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ABSTRACT 

         Metal eutectic fluxes are useful for exploratory synthesis of rare earth intermetallics. In this 

work, the use of rare earth/transition metal eutectics such as: Nd/Co, Pr/Co, Ce/Co, Nd/Ni and 

Sm/Ni have yielded many structually and magnetically complex phases, which also help us to to 

gain better understanding of reactivity trends of various elements in the flux.  

         The intermetallic compounds R2Co2SiC (R = Pr, Nd) were prepared from the reaction of 

silicon and carbon in either Pr/Co or Nd/Co eutectic flux. These phases crystallize with a new 

structure type in orthorhombic space group Immm, with unit cell parameters a = 3.978(4) Å, b = 

6.094(5) Å, c = 8.903(8) Å (Z = 2; R1 = 0.0302) for Nd2Co2SiC. Silicon, cobalt, and carbon 

atoms are connected with each other to build up two-dimensional flat sheets which are separated 

by puckered layers of rare-earth cations.  Magnetic susceptibility measurements indicate that the 

rare earth cations in both analogs order ferromagnetically at low temperature (TC = 10 K for 

both).  Single crystal neutron diffraction data for Nd2Co2SiC indicates this ordering occurs in 

two steps.     

           Crystals of two new germanide intermetallic compounds were grown from Nd/Co or 

Pr/Co eutectic flux. The crystal structure of Nd8Co4-xAlxGe2C3 (Pbcm, a=8.00Å, 

b=11.71Å,c=15.07Å; Z=4, R1=0.0261) features germanium centered neodymium clusters 

Ge@Nd9 capped with Co and C atoms which form infinite zigzag chains. Magnetic 

susceptibility measurements indicate the Nd ions order at 50K. Magnetic anisotropy studies 

show the Nd3+ magnetic moments tend to align ferrimagnetically along the c axis. The phase 

RE6Co5Ge1+xAl3-x (RE=Pr, Nd) crystallizes with the Nd6Co5Ge2.2 structure type in hexagonal 

space group P-6m2 (a = 9.203(2)Å, c = 4.202(1) Å, R1 =  0.0109 for Pr6Co5Ge1.80Al2.20; and  a = 

9.170(3) Å,   c = 4.195(1) Å, R1 = 0.0129 for  Nd6Co5Ge1.74Al2.26), featuring chains of face-

sharing Ge@RE9 clusters intersecting hexagonal cobalt nets linked by aluminum atoms. 

Magnetic susceptibility measurements indicate that both phases exhibit ferromagnetic ordering 

of the cobalt layers with TC in the range of 130-140K, and the rare earth ions order at low 

temperature (30-40K). The magnetic measurements on oriented crystals of Nd6Co5Ge1.74Al2.26 

show a strong preference of the Co moments to order along the c-axis.  
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          A cerium cobalt borocarbide compound, Ce10Co2.75B11.5C10(triclinic, P-1, a = 8.5131(5)Å, 

b = 8.5144(5)Å, c = 13.5709(7)Å, α = 100.870(1)°, β = 93.677(1)°, γ = 90.041(1)°, Z = 2, R1 = 

0.0293) was grown as large crystals from reactions of boron and carbon in cerium/cobalt eutectic 

melts.  The structure of the cerium-rich product features Co4 squares capped by borocarbide 

chains.  Magnetic studies show a ferromagnetic transition at 10 K and also indicate fluctuating 

cerium valence.   

          The magnetic behavior is dependent on the extent of T-T bonding in these structures, with 

isolated transition metal sites or small transition metal clusters being non-magnetic such as Co 

dimers in Nd2Co2SiC (RE=Pr, Nd), Co chains in Nd8Co4-xAlxGe2C3 and Co squares in 

Ce10Co2.75B11.5C10, with larger clusters exhibiting a magnetic moment and ordering such as the 

hexagonal Co layers in RE6Co5Ge1+xAl3-x (RE=Pr, Nd). 
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CHAPTER 1 

INTRODUCTION TO METAL FLUX SYNTHESIS 

 
1.1 Metal Flux Synthesis 

         Metal flux synthesis involves the use of an excess of a low melting metal as a solvent for 

the growth of intermetallic compounds[1]. This technique has proven to be very useful for 

exploratory synthesis of new materials in the form of large single crystals; reactants dissolve in 

the molten bath and products crystallize as the flux is slowly cooled to its freezing point. A metal 

can be considered as a solvent for flux growth based on the following criteria: the metal should 

melt at low temperatures with a large difference between its melting and boiling points, the 

excess flux should be easily removed by mechanical filtration or by chemical means, and the flux 

metal should either not form stable binary products with the reactants (behaving as an inert 

solvent), or it should be a desired component to incorporate into the products (if it behaves as a 

reactive solvent). Following is the table to compare Metal flux Synthesis with Traditional Solid 

State Synthesis and a list of crucibles for metal melts[2]: 

 

Table 1.1 Metal flux synthesis vs. Traditional solid state synthesis 

        

       Traditional solid state synthesis 

 

Metal flux synthesis 

� Reactants are mixed 

� Pellet pressed or  arc-melted in the   

welding box (if necessary) 

� Loaded in suitable crucibles 

� Heated in a furnace (>1000℃) 

� Result in polycrystalline products 

 

� Solution phase growth 

� Production of metastable phases and 

single  crystals 

� Good for exploratory synthesis 
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Table 1.2 A list of appropriate crucibles for the metal melts of choice: 

Metal 

 

Container 

Alkali metals 
Alkaline earth metals 
Al, Ga 
Mg 
Cu, Ag, Au 
Fe, Co, Ni 
Zn, Cd, Hg 
In 
Rare earths 
Bi, Sn 
Sb 

Ta, steel 
Ta, graphite for Ba, steel 
Al2O3, MgO, BeO 
MgO, Ta, graphite or steel 
Graphite, MgO, Al2O3, Ta 
Al2O3, ZrO2, ThO2 
Al2O3 
Al2O3, Ta 
Ta, Mo, W, BeO 
Al2O3, SiO2, graphite 
SiO2, graphite 

 

1.2 Eutectic Fluxes  

         A eutectic is a combination of two elements combined in a specific ratio which form a low 

melting mixture. A low melting eutectic can be easily centrifuged without having to heat the 

centrifuge itself. Eutectics were chosen on the basis of their constituent atoms, the physical and 

chemical properties of interest, as well as a low melting point (below 700°C). Using binary 

fluxes composed of two metal elements in large amounts can not only lower the melting point, 

but also turn out to be a good way to introduce additional complexity since one or both of the 

flux metals may act as reactants and be incorporated into the products. Rare-earth elements such 

as Ce, Pr, and Nd, are of interest for their magnetic properties when combined with a late first 

row transition metal such as Co, Fe, and Ni, but using these metals independently is impractical 

because of the high melting points of the individual elements. In this work, rare-earth/transition 

metal (R/T; R=Ce, Pr, Nd; T= Fe, Ni, Co) fluxes are used to target the synthesis of magnetic 

intermetallic phases. In previous research, La/Ni and Ce/Ni eutectics were used for the synthesis 

of many new intermetallic phases such as La21Fe8Sn7C12 and Ce33Fe13-xAlxB18C34 (x<0.1)[3, 4]. 

Ce, Pr, and Nd- rich fluxes are being explored since they contain paramagnetic rare earth ions, 

which may lead to formation of phases with interesting magnetic properties deriving from both 

the transition metal and the rare earth ion. Initial reactions of main group elements in Pr/Co 

eutectic (66% Pr, mp 541°C) and Nd/Co eutectic (64% Nd, mp 566 °C) have produced several 

phases of interest[5].  Reactions in other R/T eutectics will be explored in a similar vein. 
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Table 1.3 Rare-earth/transition metal compositions utilized for intermetallic synthesis. 

Rare Earth/Transition Metal % Rare Earth Melting point ºC 

La/Co 
La/Ni 
Ce/Fe 
Ce/Co 
Ce/Ni 
Pr/Co 
Pr/Ni 
Pr/Fe 
Sm/Ni 

69 
67 
83 
76 
78 
66 
81 
79 
63 

500 
517 
592 
424 
477 
541 
460 
620 
590 

 

1.3 Nd-based Binary Fluxes  

         In this research, Nd/Co was the most common eutectic used for exploratory synthesis. The  

melting points of both Nd and Co are very high, but when combined in a 64:36 Nd/Co ratio, the 

melting point can be lowered to 566°C[5]. This contributes to the easy centrifugation of the 

eutectic flux at 600-700℃ . Figure1.1 depicts the phase diagram of Nd/Co eutectic. Nd/Co 

mixtures are particularly good solvents for the formation of complex intermetallic phases, such 

as Nd2Co2SiC, Nd6Co5Ge1+xAl3-x and Nd8Co4-xAlxGe2C3[6].Also the large crystal size enabled 

the study of the physical properties of this phase. As a very reducing media, the Nd/Co flux 

might be suitable for dissolving oxidizing p-block elements and forming stable multinary phases. 

 

Figure 1.1 Phase diagram for Nd/Co 
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1.4 Magnetic Intermetallics 

      Binary and ternary intermetallic compounds based on rare earth elements (RE) in 

combination with late transition metals (T) have been actively investigated for their interesting 

magnetic properties.[7, 8]  Some of these magnetic materials have been widely used in computer 

hard drives and electric motors such as the current leading materials SmCo5 and Nd2Fe14B which 

feature very high remanence and high coercive field.[7, 9] The complex and interesting magnetic 

nature of these intermetallics can be ascribed to the magnetic moments of localized unpaired 

electrons on the rare earth ions coupled with the itinerant electron magnetism of the transition 

metals in the compound. [10] 

The magnetic behavior of the transition metal in RE/T/M/M’ compounds is dependent on 

the extent of T-T bonding in the structure. The extensive T-T bonding which results in partially 

filled d-bands at the Fermi level can cause spin polarization, the spin polarization furthermore 

leads to a magnetic moment on transition metal. For example, isolated transition metal sites or 

small transition metal clusters in intermetallics such as Nd1Co1Ge3, Nd1Co1C2 and R2Co2SiC 

(R=Pr, Nd) tend to be non-magnetic, but phases containing larger transition metal building 

blocks,[6, 13, 14] such as the Fe13 clusters in Ce33Fe13B18C34[4] and the hexagonal Con sheets in  

RE6Co5Ge1+xAl3-x (RE=Pr, Nd) will have strong magnetic moments on the transition metal 

atoms, and might even exhibit unusual magnetic phenomena such as multiple ordering 

transitions or spin glass behavior.  

