 

major fraction. Even after optimization of reaction condi- 

tions, the efforts to obtain the single-phase PrCrO4 did not 

get success with the hydrolytic sol–gel method. The other 

RCrO4 phases (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) and 

YCrO4 crystallized in the zircon-type after sintering at 

600◦C (Figure S2). The Rietveld refinement using FullProf 

software confirms the single phase, as shown in Figure S3. 

When the JCPDS data of the zircon-type structures of 

RCrO4 compounds were piled together, it showed a system- 

atic shift in the 2θ position (Figure S4A) towards higher 

angles while going from NdCrO4 to YbCrO4, which shows 

the decrease in the lattice parameters. A similar shift in the 

2θ position was also observed in XRD data of as- 

synthesized samples, as shown in Figure S4B. The shift in 

the 2θ towards the higher values shows the contraction in 

the lattice.27,28 The lattice gets contracted with the increas- 

ing atomic number and decreasing atomic size (radius). 

The RCrO4 structure is affected by changing the R-site 

from Nd to Yb in the zircon-type structure. The powder 

XRD measurements  on  SmxDy1.3-xCrO4  series,  with 

x = 0.3, 0.7, and 1 (Figure S6), show that no structural 

phase transition was observed when the ratio Sm/Dy was 

altered from the parent structures (SmCrO4 and DyCrO4), 

which both crystallize in the zircon-type structure. 

 
 

3.2 | Room temperature Raman spectra 

 
According to group theory analysis, the monoclinic 

monazite-type structure exhibits 69 optical modes repre- 

sented as29,30 

 

Γ ¼ 16Bu þ 17Au þ 18Ag þ 18Bg: 

Among   that,  36  modes   are  Raman   active,  and 

33 modes are IR-active: 

 

Γ ¼ 18Ag þ 18Bg, 

Γ ¼ 16Bu þ 17Au: 

 
The tetragonal zircon-type structure has 33 optical 

modes from group theory  prediction.  Among  these 

33 optical modes, 12 are Raman active.21–23,29,31 

 
Γ ¼ A1gðν1, ν2Þ þ B1g ð2T, ν3, ν4Þ þ B2gðν2Þ 

þ Egð2T, R, ν3, ν4Þ: 

The vibrational spectra of the monazite-type and 

zircon-type structures were divided into two modes: 
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(1) internal modes (ν1–ν4), which are associated with 

CrO4 tetrahedron and can be further divided into bend- 

ing and stretching modes, and (2) external modes can be 

classified as translational (T)- and rotational (R)-like 

modes that involve the movement of both R element and 

CrO4 ions.29,30 

Recorded room-temperature Raman spectra show the 

different modes correlated with the structural change, 

illustrating the structural phase transition in RCrO4 com- 

pounds from monazite to zircon-type structure as the 

rare-earth ions radius decreases from Lu to Yb, as 

observed in the XRD measurements. In this experiment, 

11 modes with measurable intensity were observed in the 

Raman spectra of the monazite-type LaCrO4 (Figure 1). 

Out of the 11 modes listed in Table S1, 10 modes were 

correlated with the previously reported LaCrO4.13,29 The 

absence of other Raman modes could be due to their 

small Raman scattering cross-section and the overlapping 

of many Ag and Bg modes. The intermediate zircon and 

monazite-type PrCrO4 show 14 measurable intensity 

peaks, but only eight vibrational modes were correlated 

 

 
 

 
FIGURE 1 The room temperature Raman spectra for 

monazite-type LaCrO4, mixed monazite, and zircon-type PrCrO4 in 

the frequency range 100–1,100 cm—1 

with the reported constructures (Figure 1).30 These 

assigned modes show the zircon-type as well as the 

monazite-type structure of PrCrO4. The maximum modes 

were related to the zircon-type structure, which means 

the zircon phase was the major one in the mixture of 

PrCrO4. One external (R [Eg]) and five internal (ν2[B1g], 

ν2[A1g], ν4[B], ν3[B1g], and ν1[A1g]) modes were observed 

for the zircon-type PrCrO4; at the same time, four Ag 

modes were listed in the monazite-type PrCrO4. The 

Raman wavenumbers assigned with the modes for 

LaCrO4 and PrCrO4 are listed in Table S1. 