1.5 Metal Borides, Carbides and Corocarbides 

           Metal borides and carbides have been extensively explored due to their complex 

structures and unique properties.  Many of these compounds are in commercial use; for instance, 

LaB6 is a common electron gun in scanning electron microscopes, tungsten carbides and silicon 

carbides are used as abrasives and cutting tools, and boron carbide is used as lightweight armor 

material[15].  Borides and carbides containing both a rare earth element and a transition metal 

are of particular interest because of the complex magnetic behavior that can result, exemplified 

by the strong magnet Nd2Fe14B and the superconducting RNi2B2C[9, 16].   

            The metalloid structural units in metal borides, carbides, and borocarbides vary widely, 

depending on the concentration of metalloid in the compound.  Metal-rich phases such as 
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Nd2Fe14B feature isolated and/or interstitial B or C atoms, often in trigonal prismatic M6B or 

octahedral M6C units.  Metalloid catenation and clusters are seen for compounds with more 

boron or carbon; carbon dimers are found in La3.67FeC6, and boron/carbon chains in 

La10B9C12[17, 18].  Graphene-like layers of boron are seen in MgB2, while more boron-rich 

phases such as CaB4 and LaB6 feature 3-D networks of linked boron clusters[19]. 
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CHAPTER 2 

CHARACTERIZATION METHOD 

2.1 SEM/EDS 

          When single crystal products are obtained, elemental analysis is needed to determine the 

elements contained in the crystals. Scanning electron microscope - Energy dispersive 

spectroscopy (SEM-EDS) is a useful technique for elemental analysis[20]. Scanning Electron 

Microscopy (SEM) is used to image surfaces under high magnification[21]. Energy Dispersive 

Spectroscopy (EDS) is a complementary technique used to analyze the elemental composition of 

the sample[22]. 

 

         SEM-EDS analysis was performed using a JEOL 5900 scanning electron microscope (30 

kV acceleration voltages) which uses a high energy beam of electrons scanning across the 

sample[23]. The electron beam ejects core electrons from atoms in the sample; these ejected 

electrons are then detected to image the sample surface. The Secondary electrons, backscattered 

electrons, and X-rays can provide the greatest amount of information in SEM. Secondary 

electrons can produce a readily interpretable image of the sample. Backscattered electrons are 

'reflected' from atoms in the solid. An electron in a higher energy orbital can relax to fill the 

resulting vacancy in the lower energy orbital and characteristic X-rays can be produced. 

Characteristic X-rays can determine elemental composition. Detection and measurement of the 

energy permits elemental analysis (Energy Dispersive X-ray Spectroscopy or EDS)[24], which 

can provide quantitative analysis of elemental composition. For SEM-EDS measurements, 

selected crystals are arranged on double-sided carbon tape adhered to an aluminum sample puck. 

In order to get more accurate elemental analysis, each crystal should be cleaved to expose inner 

portions. Several spots on each crystal were analyzed for 60 s at each location[25].  

 

2.2 X-ray Diffraction 

        X-ray diffraction plays a very important role in determining the structure of compounds. It 

provides detailed information about atomic positions, bond lengths, angles, and size and 

symmetry of the unit cell[26]. Crystals can be viewed as infinite ordered stackings of layers of 
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atoms; these layers are separated by distances on the order of angstroms and can therefore act as 

a diffraction grating for radiation of similar wavelength[27]. 

 

         Diffraction is based on the interaction of a beam of X-rays with crystalline extended solids. 

For diffraction to occur, Bragg’s law must be satisfied. Diffraction occurs only at specific angles 

described by nλ=2dsinθ, n is an integer, λ is the wavelength of incident wave, d is the spacing 

between the planes in the atomic lattice, and θ is the angle between the incident ray and the 

scattering planes[28]. If the d spacings of various layers of atoms in a crystal is known, the 

lattice parameters of the structure will be calculated according to the equations corresponding to 

the structure types. 

 

         Single crystal X-ray diffraction is performed on a single crystal mounted onto a cryoloop 

fiber using paratone oil for air-sensitive materials or on a glass fiber with epoxy for air-stable 

materials. Then the crystal is rotated in an X-ray beam at a wide range of angles to allow the 

various Miller planes to come into registry with Bragg’s law[29]. The unit cell symmetry and 

atom positions of the crystal can be determined from the position and intensity of the diffraction 

spots. 

 

       Powder X-ray diffraction is used on a powdered sample to determine the phases present in 

the sample, phase width of the system, unit cell parameters, and particle size. Phase analysis is 

used to determine whether or not the desired phase is present and if any impurity phases are 

present[30]. The experimental powder pattern can be compared to calculated patterns found in 

databases or calculated from single crystal data of an unknown phase.  

 

        X-ray diffraction is the convenient operation with commercially available powder or single 

crystal X-ray diffractometers. However, X-ray diffraction has some disadvantages: Firstly, it is 

hard to detect light elements because their small number of electrons leads to weaker diffraction, 

secondly, it is difficult to distinguish the atoms in an X-ray diffraction experiment if a compound 

contains two elements with very similar numbers of electrons[31]. 

 



 

8 
 

2.3 Single Crystal Neutron Diffraction 

            Neutron diffraction is the application of neutron scattering to determine the atomic and/or 

magnetic structure of a material[32]. The spin of the neutrons will interact with the ordered 

magnetic moments on atoms in a crystalline material that is cooled below its magnetic ordering 

temperature.  This interaction will result in changes in intensity of some diffraction peaks, and in 

some cases will also cause the appearance of new diffraction peaks if a magnetic superstructure 

is formed.  The added magnetic contribution to the diffraction intensity of the peaks in a 

diffraction pattern can be analyzed to determine the size of magnetic moments on individual 

atoms, as well as the alignments of the ordered magnetic moments. A sample should be placed in 

a beam of thermal or cold neutrons in order to obtain a diffraction pattern that provides more 

complementary information of the structure of the material compared to X-ray diffraction[33]. 

Neutron diffraction has a lot of advantages: low-energy, non-ionizing, non-destructive, high 

contrast for light elements, isotope sensitive, strong interaction with magnetic moments.  In this 

work, Nd2Co2SiC phase (0.7 × 0.5 × 3 mm) was studied by neutron diffraction at the HB-3A 

four-circle single crystal diffractometer at the High Flux Isotope Reactor at Oak Ridge National 

Laboratory Data were collected at 4 K, 25 K, and 250 K with neutron wavelength 1.5424 Å from 

a bent perfect Si-220 monochromator[6]. Differences in peak intensity were used to determine 

the magnetic structure at 4 K (below the ordering temperature of 11 K). The neutron diffraction 

data collection conditions and refined structural and magnetic parameters are described in details 

in Chapter three.  

 

2.4 Magnetic Measurement 

       The presence of rare earth elements and transition metals in the products of RE/TM flux 

reactions may give rise to very complex magnetic behavior. The 4f electrons on rare earth (RE) 

ions may exhibit ferromagnetic, antiferromagnetic or more complex ordering at low 

temperatures. The magnetic properties of transition metals are also interesting depending on the 

T-T distances and their relative positions. Magnetic behavior of a compound can be 

characterized by Superconducting Quantum Interference Device (SQUID)[34, 35]. A SQUID is 
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a highly sensitive magnetometer used to measure extremely delicate magnetic fields. The 

principle based on the working of a SQUID is Josephson effect, which occurs when an electric 

current flows between two superconductors separated by a thin non-superconducting layer 

through quantum tunneling. Temperature-dependent magnetic susceptibility and field-dependent 

magnetization measurements were undertaken on a Quantum Design SQUID Magnetic Property 

Measurement System (MPMS)[36]. For SQUID measurement, selected crystals are held between 

two 4 cm long strips of kapton tape in order to eliminate background effects; then placed in a 

straw attached to the sample holder[37]. Temperature-dependent susceptibility data were 

typically collected between 1.8 K and 300 K at variable temperatures respectively. Field-

dependent magnetization data were usually collected at low temperature(1.8 K) using applied 

fields up to 7 T. Magnetic anisotropy can be studied by orienting the crystal with a specific axis 

either parallel or perpendicular to the applied field when the crystal is large enough and has a 

regular shape(for instance, rods or needles, or plates). In this research, magnetic anisotropies 

were studied on single crystals of RE6Co5Ge1+xAl3-x (RE=Pr, Nd) and Nd8Co4-xAlxGe2C3 (see 

detailed discussion in the following chapters).  

 

2.5 Electronic Structure Calculations 

         Calculating the band structure is a good way to determine the electronic properties of a 

material[38]. In intermetallics, electronegative elements contribute to the majority of filled bands 

while electropositive elements contribute to the majority of empty bands. The pseudogap at EF is 

characteristic of “polar” intermetalllics containing electropositive metals in combination with 

more electronegative metals and metalloids. Density of states (DOS) and crystal orbital Hamilton 

population (COHP) calculations were carried out with the tight binding-linear muffin tin orbitals-

atomic sphere approximation (TB-LMTO-ASA) program package[39, 40]. Model compounds 

were used (for instance, La3+ ions are modeled as Nd3+) in order to avoid some problems such as 

partially filled shells and site mixing.  
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CHAPTER 3 

SYNTHESIS, CRYSTAL STRUCTURE, AND MAGNETIC PROPERTIES 

OF NOVEL INTERMETALLIC COMPOUNDS R2CO2SIC (R = PR, ND) 

 

3.1 Introduction 

Flux reactions in molten metal solvents are an excellent way to grow large crystals of 

complex intermetallic phases[1]. The solubility of many reactants in molten metal flux makes 

them active at temperatures well below their melting point. Metals commonly used as fluxes 

include low-melting main group metals such as Ga, Al, Sn, In, and Pb[41, 42]. Rare earth metals 

and transition metals are not considered for use as fluxes due to their high melting points. 

However, when early rare earth metals (R = La, Ce, Pr, Nd) are combined with late first row 

transition metals (T = Co, Ni, Cu), eutectic mixtures can form at specific ratios. For instance, a 

64/36 atomic percent ratio of Nd/Co melts at 566°C[5].  

We have found that R/T eutectic flux mixtures are excellent solvents for a variety of 

elements, including refractory metals and metalloids such as carbon and boron. New carbides 

and borides recently grown from R/T flux include La14Sn(MnC6)3, LaRu2Al2B, La21Fe8Sn7C12, 

and Ce33Fe13B18C34[3, 4, 17]. The products are often rare earth rich, in accordance with the 

nature of the R/T solvent. The transition metals incorporated in these phases are capped by 

carbon or other light element atoms. The magnetic behavior is dependent on the extent of T-T 

bonding in the structure, with isolated transition metal sites or small transition metal clusters 

being non-magnetic and larger clusters such as the Fe4 and Fe13 clusters in La21Fe8Sn7C12 and 

Ce33Fe13B18C34 exhibiting a magnetic moment and ordering[4, 43]. 

Praseodymium- and neodymium-rich R/T fluxes are now being investigated for 

synthesis of intermetallics containing both a magnetic rare earth and a magnetic transition metal. 

Reactions of iron, silicon, and carbon were explored in Nd/Co and Pr/Co fluxes, resulting in 

formation of R2Co2-xFexSiC (0 ≤ x < 0.3). The reactivity of iron appears to have changed in 

going from the previously explored La- or Ce- rich fluxes to Pr- or Nd- rich melts; instead of 

preferential incorporation into products, iron now exhibits slight substitution onto cobalt sites. 

The title compounds have a new structure type which features cobalt dimers capped by carbon 
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and bridged by silicon, forming 2-D sheets separated by layers of R3+ ions.  Magnetic 

susceptibility measurements show that the rare earth moments in both analogs order 

ferromagnetically at low temperatures.  Neutron diffraction studies for Nd2Co2SiC indicate that 

the Nd moments order in two steps, with a slight spin reorientation. Density of states calculations 

support the presence of a negligible cobalt moment which does not exhibit spin polarization.    

3.2 Materials and Methods 

   3.3.1 Synthesis 

Sample Preparation. The starting materials were stored and handled in an argon-filled glovebox. 

Neodymium chips (99.9%, Strem Chemicals), praseodymium chunks (99.9%, Alfa Aesar), 

cobalt slugs (99.95%, Alfa Aesar), powders of silicon (99.9%, Strem Chemicals) and acetylene 

carbon black (99.99%, Strem Chemicals) were used as received. The Nd/Co eutectic flux was 

made by arc melting Nd and Co (combined in a 64/36 mole ratio) under Zr-gettered argon 

atmosphere on a water-cooled copper hearth.  Pellets were flipped and remelted several times to 

ensure homogeneity.  Pr/Co flux was made in a similar manner, arc melting a combination of Pr 

and Co chunks in a 66/34 mole ratio.  Reactants Si and C, mixed in 1:2 millimolar ratio, were 

sandwiched between layers of R/Co eutectic (broken into 1 mm3 or smaller pieces; 0.75 g of the 

flux below the powdered Si and C, and 0.75 g above it) in an alumina crucible (ID 6mm), which 

was placed in a silica tube. A second alumina crucible was filled with Fiberfrax® and inverted 

above the reaction crucible to act as a filter during centrifugation. The silica tube was fused 

under vacuum of 10-2 Torr. The ampule was heated to 950°C in 3 h, held at this temperature for 

12 h, and then cooled to 850°C in 10 h. The reaction mixtures were subsequently annealed for 48 

h at 850°C and then cooled to 700°C in 84 h. At 700°C the ampule was removed from the 

furnace, quickly inverted, and centrifuged to decant the molten flux. Traces of residual flux were 

found on some samples; these were removed either by leaving the samples in air to preferentially 

oxidize the flux coating, or by placing the crystals in hexane and scraping off surface layers.  

To explore the phase width, reactivity of iron in Nd/Co flux, and magnetic behavior of iron-

substituted Nd2Co2-xFexSiC phases, Nd/Co flux reactions were carried out with varying amounts 

of iron added as a reactant. As described above, Nd/Co eutectic flux was prepared, and 1.5 g of it 
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was added to Si, C, and Fe powders combined in a 1:2:X mmol ratio, where the iron content X 

was varied from 0.20 to 1 mmol. 

Stoichiometric syntheses of Nd2Co2SiC were attempted using reactants Nd, Co, Si, and C in 

a 2:2:1:1 mmol ratio. Reactions carried out in alumina crucibles sealed in silica tubes and heated 

to a temperature of 950 °C (similar to the procedure for the flux reactions) failed to produce 

Nd2Co2SiC, yielding NdCoSi instead. However, arc melting reactions proved more successful.  

Nd chunks, Co slugs, pieces of silicon wafer, and pieces of graphite crucible were combined in a 

2:2:1:1 mmol ratio and arc-melted under argon. The resulting reaction pellet was flipped and arc-

melted several times to ensure homogeneity. Powder X-ray diffraction data showed Nd2Co2SiC 

as the product, although a small number of extra weak diffraction peaks indicated formation of 

minor impurity phases which could not be identified.  

 

   3.2.2 Elemental Analysis 

         Semiquantitative elemental analysis was performed with energy-dispersive X-ray 

spectroscopy (EDXS) on a JEOL 5900 scanning electron microscope equipped with PGT Prism 

energy dispersion spectroscopy software. Flux-grown crystals were mounted onto an aluminum 

SEM holder with carbon tape, oriented with a flat face perpendicular to the electron beam, and 

analyzed using a 30 kV accelerating voltage and an accumulation time of 40 s. The carbon 

content was not determined due to the limitation of EDXS with light elements. 

 

   3.2.3 Single Crystal X-ray Diffraction 

          Selected single crystals of each analog were mounted on a glass fiber using epoxy. The 

single crystal X-ray diffraction data were collected at room temperature on a Bruker AXS 

APEX2 CCD diffractometer equipped with a Mo-target X-ray tube (λ = 0.71073 Å). The data 

sets were processed with the Bruker SAINT software[44]. An absorption correction was applied 

to the data with the SADABS program. The structure was solved in the centrosymmetric space 

group Immm (No. 71) and refined using the SHELXTL software package[45]. The data 

collection conditions and crystallographic parameters are shown in Tables 1 and 2.  
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   3.2.4 Single Crystal Neutron Diffraction 

         To gain more insight into the magnetic ordering transition, a large single crystal of 

Nd2Co2SiC (0.7 × 0.5 × 3 mm) was studied by neutron diffraction at the HB-3A four-circle 

single crystal diffractometer at the High Flux Isotope Reactor at Oak Ridge National Laboratory. 

Data were collected at 4 K, 25 K, and 250 K with neutron wavelength 1.5424 Å from a bent 

perfect Si-220 monochromator[46]. Differences in peak intensity were used to determine the 

magnetic structure at 4 K (below the ordering temperature of 11 K).  

Table 3.1 Crystallographic data collection parameters for R2Co2SiC. 

 Pr2Co2SiC Nd2Co2SiC 

Crystal system Orthorhombic 

Space group Immm (#71) 

Cell parameters, Å 

a = 4.003(1) 

b = 6.106(2) 

c = 8.989(3) 

a = 3.978(4) 

b = 6.094(6) 

c = 8.903(8) 

V, Å3 219.7(1) 215.8(3) 

Formula weight (g/mol) 439.8 446.4 

Z 2 

Calc. Density (g/cm3) 6.647 6.871 

Temperature (K) 296 

Reflections 1210 1059 

Unique reflections 169 160 

Data/parameters 169/16 160/16 

Mu (mm-1) 29.257 31.271 

R(int) 0.0302 0.0340 

R1/wR2 (I>2σ(I)) 0.0220/0.0540 0.0302 / 0.0782 

R1/wR2 (all data) 0.0237/0.0546 0.0305 / 0.0785 



 

14 
 

Table 3.2 Atom positions and thermal parameters for Nd2Co2SiC.  

 Wyckoff Site x y z Ueq 

Nd 4j 0 ½  0.30941(7) 0.0080(5) 

Co 4g 0 0.2949(3) 0 0.0080(6) 

Si 2c 0 0 ½  0.0085(10) 

C 2a 0 0 0 0.013(4) 

 

   3.2.5 Magnetic Susceptibility Measurements 

        Magnetic susceptibility measurements were carried out on a Quantum Design SQUID 

Magnetic Property Measurement System. Crystals were selected and held between two strips of 

Kapton® type, oriented with a axis either along the applied field or perpendicular to it. 

Temperature-dependent susceptibility data were collected between 1.8 K and 300 K at various 

fields. Field-dependent data for Nd2Co2SiC analog were collected at several temperatures using 

fields up to 5 T; crystals were oriented with a axis either parallel to the applied field or 

perpendicular to the applied field. Field-dependent data for Pr2Co2SiC analog were collected at 

1.8 K using fields up to 7 T; crystals were oriented with a axis parallel to the applied field. 

 

   3.2.6 Electronic Structure Calculations 

         Density functional theory (DFT) band structure calculations were performed with a full 

potential all-electron local orbital code FPLO (version fplo7.00–28) within the local spin density 

approximation (LSDA) including spin-orbit coupling[47]. The Perdew-Wang parameterization 

of the exchange-correlation potentials was employed[48]. The strong Coulomb repulsion in the 

Nd 4f orbitals was treated on a mean-field level using the LSDA+U approximation in the atomic-

limit double counting scheme[49]. The scalar-relativistic Dirac equation was solved self-

consistently. The results presented below use the LSDA+U method  in the rotationally invariant 

form[50, 51]. As a representative value, U = 8 eV was chosen. A variation of U between 7 and 9 

eV did not influence significantly the relevant density of states and energy. Structural parameters 
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(unit cell dimensions and atomic coordinates) were taken from the room-temperature crystal 

structure of Nd2Co2SiC. The non-polarized and spin-polarized density of states (DOS) were 

calculated after convergence of the total energy on a dense k-mesh with 32×32×32 points. The 

self-consistent criterion for the total energy conversion was equal to 10–8 Ha (≈ 2.72·10–7 eV). 

  Crystal orbital Hamilton population analyses were obtained using tight binding calculations 

performed according to the linear-muffin-tin-orbital (LMTO) method in the atomic sphere 

approximation (ASA)[52-54]. No additional empty spheres were necessary beyond those 

described automatically, subject to a 16% overlap restriction between atom-centered spheres. 

Their radii were Nd = 2.04 Å, Co = 1.16 Å, Si = 1.67 Å, and C = 1.00 Å. The basis sets of Nd 6s, 

5d, (6p); Co 4s, 4p, 3d; Si 3s, 3p, (3d); and C 2s, 2p, (3d) (downfolded orbitals in parentheses) 

were employed. Nd 4f electrons were considered as core. The band structure was sampled at 12 

× 12 × 12 k points in the irreducible wedge of the Brillouin zone.  