Figure 2A shows room temperature Raman spectra 

for zircon-type RCrO4 (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, 

and Yb) compounds from 100–1,100 cm—1 wavenumber 

range. The external modes for zircon-type RCrO4 were 

reported from the 100–200 cm—1 wavenumber range. 

Three external modes were observed in this lower wave- 

number region, as shown in Figure 2B. The external 

translational (T [Eg]) and rotational (R [Eg]) modes split 

into two separate modes as the atomic radius of the R 

(rR) decreased in zircon-type RCrO4. The two transla- 

tional T (Bg) and T (Eg) modes shifted to lower wavenum- 

ber towards the left side as the atomic radius decreased 

and the atomic number increased from Nd-Yb. This ten- 

dency was ostensibly compensated for as a mass effect 

(harmonic approximation remains valid). In comparison, 

the R (Eg) mode shifted to the higher energy related to 

the lanthanide contraction.21,22 The shift in the external 

modes was denoted by the dotted line in Figure 2B; as 

even the atomic number rises, the energy of the R-atomic 

ion's orbital drops. Consequently, the stronger the inter- 

action force constant between R and CrO4 is, the smaller 

the energy difference is, which accounts for the shift in 

frequency of the internal modes and the decline in the 

R-O bond distance.21,22 

The internal vibrational modes for the RCrO4 were 

recorded from 200 to 1,000 cm—1. In the first two internal 

modes, ν2(B2g) and ν2(A1g), symmetric bending modes 

were   observed   in   the   wavenumber   range   of  200– 

400 cm—1 (Figure 3A). The antisymmetric bending mode 

ν4(B1g) was located at ~456 cm—1 for the NdCrO4, which 

was shifted to the right towards a higher wavenumber 

region with the increasing atomic number and decreasing 

atomic radius, as shown in Figure 3B. The antisymmetric 

stretching (ν3[B1g] and ν3[Eg]) with symmetric stretching 

(ν1[A1g]) modes were observed in the higher wavenum- 

ber region from 700–1,000 cm—1, shown in Figure 3B. All 

observed  internal  modes  in  zircon-type  RCrO4  com- 

pounds were shifted to a higher wavenumber (right shift) 

as the atomic number increased (rR decreases) from Nd 

to Yb (shown in the dotted line in Figure 3). This ten- 

dency was attributed to  the  lanthanide  contraction, 

which causes the lanthanide atomic radii to shrink as the 
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FIGURE 2 (A) The Raman spectra 

at room temperature from the frequency 

range 100–1,100 cm—1 and (B) external 

vibrational modes of Raman spectra for 

zircon-type RCrO4 compounds (R = Nd, 

Sm, Gd, Dy, Ho, Er, Tm, Yb) in 100– 

200 cm—1 frequency range. The dotted 

line shows the shift in the Raman 

modes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3 Internal vibrational 

modes of Raman spectra recorded at 

room temperature in zircon-type RCrO4 

(R = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) 

compounds in the frequency range 

(A) 100–400 cm—1 and (B) 400– 

1,000 cm—1. The shaded portion and 

dotted line reveal the Raman 

frequencies and shift in the Raman 

modes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
lanthanide atomic number grows and the energy of the 

atomic orbital drops, starting with Nd-Yb. The interac- 

tion force constant across R and CrO4 is correlated with 

this energy differential. The stronger interaction force 

constant is produced as a result of the lower energy dif- 

ferential. Additionally, this causes the R-O bond length 

to decrease and the wavenumber of an internal mode to 

increase.21,22 The RCrO4 shows many peaks in the 

 
Raman spectra. The modes were assigned to RCrO4 com- 

binations by correlating with the reported vibrational 

spectra of RVO4 and RPO4. This work observed 9, 10, 

8, 8, 8, 4, 6, and 5 Raman modes for NdCrO4, SmCrO4, 

GdCrO4, DyCrO4, HoCrO4, ErCrO4, TmCrO4, and 

YbCrO4, respectively. In addition, some weak modes 

probably overlapped in the compounds, which is why we 

cannot discern them in our work. The modes observed 
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TABLE 1 At room temperature, internal and external Raman modes are listed for zircon-type RCrO4 (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, 

and Yb) and YCrO4. 