 

3.3 Results and Discussion 

   3.3.1 Synthesis 

R2Co2SiC (R = Pr or Nd) grows from reactions of silicon and carbon in R/Co flux as 

silver, faceted rectangular rods, up to ~ 5 mm in length.  The reaction yield is about 60% based 

on silicon. X-ray powder diffraction studies indicate that the products of flux reactions are 

predominantly single phase with very small amounts (10% or less) of byproducts such as 

Nd4Co3. The crystalline samples are very stable in dry air for months, but are reactive toward 

water. Polycrystalline samples of Nd2Co2SiC can be synthesized by arc melting a stoichiometric 

ratio of Nd:Co:Si:C (2:2:1:1 mmol ratio); this yields the Nd2Co2SiC phase as the major product, 

see Figure S2.  Annealing of the arc melted pellet may improve the crystallinity and potentially 

eliminate traces of impurities in the product, but this was not explored.  

It is notable that this phase was initially discovered from reactions of iron, silicon, and 

carbon in Nd/Co flux, carried out in an effort to make Nd/Fe/Si/C phases. Our previous work on 

R/Co and R/Ni fluxes (with R = La, Ce) indicated that if iron is present in these molten fluxes, it 

is preferentially incorporated into products. For instance, reactions of Fe, Ge, and C in La/Ni flux 
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produce La21Fe8Ge7C12 with no nickel incorporation[3]. Likewise, reactions of Fe, B, and C in 

Ce/Co flux produce Ce33Fe14B25C34[4]. However, this reactivity trend seems to change when 

heavier rare earths are used. If iron is present in the Nd/Co/(Fe)/Si/C reactions, Nd/Fe/Si/C 

phases are not formed. Instead, trace amounts of iron are incorporated into the Nd2Co2SiC phase, 

substituting on the cobalt sites. Incorporation of iron is confirmed by SEM/EDS data and by 

small changes in the unit cell parameters as Co is replaced by Fe.  

 

   3.3.2 Structure 

Given the interest in compounds containing rare earth metals, magnetic first row transition 

metals, and light metalloids (such as RNi2B2C superconductors and the strong magnetic phase 

Nd2Fe14B)[55], it is surprising that no compounds with the Nd2Co2SiC structure type have been 

reported so far. R2Co2SiC phases exhibit a remarkably simple stoichiometry and a new structure 

type in orthorhombic space group Immm (Pearson symbol oI12). Other known ordered 

quaternary phases containing silicon and carbon combined with a rare earth and a transition 

metal include Dy2Fe2Si2C, DyFe2SiC, and CeCr2Si2C, and their analogs[56-58]. These phases 

(and the title phase) feature fully occupied carbon sites; this distinguishes them from disordered 

carbides such as Nd2Fe17-xSixCy and NdCo9Si2C0.6 in which carbon partially occupies interstitial 

sites[59, 60].   

The structure of Nd2Co2SiC (shown in Figure 3.1) is comprised of puckered layers of Nd3+ 

ions sandwiched between 2-D Co/Si/C anionic sheets which are stacked along the c-axis of the 

unit cell. The two non-metal elements are separated; instead of Si-C bonding, the silicon is 

bonded to four neighboring cobalt sites, with Nd ions at longer distances. The Co-Si distance of 

2.349Å is similar to that seen in NdCo9Si2C0.6 (2.37Å)[61]. The carbon is bonded to two cobalt 

atoms with a short Co-C bond length of 1.797(2)Å, and four neighboring Nd3+ ions resulting in 

overall octahedral coordination. Octahedral coordination is also seen for carbon in Dy2Fe2Si2C 

(coordinated to 2 Fe and 4 Dy), CeCr2Si2C (4 Cr, 2 Ce), and NdCo9Si2C0.6 (4 Co, 2 Nd)[59-61]. 
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Figure 3.1 Nd2Co2SiC structure, viewed down the a-axis. Large yellow spheres are Nd; smaller 
blue, red, and black spheres represent Si, Co, and C atoms, respectively.  

         

        Positioning of the cobalt atoms and Nd3+ ions are of particular interest, given the potential 

magnetic behavior of these atoms. The cobalt site is bonded to a symmetry equivalent at a short 

distance of 2.500 Å, within the 2.44 – 2.63 Å range of Co-Co distances in NdCo9Si2C0.6. The Co-

Co dimers are bridged by two Si atoms, forming chains of these diamond-shaped units running in 

the a-axis direction. The a-axis corresponds to the longest dimension of the rod-shaped crystals, 

indicating crystal growth is most rapid in this direction. The bridged Co-Co dimers are 

terminated by carbon atoms, resulting in 1-D infinite linear chains formed by Co-Co dimers and 

C atoms running along b axis direction (see Figure 3.2). The Nd ions comprise a puckered sheet 

with Nd-Nd distances of 3.789 Å and 3.978 Å within this layer. However, a shorter Nd-Nd 

distance of 3.394 Å is found across the anionic Co/Si/C sheet. These three different distances 

may lead to complex magnetic behavior arising from the Nd sublattice alone, as well as from 

possible Co-Co and Co-Nd coupling interactions. 
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Figure 3.2 a) The Co/Si/C sheet in Nd2Co2SiC, viewed down the c-axis. b) Coordination 
environment around the Nd site, with Nd-Nd distances below 4Å indicated by yellow lines. 

 

   3.3.3 Magnetic Behavior 

Flux growth of large crystals of Nd2Co2SiC allowed for susceptibility measurements in 

different orientations (with the long axis of the crystal—corresponding to the crystallographic a-

axis—parallel or perpendicular to applied field; see Figure 3). Initial measurements were 

hindered by an impurity (Figure S3, supporting information). This data showed a clear 
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ferromagnetic ordering at 12 K, but also indicated a small but distinct increase in the 

susceptibility at 200 K. The samples were grown from Nd/Co eutectic, and traces of the flux may 

have adhered to the crystal, forming Nd4Co3 upon solidification.  This phase (which was initially 

reported in the literature as Nd2Co1.7) is known to undergo ferromagnetic ordering at 202 K[8].  

At high temperatures, Nd2Co2SiC is paramagnetic; data above 200 K can be fitted with the 

Curie-Weiss law to indicate a moment per Nd3+ ion of 5.2 µB. This is significantly higher than 

the theoretical value for Nd3+ (3.28 μB), due to the surface contamination.  

Subsequent measurements on a Nd2Co2SiC crystal with this impurity removed by careful 

etching in hexane did not show the feature at 200 K; only the low temperature ferromagnetic 

ordering is seen (Figure 3.3). The magnetic susceptibility measurements were carried out with an 

applied field of 1 T. The crystal was oriented with a axis either parallel to the applied field 

(Figure 3.3a) or perpendicular to the applied field (Figure 3.3b). The Curie-Weiss fit of the data 

above 100 K yield an effective moment of 2.47(1) µB per Nd atom, and a Weiss constant of θ = 

29(1) K for a-axis alignment parallel to the field; and a moment of 2.51(1) µB per Nd atom and a 

Weiss constant of θ = 37(1) K with a-axis perpendicular to the field. The observed ferromagnetic 

ordering temperatures (parallel alignment TC = 11.2(1) K and perpendicular alignment TC = 

13.4(1) K) were determined from the derivative plots of additional χ vs T measurements at 0.1 T 

field. 

The observed values for µeff, θ and TC are slightly larger when the crystal is aligned with 

a-axis perpendicular to field compared to when this axis is parallel to the field.  This indicates 

that the Nd3+ magnetic moments tend to align along the c-axis. Indeed, as will be demonstrated 

below by neutron diffraction data, the Nd moments order ferromagnetically along the c-axis at 

13.4(1) K and then reorient slightly away from this direction on further cooling to 11.2(1) K. 

Field-dependent magnetization data collected at various temperatures are shown in Figure 4. 

Complete ferromagnetic saturation is not seen below TC for either orientation; at 1.8 K and high 

applied fields, the Nd moments approach maximum values of 2.0 µB (perpendicular to the a-

axis) and 1.7 µB (parallel to the a-axis). In addition to a larger moment, the magnetization in the 
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Figure 3.3 Temperature dependence of magnetic susceptibility data for Nd2Co2SiC measured 
with an applied field of 1 T. (a) Crystal aligned with a-axis parallel to applied field. (b) Crystal 
aligned with a-axis perpendicular to applied field. The Curie temperatures have been calculated 
from the derivative plot of χ vs T data measured at 0.1 T field (insets).   

 

direction perpendicular to the a-axis also shows a larger hysteresis, and more closely approaches 

saturation. This is in agreement with the c-axis being an easy magnetization direction. A two step 

ordering mechanism is suggested by the magnetization data at various temperatures. When the 

crystal is aligned with a-axis parallel to the field, the field dependence data at 11 K and 12 K are 
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very similar, but the 10 K data exhibits a slight hysteresis. This is not seen when the crystal is 

aligned in the other direction; 10 K, 11 K, and 12 K curves are nearly identical and exhibit no 

hysteresis. This supports the idea that the Nd moments initially align ferromagnetically along the 

c-axis around 13 K, but below 11 K, tilt slightly in the a-axis direction, in the ac plane. 

 

 

Figure 3.4 Magnetization data for Nd2Co2SiC at various temperatures spanning the 
ferromagnetic transition. (a) Crystal aligned with a-axis parallel to applied field. (b) Crystal 
aligned with a-axis perpendicular to applied field.  Insets highlight the low field region for each 
orientation. 
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Figure 3.5 Magnetic structure of Nd2Co2SiC determined by neutron diffraction data collected on 
a single crystal at 4 K. 