External modes (cm—1) Internal modes (cm—1) 

Compounds Eg B1g Eg Eg B1g 
 ν2(B2g) ν2(A1g) ν4(B1g) ν3(B1g) ν2(B1g) ν3(Eg) ν1(A1g) 

NdCrO4 - 123 144 152 -  215 289 456 717 - 776 846 

SmCrO4 110 122 143 157 -  238 311 466 712 - 780 850 

GdCrO4 111 - 142 160 -  255 326 478 720 - - 855 

DyCrO4 - 117 142 163 -  268 340 489 810 - - 860 

HoCrO4 - 114 141 158 -  266 367 489 805 - - 853 

ErCrO4 - 114 141 163 -  - 377 - - - - - 

TmCrO4 - 114 142 165 -  - - 501 826 - - 868 

YbCrO4 - 111 141 161 -  - - - 821 - - 867 

YCrO4 - 150 186 278 -  - 337 488 805 - - 856 

 

 
 

for ErCrO4 in the higher wavenumber region from 200 to 

1,000 cm—1 cannot be assigned as the peaks are not 

matched with the reported data. Table 1 shows the 

Raman wavenumbers assigned with the modes for zircon-

type RCrO4 (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) and 

YCrO4. 

It is interesting to show how the Raman modes of 

zircon-type RCrO4 (R = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) 

vary as a function of the radii of the lanthanide ion (rR) 

to classify the data logically. Figure S5A,B presents the 

graphs of detected external and internal modes versus 

radii of R3+ lanthanide ions, respectively. The obtained 

external modes show the random increase or decrease in 

the Raman modes with increasing rR,  as  shown  in 

Figure S5A. However, Figure S5B shows the general 

trend of decreasing wavenumbers with rising rR in the 

internal modes correlated with the rise of bond lengths. 

As can be observed, each Raman mode has a consider- 

ably different rR-dependent shift in wavenumber. 

The R3+ ions inside the RO8 dodecahedron gradually 

shrink from Pr3+ to Yb3+ as the size of the rare earth 

decreases. The size of a CrO4 tetrahedra also grows con- 

currently. As a result, as the RCrO4 series of oxides grow, 

the Cr-O bond length expands, and the bonds weaken. 

The stronger bonds, on the other hand, have a  more 

acidic Lewis character and a greater attraction for elec- 

trons since the R-O bond length decreases during the 

series. Due to the lanthanide contraction in zircon-type 

RCrO4 compounds, the ionic radii of the rare earth are 

reduced from Pr to Yb, which causes a linear decline in 

the a and c lattice parameters of these phases.10,11,32 

The Raman measurements further extend to the com- 

parative study between rare-earth (Dy and La) and non- 

rare earth (Y) elements in RCrO4 at R-site and for differ- 

ent structures such as zircon, monazite, and mixed 

 

RCrO4 compounds. The comparison between rare-earth 

and Y in RCrO4 combinations shows the shift in the 

Raman peaks, as shown in Figure 4A. The highlighted 

portion in Figure 4A shows the peak position for ν1(A1g) 

mode. The intense high rise of symmetric  stretching 

mode ν1(A1g) (internal mode related to motion in CrO4 

tetrahedra)   for   zircon-type   DyCrO4   is   located   at 

~860 cm—1.   The   exact   mode   was   positioned   at 

~832 cm—1 for monazite-type LaCrO4 and ~856 cm—1 for 

zircon-type YCrO4. So, comparing the Dy and La (rare 

earth) and Y (non-rare earth) elements in the  structure, 

the highest intensity mode ν1(A1g) is located at a lower 

wavenumber in YCrO4 due to the larger Y-O bond length 

than Dy-O in the zircon-type DyCrO4 structure. In con- 

trast, ν1(A1g) mode in the LaCrO4 is located at the middle 

position as that of DyCrO4 and YCrO4, as the crystal 

structure changes the wavenumber of Raman modes. 