 

  Single crystal neutron diffraction data were collected on Nd2Co2SiC to clarify the nature of 

the ferromagnetic ordering and determine the contributions of Nd and Co to the magnetic 

behavior. Datasets were collected at 4 K, 25 K, and 250 K to observe the changes in peak 

intensity due to magnetic contributions. No significant difference was seen between the 25 K and 

250 K datasets, indicating that no magnetic ordering occurs in this temperature range. The 

magnetic component of the diffraction peaks at 4 K (below TC) was isolated by subtracting the 

nuclear contribution determined from the 25 K dataset, yielding 38 extracted magnetic peaks 

above the 2σ cutoff which were used to determine the magnetic structure. The resulting model is 

shown in Figure 3.5. The neodymium ions have a magnetic moment   of 2.07(2) µB and are 

nearly aligned with the c-axis, in agreement with the magnetic susceptibility data.  There is a 

slight canting at an angle φ = 30(1)° to the c-axis, in the ac plane. The magnetic moment is lower 

that the theoretical value of 3.28 µB expected for Nd3+ ions; low Nd moments were also obtained 

from the magnetic susceptibility and magnetization data. The reduced moment is likely due to 

crystal electric field (CEF) effects which will split the 4I9/2 ground state at low temperatures. 
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Similar effects have been reported for neodymium metal itself (Nd moment of 2.3 µB at 1.8 K) 

and many other Nd-containing intermetallics[62, 63].  The cobalt atoms have a very small 

magnetic moment of 0.21(5) µB, aligned along the c-axis. This cobalt moment is almost 

negligible, but incorporating it into the final model improved the overall fit.  The presence of 

cobalt moments could not be confirmed by magnetic susceptibility measurements or theoretical 

calculations which indicate nearly zero spin polarization for the Co sublattice (vide infra). It is 

possible that the cobalt moments might be induced by the ordering of the Nd moments below TC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Temperature dependence of single crystal neutron diffraction peak intensity for the 
(200), (020), and (002) diffraction peaks of Nd2Co2SiC; ordering temperatures indicated by red 
line. 
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Figure 3.7 Magnetic susceptibility data for Pr2Co2SiC.  a) Temperature dependence data 
measured with an applied field of 0.01 T, with a-axis of crystal aligned parallel to applied field.  
b) Magnetization data collected at 1.8 K, with a-axis of the crystal aligned parallel to the applied 
field. 

 

The intensities of selected peaks were monitored as the temperature was raised from 4 K to 

20 K in 0.2 K increments.  A clear increase in intensity is seen at the Curie temperature; see 

Figure 3.6. It is notable that the (002) diffraction peak indicates a TC of 11 K, whereas the (020) 

and (200) peaks show an intensity increase at 12.5 K. This is further indication that the magnetic 

structure orders at 12.5 K with Nd moments aligned along the c-axis, and then the moments 

a) 

b) 
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reorient away from the c-axis, as indicated by the increase in intensity of the (002) peak upon 

cooling to 11 K. The fact that magnetic peaks are seen along the (002), (020), and (200) axes 

below 11 K indicates the magnetic vector is not collinear with any of these axes.  

The magnetic susceptibility data for Pr2Co2SiC are shown in Figure 3.7a.  The low 

temperature ferromagnetic transition of rare earth moments is again apparent, with the Pr3+ 

moments ordering at Tc = 20(1) K. No higher temperature transition is seen. Traces of Pr4Co3 

might be expected to form from any flux residue on the crystal; this phase has a ferromagnetic 

transition at 142 K[56].  No anomaly is seen at this temperature in the data for Pr2Co2SiC, 

indicating this crystal has no contamination. The inverse susceptibility data above 50 K is linear 

and can be fit to the Curie-Weiss law, yielding an effective magnetic moment  of 2.76(1) µB/Pr 

atom and Weiss constant θ = 30(1) K. The effective magnetic moment is lower than the 

theoretical value of 3.58 µB for a free Pr3+ ion, similar to the situation observed for the Nd-

containing analogue. The positive Weiss constant θ is indicative of ferromagnetic interactions. 

Magnetization data (Figure 3.7b) confirm that this phase is ferromagnetic below TC.  Slight 

hysteresis is seen, with a remnant magnetization of 4.46µB/f.u. and a coercive field of 1140Oe. 

The larger hysteresis and the higher saturation moment of 2.4(1)µB per Pr atom indicate that 

Pr2Co2SiC is a slightly harder ferromagnet than the neodymium analog. 

   3.3.4 Electronic Structure Calculations 

  Both non-magnetic and spin-polarized band structure calculations were performed for 

R2Co2SiC. The non-magnetic density of states (DOS) plot is shown in Figure 3.8.  The non-zero 

density of states at the Fermi energy indicates that Nd2Co2SiC is metallic. Nd 5d states have the 

main contribution to the DOS above EF, whereas orbitals from C, Si and Co are dominant below 

the EF. The data reveal only a small contribution from the Co 3d electrons at the Fermi level, N ~ 

0.6 states/eV per Co atom. Assuming that the Co-Co magnetic exchange coupling in this 

compound does not exceed the values reported for cobalt metal (J ~ 0.49 eV), one can easily see 

that the Stoner criterion of itinerant ferromagnetism, JN(EF) > 1, is not satisfied for R2Co2SiC. 

This notion is supported by spin-polarized calculations, which indicate a magnetic moment of 

3.2 µB per Nd atom and a negligibly small moment of only 0.027 µB per Co atom (Figure S5, 

supporting information). It is important to note that the calculations did not take into account 

possible CEF effects and thus the obtained value for the Nd magnetic moment, while in 
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agreement with the theoretically expected value of 3.28 µB, does not agree with the experimental 

moments determined from the magnetic and neutron diffraction data. Nevertheless, the 

negligible spin polarization of the Co sublattice is in agreement with the experimental findings.  

 

 

Figure 3.8 Densities-of-states (DOS) data calculated for Nd2Co2SiC. 

 

   The crystal orbital Hamilton populations (COHP) for Nd2Co2SiC were calculated with the 

LMTO method and are illustrated in Figure 3.9.  Observed bond length ranges and corresponding 

integrated COHP values are listed in Table 3. In general, the larger integrated COHP (ICOHP) 

values correspond to shorter bonds and presumably stronger interactions. The interactions of the 

Co atoms with C and Si yield the two largest ICOHP values per contact (5.74 and 2.09 eV/bond) 

followed by a small value 0.82 eV/bond for the Co−Co bonds within the 2-D Co/Si/C anionic 

sheets (Figure 2). Co−C interactions (1.797 Å) within 1-D infinite linear chains formed by Co 

and C atoms constitute 31.3% of the total ICOHP per cell. The interactions of the Nd cations 

with Co, Si, and C atoms present in the 2-D Co/Si/C anionic sheets comprise 46% of the total 

ICOHP per cell; the bonding along the stacking direction is quite strong.  Due to the filling of the 
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Co 3d orbitals, antibonding states start to appear below EF and extend to the conduction band. 

The Co–Co, Nd–Co, Nd–Si interactions are both bonding/antibonding within the valence band 

whereas Co–C, Co–Si and Nd–C interactions are mainly bonding and therefore contribute to the 

stability of the Nd2Co2SiC structure.  There is great theoretical interest in Co2 dimers, which are 

predicted to have large magnetic anisotropy energies[62]. Unfortunately, the very small Co-Co 

ICOHP and the much stronger interactions of the cobalt atoms with surrounding heteroatoms 

indicate that the Co-Co unit in Nd2Co2SiC is not behaving as a dimer; this is in agreement with 

its non-magnetic nature.   

 

 

Figure 3.9 COHP curves for Nd2Co2SiC: Co-C (black), Co-Co (blue), Co-Si (red), Nd-C 
(green), Nd-Si (magenta), Nd-Co (pink). Nd-Nd data are not significant. 
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Table 3.3 Bond lengths and ICOHP values for Nd2Co2SiC. 

Bond length (Å) -ICOHP (eV/per bond) n/cell -ICOHP (eV/cell) % 

Co-C 1.797(2) 5.74 6 34.44 31.3 

Co-Si 2.349(2) 2.09 8 16.72 15.2 

Co-Co 2.500(4) 0.82 3 2.46 2.2 

Nd-C 2.614(2) 1.55 12 18.6 16.9 

Nd-Si 3.398(2) 0.58 24 13.92 12.6 

Nd-Co  3.025(2), 3.173(2) 0.65 28 18.2 16.5 

Nd-Nd  3.394(3), 3.789(2) 0.48 12 5.76 5.2 

 

3.4 Conclusion 

Metal fluxes comprised of R/Co mixtures are excellent solvents for refractory elements; 

reactions of carbon and silicon in these mixtures have resulted in formation of novel 

ferromagnetic intermetallic compounds R2Co2SiC (R = Pr, Nd).  While the new structure type 

features Co-Co bonding, the magnetic behavior stems from the rare earth ions; the cobalt atoms 

have a negligible magnetic moment.  This is confirmed by neutron diffraction data and magnetic 

susceptibility measurements.  Electronic structure calculations also support this, showing few 

cobalt d-states at the Fermi level and very weak Co-Co interactions in the COHP.  Further 

exploration is needed to find intermetallic phases containing strongly bonded Co dimer species, 

or possibly larger Con clusters, which may exhibit unusual magnetic phenomena.  
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CHAPTER 4 

ND8CO4-XALXGE2C3:  A CASE STUDY IN FLUX GROWTH OF 

LANTHANIDE- RICH INTERMETALLICS 

4.1 Introduction 

           Flux synthesis in molten metal solvents has proven to be a vital technique in an effort to 

grow large crystals of new complex intermetallic phases [1]. Compared with traditional solid-

state methods, the flux method not only minimizes the diffusion barrier by bringing reactants 

into solution, it also enables formation of crystals without lengthy annealing steps.  Low-melting 

main group metals such as In, Ga, Sn, Al have been widely used as fluxes. Eutectic mixtures of 

metals have also proven worthy of extensive investigation due to their lowered melting points 

and the fact that two-component solvents allow for the dissolution of a larger variety of reactants. 

Mixed metal solvents also allow additional control over the interaction of the flux with the 

reactants by changing the flux ratio.  

            Our past investigations have demonstrated that eutectic mixtures of early rare earth 

elements (La, Ce, Pr, Nd) with late first row transition metals (Fe, Co, Ni) are excellent solvents 

for the discovery and crystal growth of complex rare earth rich intermetallic compounds [3, 4, 6, 

12, 17, 64, 65].  For example, both Nd and Co have high melting points, but when combined in a 

64%/36% Nd/Co mole ratio a eutectic is formed with a low melting point (566°C)[5]. Reactions 

of main group elements in this flux yield products such as Nd2Co2SiC, Nd6Co5Ge2.52Al1.48, and 

the title phase [6]. The magnetic properties of these compounds depend on the Co-Co 

connectivity in the structures, with isolated transition metal sites or dimers being non-magnetic 

and larger clusters resulting in magnetic coupling to each other or to the rare earth ions. For 

example, in Nd2Co2SiC, magnetic moments only stem from rare earth elements instead of Co-Co 

dimers; however the hexagonal cobalt nets in Nd6Co5Ge2.52Al1.48 exhibit magnetic ordering from 

both rare earth elements and transition metal elements. 

           The Nd8Co4-xAlxGe2C3 title phase was initially discovered in an effort to find a 

germanium-containing analogue of Nd2Co2SiC. In Nd8Co4-xAlxGe2C3, every germanium is 

surrounded by nine neodymium ions forming a tricapped trigonal prism; these Ge@Nd9 clusters 

share edges and faces to form chains which are capped with infinite zigzag chains of Co-C. 
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Magnetic susceptibility measurements indicate that the magnetic moments of the five 

crystallographically unique Nd3+ sites order ferromagnetically at low temperature. Measurements 

on oriented single crystals reveal significant magnetic anisotropy in the ferromagnetic state, with 

the preferred moment aligned along the c-axis.  