Figure 4B compares the Raman modes in the differ- 

ent crystal structures. The ν1(A1g) mode of monazite-type 

LaCrO4 (at ~832 cm—1) is lower than that of zircon-type 

NdCrO4 (at ~846 cm—1). The ν1(A1g) mode relates to the 

CrO4 unit in monazite-type and zircon-type crystal struc- 

tures. The comparison between the common modes gives 

us the distortion in the structure related to the R-O bond 

distance. The PrCrO4 containing monazite and zircon- 

type   structures   shows   various   modes   in   the   800– 

1,000 cm—1  frequency  range  associated  with  the  CrO4 
bonding.29,30 

Based on group theory analysis, the internal modes at 

lower wavenumber range were apparently associated to 

the Sm or Dy motion, in which a simplified zircon-type 

structure is thought to be formed of two sublattices of Sm 

or Dy and CrO4 “molecules.”29,30 In comparison, CrO4 

motion was connected to the latter modes at a greater 

wavenumber      range      (external      modes).      Raman 
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FIGURE 4 Raman spectra for 

(A) rare-earth-based RCrO4 (R = Dy, 

La) and non-rare earth-based YCrO4 

compounds and (B) rare-earth-based 

RCrO4 compounds with the different 

crystal structures (zircon-type and 

monazite-type). Highlighted portion in 

both figures shows the peak position of 

ν1(A1g) mode. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

FIGURE 5 A comparison between recorded Raman spectra for 

zircon-type SmxDy1.3-xCrO4 (x = 0, 0.3, 0.7, 1). The shaded portion 

shows the Raman shift for ν1(A1g) mode 

 
 

spectroscopy is a useful instrument for examining the 

consequences of structural abnormalities, as was already 

 
mentioned. A perfect crystal's first-order Raman phonon 

spectrum is composed of small lines that correlate to the 

Raman-allowed zone center and follow specific polariza- 

tion selection rules. However, in the case of disordered 

crystals, the phonon spectrum is expected to exhibit the 

following characteristics: (i) a broadening of the first- 

order Raman lines; (ii) the activation of  prohibited 

Raman phonons; (iii) the emergence of broad Raman 

bands indicating the phonon density of states; and 

(iv) frequency shifting of certain peaks proportional  to 

the amount of the dopant element (i.e., one-phonon-like 

and two-phonon-like behavior).33 

In this study, the newly synthesized materials were 

studied using Raman measurements. The Dy was 

substituted with Sm in zircon-type DyCrO4, and the effect 

of substitution was  studied  using  Raman  spectra 

(Figure 5). The zircon-type DyCrO4 was substituted with 

x = 0.3, 0.7, 1 and compared with single-phase DyCrO4 

and SmCrO4. The intensity of the Raman peaks in the 

samples x = 0.3 and 0.7 was greater as compared to the 

other samples. The Raman spectra observed extra peaks 

for x = 0.3 and 0.7. The most intense ν1(Ag) peak for pure 

DyCrO4 was found at ~847 cm—1, which is somewhat at 

the lowest wavenumber as the previously measured 

DyCrO4. The peak position shift was observed when Dy 

was substituted in zircon-type DyCrO4 by Sm. The 

intense peak ν1(Ag) shifted to a lower wavenumber for 

SmxDy1.3-xCrO4 (x = 0.7), with a broadening in the line 

width. However, for x = 1, the ν1(Ag) mode splits into 

two peaks. The peak position may relate to the single- 

phase SmCrO4 and DyCrO4, which reveals the vibration 

of the CrO4 group in both structures, indicating two 

phonons-like  behavior.  The  substitution  of  Sm  with 
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x = 0.3 and x = 1 shows the lower shift in the ν1(Ag) 

mode compared to the Sm substitution with x = 0.7. The 

broadening of the Raman peaks was observed in the 

SmxDy1.3-xCrO4 system as the percentage of Sm substitu- 

tion was raised. And that is why it is difficult  to record 

the phonon frequency of the samples accurately. Internal 

ν2(Bg), ν4(Bg), ν1(Ag), and ν3 modes shifted to lower wave- 

number because of the effects of lanthanide contraction 

as discussed for the zircon-type RCrO4. At the same time, 

the external mode T(B1g) shifted to a higher wavenum- 

ber, whereas T (Eg) shows randomly increased and 

decreased  Raman  wavenumber.  The  shifting  in  the 

higher   wavenumber   confirmed   the   mass   effect— 
validation of harmonic approximation.21,22 The  same 

trend for external and internal modes was observed with 

the zircon-type RCrO4 changing with the R-site from Nd 

-Yb. The wavenumbers assigned to the Raman modes are 

listed in Table S2. 