 

4.2 Materials and Methods 

   4.2.1 Synthesis 

The starting materials were stored and handled in an argon-filled glovebox.  Neodymium 

chips (99.9%, Strem Chemicals), cobalt slugs (99.95%, Alfa Aesar), powders of germanium 

(99.9%, Strem Chemicals), and acetylene carbon black (99.95%, Strem Chemicals ) were used as 

received. The Nd/Co eutectic flux was made by arc melting slugs of Nd and Co in a 64/36 mole 

percent ratio under argon; the resulting pellets were broken into smaller pieces for use in 

subsequent flux reactions. Initial reactions were prepared by sandwiching 1 mmol of Ge and 2 

mmol of C between layers of Nd/Co eutectic pieces in an alumina crucible (ID 6mm), which was 

placed into a silica tube. A wad of fiberfrax was placed above the reaction crucible to act as a 

filter during centrifugation. The silica tube was flame-sealed under vacuum of 10-2 Torr. The 

ampule was then heated to 950°C in 3 h, held at this temperature for 12 h, and then cooled to 

850°C in 10 h. The reaction mixtures were subsequently annealed for 48 h at 850°C and then 

cooled to 700°C in 84 h. At 700°C the ampule was removed from the furnace, quickly inverted, 

and centrifuged in order to decant the molten flux. This procedure produced the title phase in 

somewhat low yield.  Elemental analysis (see below) indicated incorporation of aluminum, likely 

due to the reaction of the strongly reducing flux and the alumina crucible.  In subsequent 

reactions, aluminum powder (99.9%, Strem Chemicals) was deliberately added as a reactant, 

which resulted in significantly better yield.  Samples can be left in air for one week to oxidize the 

flux coating in order to remove traces of flux residue on the surface of the crystals.  The Nd8Co4-

xAlxGe2C3 crystals are stable enough in air for several months, but slowly react with water.  
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4.2.2 Elemental Analysis 

Semi-quantitative elemental analysis was performed with energy-dispersive X-ray 

spectroscopy (EDXS) on a JEOL 5900 scanning electron microscope equipped with PGT Prism 

energy dispersion spectroscopy software. Flux-grown crystals were mounted onto an aluminum 

SEM holder with carbon tape, oriented with a flat face perpendicular to the electron beam, and 

analyzed using a 30kV accelerating voltage and an accumulation time of 40 s. Scans of the 

surface and interiors of cleaved crystals showed ratios for the Nd, Co, Ge in agreement with 

those observed in the XRD structure solution. The carbon content was not determined due to the 

limitation of EDXS with light elements.  Small amounts of Al (2-5%) were consistently observed 

in all the crystals, likely due to contamination from attack on the Al2O3 crucible material by the 

strongly reducing Nd/Co flux. 

 

   4.2.3 Single Crystal X-ray Diffraction 

Small interior shards of this new phase were mounted on a glass fiber using epoxy. The 

single crystal X-ray diffraction data were collected at room temperature on a Bruker AXS 

APEX2 CCD diffractometer equipped with a Mo-target X-ray tube (λ = 0.71073 Å). Data 

processing was then performed using the Bruker SAINT software. An absorption correction was 

applied to the data with the SADABS program [43]. The structure was solved in the 

centrosymmetric space group Pbcm (No.57) and refined using the SHELXTL software package 

[44]. Crystallographic collection parameters are listed in Table 1, unit cell parameters and mixed 

site occupancies for title compound can be found in Table 2. One of the two cobalt sites 

consistently showed significantly less than 100% occupancy; given the presence of aluminum 

indicated by SEM-EDS analysis, this site was refined as a mixed Co/Al site with 67% of Co and 

33% of Al.  One of the carbon sites also showed slightly lower than 100% occupancy.  However, 

given the lack of other elements that could mix on a carbon site and the inherent difficulty in 

refining light element sites that are surrounded by heavy elements, this site occupancy was  fixed 

to 100%. 
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Table 4.1 Crystallographic data collection parameters for Nd8Co4-xAlxGe2C3. 

Crystal system                      Orthorhombic 

Space group                       Pbcm (#57) 

Cell parameters, Å                      a =8.000(7) 

                     b=11.6958(8) 

                     c = 15.019(6) 

                       1405.4(5) 

                      1548.2 

 

 

V, Å3 

 Formula weight (g/mol) 

Z                         4 

Calc. Density (g/cm3)                       7.319 

                      55.16 

                     Mo Kα 

                       296 

                      14969 

                      1454 

                   1454/87 

                      20.58 

                    0.0609 

               0.0261/0.0803 

              0.0351/0.0922  

                 1.75/-2.09 

2Theta (max) 

Radiation 

Temperature (K) 

Reflections 

Unique reflections 

Data/parameters 

Mu (mm-1) 

R(int) 

R1/wR2 (I>2σ(I)) 

R1/wR2 (all data) 

Largest diff peak and hole (e·Å-3) 

 

 

 

 



 

33 
 

   4.2.4 Magnetic Susceptibility Measurements 

Magnetic susceptibility measurements were carried out using a Quantum Design SQUID 

Magnetic Property Measurement System. Crystals were selected and held between two strips of 

kapton type. Temperature-dependent susceptibility data were collected between 1.8K and 300K 

at 100 G.  Field-dependent data were collected at several temperatures using fields up to 5 T; 

crystals were oriented with c-axis parallel and perpendicular to the applied field. 

 

   4.2.5 Electronic Structure Calculations 

Density of states (DOS) calculations were carried out with the tight binding-linear muffin 

tin orbitals-atomic sphere approximation (TB-LMTO-ASA) program package [40]. Model 

compounds were used. Nd8Co4-xAlxGe2C3 was modeled as Nd8Co4Ge2C3 (with the mixed Co/Al 

site modelled as completely filled with Co) in order to avoid complications from site mixing. The 

following radii of atomic spheres were used: r(Nd) =3.54/3.70 Å, r(Co) = 2.55 Å, r(Ge) = 2.92 

Å, r(C) = 2.55/2.87/3.11Å. The basis set includes Nd 6s, 5d, (6p), Co 4s, 4p, 3d, Ge 4s, 4p,  3d 

and C 2s 2p (3d) being downfolded. The calculation was made for 585 k points in the irreducible 

Brillouin zone.  La was used in the model instead of Nd. 

 

Table 4.2  Atom positions and thermal parameters for Nd8Co4-xAlxGe2C3.   

 Wyckoff Site x y z Ueq 

 

Nd1 8(e) 0.1157(2) 0.3192(9) 0.1096(9) 0.0116(4) 
Nd2 8(e) 0.5930(1) 0.4180(6) 0.1160(4) 0.0126(1) 
Nd3 4(d) 0.0579(1) 0.0496(3) 1/4 0.011(50) 
Nd4 4(d) 0.4493(1) 0.1802(5) 1/4 0.0116(6) 
Nd5 8(e) 0.2385(7) 0.6238(6) 0.0854(2) 0.0111(2) 
Co1/Al1* 8(e) 0.1017(8) 0.0519(2) 0.0471(6) 0.0199(7) 
Co2 8(e) 0.3854(3) 0.1640(6) 0.0491(6) 0.0134(5) 
Ge1 4(d) 0.1722(6) 0.7833(5) 1/4 0.0111(3) 
Ge2 4(d) 0.3154(5) 0.4531(8) 1/4 0.009(60) 
C1 8(e) 0.2439(6) 0.1098(2) 0.1354(6) 0.0190(9) 
C2 4(c) 0.5670(7) 1/4 0 0.0208(1) 

Co1/Al1*: mixed Co/Al site with 67% of Co and 33% of Al. 
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4.3 Results and Discussion 

   4.3.1 Synthesis 

           Nd8Co4-xAlxGe2C3 grows from reactions of germanium and carbon in Nd/Co flux in 

alumina crucibles. The silver crystals are bar-shaped, growing up to 3 mm in length and 1 mm in 

diameter. This compound is stable in dry air for several months, but slowly reacts with water. 

After centrifuging, some flux residue is left on the crystal surface. This is indicated by a small 

jump in the magnetic susceptibility data at around 225 K (highlighted when plotted as inverse 

susceptibility; see Figure 4.8), where the ferromagnetic ordering of flux byproduct Nd4Co3 is 

expected [66].  However the air-sensitivity of the flux can be used to remove any residual flux 

coating remaining on the crystals by leaving the product in the open air for several days; the flux 

oxidizes and flakes away from the crystals. The highest yield of product was obtained by a 

Nd/Co/Ge/C/Al ratio of 8 : 4.75 : 1 : 2 : 0.5 mmol and a centrifuge temperature of 720 °C, 

leading to a 40% yield based on germanium (This yield was based on when Al was deliberately 

added). Varying the ratio results in lower yield and decreasing the centrifugation temperature 

lead to viscous flux which is difficult to remove. Aside from traces of Nd4Co3 from flux residue, 

no other byproducts were observed in X-ray powder diffraction patterns of reaction products.  In 

the diffraction pattern (see Figure 4.7), the peaks are in the right place but in several cases the 

intensities are different from the theoretical pattern; the largest deviations are seen for the (004) 

and (006) indices, indicating preferred orientation of the powder crystallites.  Attempts to 

synthesize Nd8Co4-xAlxGe2C3 analogues with other rare earth metals (from reactions in Pr/Co or 

Ce/Co eutectic fluxes) were unsuccessful, as were attempts to replace Ge with Si, Sn and Pb (a 

reaction of Nd/Co/Si/C gives Nd2Co2SiC [6], a reaction of Nd/Co/Sn/C produces Nd21Co8Sn7C12 

with the La21Fe8Sn7C12 structure type [64], and a reaction of Nd/Co/Pb/C yields Nd8Pb2). 

Stoichiometric synthesis of Nd8Co4-xAlxGe2C3 was attempted by arc-melting the elements in the 

correct ratio; this did not form the title phase.  

This phase was initially formed from a Nd/Co/Ge/C reaction, with inadvertent 

incorporation of aluminum from attack on the alumina crucible.  This is to be expected from the 

use of strongly reducing rare earth-rich fluxes, and can be avoided by selecting other crucible 

materials (such as tantalum, niobium, or stainless steel).  Similar contamination from reduction 

of the alumina crucible is seen in the flux syntheses of Ce33Fe14-xAlxB25C34, La6Fe13-xAlxSny, and 
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La21Mn8Ge6.2Al0.8C12 [4, 64, 65].  While the aluminum in these phases is found to partially 

occupy a mixed site with a late transition metal or main group metalloid of similar size, 

incorporation of this dopant is often needed to stabilize the structure; the yield is increased if Al 

is deliberately added as a dopant, and different products are formed in the absence of aluminum 

(for instance if steel crucibles are used).  In some cases, aluminum occupies its own site (as is 

seen for LaRu2Al2B, La2Ni1.8Ru0.2Al, and La6SnNi3.7Ru0.7Al3.6, all initially isolated from La/Ni 

flux reactions of Ru, Sn, and B in alumina crucibles [12]) and the yield is dramatically increased 

upon deliberate addition of aluminum is subsequent reactions.    

The majority of research into flux growth of multinary R/T/M phases (T = transition 

metal; M = main group metal) involves reactions of rare earths with other elements in low-

melting flux metals such as Ga, In, Sn, etc.  This is an excellent way to grow crystals of known 

phases or discover new phases, and has been reviewed extensively [1].  In recent years, there 

have been a number of investigations into reacting rare earths in excess T/M flux mixtures.  

Many compounds with the ThCr2Si2 structure type have been grown from such mixed fluxes.  

Examples include the synthesis of RCo2Ge2 from CoGe flux and EuPd2As2 from PdA [67-69].  

While the superconducting phases Ba1-xAxFe2As2 (A = K, Sr, etc) do not contain rare earths, use 

of FeAs as a flux has proven useful in growing large single crystals without the problematic 

substitution and contamination seen for samples grown from tin flux [70]. More complex 

structures can also be obtained from mixed fluxes; reactions of Pr in excess Pt/Ge mixture 

produces large crystals of superconducting Pr2Pt3Ge5 up to 10 mm in length [69].  Crystals of 

quasicrystal approximant Gd14.34Au67.16Ge18.5 can be grown from Au/Ge flux, and large single 

grains of true quasicrystal R8.7Mg34.6Zn56.8—with evident pentagonal facets—can be grown from 

Mg/Zn melts [71, 72].  As would be expected for reactions of a small amount of rare earth metal 

in a large excess of T/M flux, the products of such reactions are rare-earth poor.   

The use of rare-earth/transition metal eutectics has proven to be a highly productive way 

to synthesize rare-earth rich intermetallic products.  These mixtures are excellent solvents for a 

wide variety of elements, and the products typically incorporate a large proportion of rare earth 

in addition to smaller amounts of other reactants present.  Compounds produced from our work 

in RE/T flux reactions are listed in table 4.3 along with associated reaction parameters.  In 

addition to our work [3, 4, 6, 12, 17, 64, 65], there are few other accounts of rare earth rich flux 
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usage.  The Kauzlarich group used a Ce/Ni eutectic to synthesize CeRu1-xNixAl (x = 0.5) which 

exhibits cerium fluctuating valence [73].  The “flux creep-up method” investigated by Samata, et 

al. is likely related.  These researchers use Sm/Fe melts to grow crystals of SmxFey and 

SmxFeyMz phases, including the previously unknown SmFe7 and Sm12Fe14Al5.  They report that 

the slightly porous boron nitride crucibles allow the molten flux to creep up the walls, allowing 

crystals to slowly precipitate at the bottom [74].  Late rare earth elements do not interact with 

transition metals with the dramatic melting point lowering seen for early rare earths, but eutectics 

do form.  Mixtures of Dy, Gd, or Tb with nickel have eutectics in the 600 – 700 °C range; these 

were used by the Chan group to grow crystals of the highly complex RE117Ni53-ySn112-y phases.  

The stability of these phases permitted the removal of the RE/Ni flux by soaking the cooled 

reaction mixture in H2O/EtOH to etch away the flux. They noted that attempting to use tin flux 

for the growth of these phases resulted in GdCoSn2 instead [75] .  The Canfield group reported 

crystal growth of late rare earth RE2Cu2In compounds using the self-flux method; this was 

referred to as a RE/Cu/In ternary melt, but the amount of indium used was small (reaction 

mixtures were (Gd0.5Cu0.5)1-xInx with 0.05<x<0.15), so it can be viewed as growth from a RE/Cu 

flux [76].  Use of a more indium-rich flux mixture would likely have yielded indides such as 

GdCu6In6 or GdCu5In7. This work raises the accurate point that in reality these flux reactions are 

occurring in a complex multinary phase space (involving ternary or quaternary phase diagrams, 

many of which are not known).  However, using a large enough excess of the flux mixture will 

make the system quasi-binary, and this also prevents possible rising of the melting point if one of 

the flux components is consumed (by incorporation into crystallizing products) more quickly 

than the other.   

   4.3.2 Structure 

          Nd8Co4-xAlxGe2C3 exhibits a new structure type in orthorhombic space group Pbcm, 

shown in Figure 4.1.  The major structural building blocks in Nd8Co4-xAlxGe2C3 are the 

germanium-centered neodymium clusters Ge@Nd9 and the infinite zigzag cobalt carbide chains 

that separate them.  Each of the two crystallographically unique Ge sites is surrounded by 9 Nd3+ 

cations in tricapped trigonal prismatic coordination (it can also be viewed as a monocapped 

square antiprism; see figure 4.1b). Clusters comprised of a main group element surrounded by 8-

10 rare earth cations have been observed in many compounds produced from reactions of such 
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elements in R/T eutectics.  For instance, Sn@La9 clusters are found in La21Fe8Sn7C12 and 

La14Sn(MnC6)3, and Ge@Nd9 clusters are found in Nd6Co5Ge2Al [3, 17].   

 

Table 4.3 Lanthanide/transition metal eutectic flux reactions and observed products.  Flux 
mixture is indicated by reactants in parentheses.   

Reactants Reactant ratio (mmol)* Heating profile** Products 

(La/Ni)/Fe/M/C, M = Sn, Bi, 

Sb, Te, or Ge 

(9.7:2.5):0.8:0.7:1.2 (a) La21Fe8M7C12 

(La/Ni)/Fe/Al/M, M = main 

group metals 

(9.7:2.5):1.5:0.5:0.3 (a) La6Fe13-xAlxMy 

(La/Ni)/Mn/Al/M, M = main 

group metals 

(9.7:2.5):1.5:0.5:0.3 (a) La6Mn13-xAlxMy 

(La/Fe)/Al (9.8:2.2):1 (b) LaFe13-xAlx 

(Nd/Fe)/Al (7.6:1.9):1 (b) Nd6Fe13-xAlx 

(La/Ni)/Ru/Al/B (9.7:2.5):2:2:1 (c) LaRu2Al2B 

(La/Ni)/Sn/Ru/Al (9.7:2.5):1:1:1 (d) La6SnNi3.67Ru0.76Al3.6 

(La/Ni)/La/Ru/Sn/C (Al 

leached from alumina crucible) 

(9.7:2.5):1:1:1:1 (c) La2Ni2-xRuxAl 

(La/Ni)/La/Mn/C/M, M=Ge, 

Sn, Sb, Te, Bi 

(9.7:2.5):0.25:0.3:0.5:0.2

5 

(a) La21Mn8M7C12 

(La/Ni)/La/Mn/Sn/C (9.7:2.5):2.1:0.8:0.7:1.2 (a) La14Sn(MnC6)3 

(La/Ni)/La/Mn/C (9.7:2.5):1.1:0.3:1.8 (a) La11(MnC6)3 

(Ce/Fe)/Al/B/C (9.8:2):1:1.2:1.2 (e) Ce33Fe14-xAlxB25C34 

(Pr/Fe)/B/C (9.6:2.5):1.2:1.2 (a) Pr33Fe13B18C34 

(Nd/Co)/Si/C (8.4:4.7):1:2 (e) Nd2Co2SiC 

(Pr/Co)/Si/C (8.4:4.7):1:2 (a) Pr2Co2SiC 

*some ratios reflect excess lanthanide metal added in some cases to compensate for its incorporation into 
products. 
**Heating profiles: 
(a) 3h to 950°C, hold for 12h, 10h to 850°C, hold for 48h, 84h to 600°C, centrifuge 
(b) 3h to 1050°C, hold for 12h, 10h to 950°C, hold for 48h, 84h to 815°C, centrifuge 
(c) 3h to 1000°C, hold for 12h, 10h to 850°C, hold for 48h, 84h to 650°C, centrifuge 
(d) 3h to 1000°C, hold for 12h, 10h to 850°C, hold for 48h, 84h to 600°C, centrifuge 
(e) 3h to 950°C, hold for 12h, 10h to 850°C, hold for 48h, 84h to 700°C, centrifuge 
 
 
 
The formation and stability of such M@R9 units is likely due to electron transfer; the relatively 

electronegative main group element is partially reduced by the rare-earth rich flux to become 

negatively charged, and the resulting anion surrounds itself with R3+ cations.  Similar M@Rn 

clusters are found in other rare-earth rich compounds, with the size of the coordinating rare earth 
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cluster dependent on the radii of the M and R ions.  For instance, octahedral C@Ce6 and 

Al@Sm6 units are found in Ce33Fe13B25C34 and Sm12Fe14Al5, respectively [4, 74].  Square 

antiprismatic Sb@Gd8 clusters are found in Gd5Ir2Sb [77], and the compound La8Co2In3 features 

In@La11 units [78].  

The Ge@Nd9 clusters in Nd8Co4-xAlxGe2C3 share faces to form 2-D slabs that are stacked 

perpendicular to the c-axis and separated by cobalt/carbon building blocks.  The Nd-Ge distances 

range from 3.142 Å to 3.296 Å, falling in the Nd-Ge bond range 3.1-3.4 Å observed in 

NdCo0.83Ge2 and NdCoGe3 [79, 80].  The Nd-Nd distances within these slabs range from 3.5 – 

3.9Å.  However, a shorter distance is found between the slabs, with Nd3 sites on one slab being 

3.35Å away from Nd5 sites on a neighboring slab.  This variety of Nd-Nd distances may be the 

source of the complex magnetic behavior arising from the Nd sublattice of this compound (see 

section 3.3). 