 
 

4 | CONCLUSION 
 

The entire series of compounds –RCrO4 (R = La, Pr, Nd, 

Sm, Gd, Dy, Ho, Er, Tm, Yb) and YCrO4 were synthe- 

sized using the hydrolytic sol–gel method. The RCrO4 

(R = Nd, Sm, Gd, Dy, Ho, Er, Tm, Yb) and YCrO4 crys- 

tallized in zircon-type, while LaCrO4 forms monazite 

type. On the other hand, PrCrO4 showed the coexistence 

of both the polymorphs, that is, zircon-type and 

monazite-type structures at 600◦C. So these compounds 

experience the structural phase transition from monazite 

to zircon-type because of decreased lanthanide ion size 

from La to Lu. Again, the room-temperature Raman 

spectra of RCrO4 also show the structural phase transi- 

tion with different Raman modes correlated with the 

structural change. The Raman study of  zircon-type 

RCrO4 compounds concludes that the external Raman 

modes T (Bg) and T (Eg) shifted to a lower wavenumber 

from Nd-Yb. However, R (Eg) and internal modes moved 

to higher energy as the atomic radius decreased and the 

atomic number increased from Nd-Yb. The radii- 

dependent wavenumber study of zircon-type RCrO4 com- 

pounds shows a decrease in the Raman wavenumbers 

with increased rR. A comparison between DyCrO4, 

LaCrO4 (rare-earth) and YCrO4 (non-rare earth) shows 

the lower wavenumber of ν1 (A1g) mode for YCrO4 com- 

pared to the other two compounds. The structural com- 

parison reveals the ν1 (A1g) mode at a lower wavenumber 

in the monazite-type structure than in the zircon-type 

structure. The substitution of Sm in the DyCrO4 host 

shifted the internal Raman modes (ν2[B1g],  ν2[A1g], 

ν4[B1], ν3, and ν1[A1g]) to the lower wavenumber region. 

The shift towards the higher wavenumber is related to 

the mass effect, whereas the lower wavenumber shift 

counters the lanthanide contraction in the samples going 

from Nd-Yb in the RCrO4 system. 
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R. Sáez-Puche, Solid State Sci. 2007, 9, 574. 

[20] K. Tezuka, Y. Hinatsu, J. Solid State Chem. 2001, 160, 362. 

[21] C. C. Santos, E. N. Silva, A. P. Ayala, I. Guedes, P. S. Pizani, 

C. K. Loong, L. A. Boatner, J. Appl. Phys. 2007, 101, 053511. 

8 UGHADE and PODDAR 

1
0

9
7

4
5

5
5

, 0
, D

o
w

n
lo

ad
e
d

 fro
m

 h
ttp

s://an
aly

ticalscie
n

cejo
u

rn
als.o

n
lin

elib
rary

.w
ile

y
.c

o
m

/d
o

i/1
0

.1
0

0
2

/jrs.6
5

4
2

 b
y
 N

atio
n

al C
h

em
ical L

a
b
o
rato

ry
, W

ile
y

 O
n
lin

e L
ib

rary
 o

n
 [1

7
/0

5
/2

0
2

3
]. S

ee
 th

e T
e
rm

s an
d

 C
o

n
d
itio

n
s (h

ttp
s://o

n
lin

elib
ra

ry
.w

ile
y
.c

o
m

/term
s-an

d
-c

o
n

d
itio

n
s) o

n
 W

ile
y

 O
n

lin
e L

ib
ra

ry
 fo

r ru
le

s o
f u

se; O
A

 articles are g
o

v
e
rn

ed
 b

y
 th

e a
p

p
lica

b
le

 C
reativ

e C
o
m

m
o

n
s L

ic
en

se
 

https://orcid.org/0000-0002-2273-588X


 

 

How to cite this article: S. Ughade, P. Poddar, 

J Raman Spectrosc 2023, 1. https://doi.org/10.1002/ 

jrs.6542 

 
[22] G. M. Begun, G. W. Beall, L. A. Boatner, W. J. Gregor, 

J. Raman Spectrosc. 1981, 11, 273. 

[23] Y. W. Long, L. X. Yang, Y. Yu, F. Y. Li, Y. X. Lu, R. C. Yu, 

Y. L. Liu, C. Q. Jin, J. Appl. Phys. 2008, 103, 093542. 
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