The cobalt/carbon layers that separate the Nd/Ge slabs are unique.  These layers are 

comprised of parallel infinite zigzag chains of cobalt atoms which run in the b-axis direction; see 

Figure 4.2.  The Co-Co distances in this chain are 2.477 Å, 2.494 Å, and 2.621 Å, all within the 

Co-Co bond range 2.4-2.9 Å observed for other intermetallic phases such as Nd2Co2SiC, 

Nd6Co5Ge2.2, and NdCo2Ge2 [6, 67, 81].  Three out of every four of the Co-Co linkages are 

bridged by carbon in a bidentate manner to form triangles; the Co-C distances are 1.834 Å, 1.874 

Å and 1.915 Å.  The “non-bridged” Co-Co linkage has a bond distance of 2.477Å and also 

features partial substitution by aluminum (33% Al). 

Carbon-capping of transition metal atoms, dimers, or clusters is a defining feature of 

carbometalates containing rare earth metals, transition metals, and carbon.  The Jeitschko and 

Kniep groups have been particularly prolific in the synthesis of these RxTyCz phases and 

published an excellent review in 2007 [82, 83].  The majority of structures described in that 

review contained limited T-T bonding; the transition metals were instead surrounded by carbon 

atoms, which linked to other transition metal sites to form a [TyCz]n- network.  Examples include 

the corner-sharing TC4 tetrahedra that link together to form the infinite polyanionic layers 

∞[(T2C3)6-] (T=Cr, Mo) of Ho2Cr2C3 and Er2Mo2C3, and the corner-sharing ReC5 trigonal 

bipyramids and ReC4 squares that comprise the anionic network in U5Re3C8.  Carbon-capped 

clusters of transition metals (which exhibit not only T-C but also T-T bonding) are seen in flux-
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grown intermetallics La21Fe8Sn7C12 (which features Fe4 tetrahedra capped on all edges by carbon 

atoms) and Ce33Fe13B25C34 (containing Fe13 clusters capped by borocarbide chains) [3, 4].  In 

recent years Dashjav et al. have discovered two very interesting compounds in the Dy/Fe/C 

system, both of which feature Fe-Fe bonded units capped with carbon.  Dy15Fe8C25 features Fe6 

planar triangles capped with both carbon and C2 units [84].  A 1-D chain of iron atoms (bridged 

by C2 units) is found in Dy5.64Fe2C9 [83].  The looping cobalt carbide chain in the title compound 

bears some resemblance to this latter compound.  The potential magnetic properties of such 1-D 

transition metal building blocks are of interest. 

 

   4.3.3 Magnetic Properties 

     Figure 4.3 shows the temperature dependence of the magnetic susceptibility data for Nd8Co4-

xAlxGe2C3 with an applied field of 100 Oe and the crystal oriented with c-axis either parallel or 

perpendicular to the field.  The most distinctive feature of the susceptibility data is the sharp rise 

below Tc = 50 K; the orientation dependence of this transition reveals a strong preference of the 

Nd moments to be magnetized along the c-axis.  Another feature is the large field-cooled (FC) 

and zero-field cooled (ZFC) splitting seen for both crystal orientations. The ZFC magnetization 

is close to zero at low temperature in either orientation, indicating random orientation of 

ferromagnetic domains below TC (and cancellation of net moment) when cooled in the absence 

of an external field.  The field-cooled susceptibility is significantly larger when the crystal is 

oriented with a-axis parallel to the applied field, supporting a preference for magnetic domains to 

align along that axis. 

 

 The high temperature magnetic susceptibility data for Nd8Co4-xAlxGe2C3 show a small 

but distinct increase in the susceptibility at 200 K (more visible in the inverse susceptibility plot, 

see Figure 4.8). This can be attributed to traces of the Nd/Co flux adhered to the crystal, which 

forms Nd4Co3 upon solidification; this phase is known to undergo ferromagnetic ordering at 202 

K. After correcting for a small amount of this ferromagnetic impurity, the high temperature data 

above 210 K can be fit to the Curie-Weiss law, yielding  a magnetic  moment of 4.0 μB per Nd3+, 

a Weiss constant of 58 K when H//c, and a magnetic moment of 3.9 μB and a Weiss constant of 

32 K when H⊥c. The observed magnetic moment is higher the theoretical value of 3.2 μB for 
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Nd3+, likely due to the surface contamination. When H//c, the observed values for μeff, θ, and TC 

are larger compared to when H⊥c. This indicates that the Nd3+ magnetic moments tend to align 

along the c-axis.   

           Magnetization measurements were carried out to further explore the nature of the 

magnetic ordering for Nd8Co4-xAlxGe2C3. Magnetization data collected at different temperatures 

with H//c are shown in Figure 4.4.  Above the Curie temperature (at 150K and 80 K), the field 

dependence is linear, as expected for a paramagnet. At the Curie temperature (50K), the phase 

also exhibits linear field dependence with saturation above 3T. Below the Curie temperature (at 

20K), weak ferrimagnetism is observed with a remanant magnetization of 1µB, a saturation 

magnetization of 2.09 µB and a coercive field of 0.05T. At 10K, wider hysteresis can be seen 

with a remanant magnetization of 1.1 µB and a coercive field of 0.3T.  When the temperature 

decreased to 1.8K, the hysteresis increases dramatically as the system becomes a hard 

ferrimagnet with a remanant magnetization of 2.2µB and a coercive field of 1.97 T. Data 

collected at 1.8 K for the crystal aligned with H⊥c (Figure 5.5) shows even larger coercivity (4.0 

T) but the saturation magnetization is substantially lower (0.34 µB). This furthermore agrees the 

magnetic moments prefer to order along c-axis. The similar lower remnant magnetization and 

larger coercivity when H⊥c was also observed for Ce0.95Bi0.05Co1.85As2 [85].    

 

   4.3.4 DOS Calculations  

Calculated total and partial density of states (DOS) diagrams are shown for the model 

compound La8Co4Ge2C3 (see Figure 3.6). The nonzero DOS at the Fermi energy indicates that 

this compound is metallic. The 5d states of the rare earth element have their most significant 

contribution to the DOS above EF, whereas orbitals from Co, Ge, C are dominant below the EF.  

The resulting pseudogap at EF is characteristic of “polar” intermetallics containing 

electropositive metals in combination with more electronegative metals and metalloids.  The data 

reveal only a small contribution from the Co 3d electrons at the Fermi level.  Despite the 

presence of Co-Co bonding in the cobalt chains, the lack of cobalt orbital contributions at EF 

indicates that the cobalt atoms will not have a significant magnetic moment and should not 

contribute to the magnetic behavior of this compound.  This is in agreement with the magnetic 

data described in section 4.3.3. Carbon and germanium have almost zero contribution to the DOS 

at the Fermi level and are thus largely anionic.  The Ge states are predominantly seen between -1 
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and -3 eV and are hybridized with states from surrounding rare earth atoms (which supports the 

view of germanium being partially negatively charged and strongly interacting with neighboring 

Nd3+ cations in the Ge@RE9 clusters).  The carbon atom orbitals contribute to states between -3 

and -5 eV which are hybridized with cobalt states and rare earth states, in agreement with their 

coordination environment.     

4.4 Conclusion 

Ln/T eutectic fluxes have proven to be excellent media for exploratory synthesis and 

crystal growth of complex Ln/T/M/M’ intermetallic phases.  Reactions of germanium and carbon 

with small amounts of aluminum in Nd/Co flux have yielded the novel ferromagnetic compound 

Nd8Co4-xAlxGe2C3. The tendency for heavy main group elements to be reduced and coordinated 

by Ln3+ cations was observed in this compound, which contains Ge@Nd9 clusters.  The high Ln 

content and short Ln-Ln distances in flux-grown Ln/T/M/M’ products can lead to intriguing 

magnetic behavior at low temperatures, with strongly anisotropic hard ferromagnetism seen for 

the title compound. Conversely, the relatively low concentration of transition metal in the 

synthesis mixture often leads to formation of small building blocks such as dimers, chains, and 

small clusters of transition metals (often capped by light elements, yielding TxCy species which 

are surrounded by Ln cations).  The limited T-T bonding often precludes the formation of a 

stable magnetic moment on the transition metal, as is the case for the undulating 1-D chain of 

cobalt atoms capped by carbon in the title phase; the magnetic data and DOS calculations 

indicate the cobalt d-electrons do not contribute significantly at EF and do not have a magnetic 

moment.  Compared to the large numbers of carbometalates with no T-T bonding, and the wide 

variety of transition metal-rich intermetallics such as Nd2Fe14B and SmCo5, Ln/T/M/M’ 

intermetallics with low-dimensional transition metal building blocks are relatively rare.  Further 

discovery and exploration of new phases containing small TxCy clusters may shed light on the 

minimum size at which a transition metal cluster becomes magnetic.  
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Figure 4.1 (a) Structure of Nd8Co4-xAlxGe2C3 viewed down the a-axis. Orange spheres are Nd; red, blue, 
black spheres represent Co, Ge, C, respectively. (b) Slab of face-sharing Ge@Nd9 clusters, viewed down 
the c-axis. 
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Figure 4.2 Cobalt/carbon chain viewed down the [101] direction 
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Figure 4.3 Temperature-dependent data for Nd8Co4-xAlxGe2C3 measured with an applied field of 100Oe 
when the crystal was aligned with c axis parallel or perpendicular to the applied field. 
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Figure 4.4 Field-dependent data for Nd8Co4-xAlxGe2C3 at various temperatures when the crystal was 
aligned with c axis parallel to the applied field. 
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Figure 4.5 Field-dependent data for Nd8Co4-xAlxGe2C3 at 1.8K when the crystal was aligned 
with c axis parallel or perpendicular to the applied field. 
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Figure 4.6 Densities-of-States ( DOS ) data calculated for Nd8Co4-xAlxGe2C3 
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Figure 4.7 Powder diffraction patterns of flux-grown Nd8Co4-xAlxGe2C3, compared to theoretical 
pattern Nd8Co2Ge4C3 calculated from single crystal data.    
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Figure 4.8 Inverse susceptibility for Nd8Co4-xAlxGe2C3 measured with an applied field of 100Oe  
when the crystal was aligned with c axis parallel to the applied field. 
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CHAPTER 5 

NEW CERIUM COBALT BOROCARBIDE SYNTHESIZED FROM CE/CO 

FLUX 

5.1 Introduction 

We report here the synthesis of a new borocarbide phase, grown from metal flux 

reactions.  Metal flux synthesis using a eutectic mixture of early rare earth metals (R = La – Nd) 

and late transition metals (T = Fe – Ni) as a reaction medium has proven to be a highly 

productive way to make multinary intermetallic phases.  The R/T melts are excellent solvents for 

refractory metalloids such as carbon and boron, with previous flux reactions yielding phases such 

as La21Fe8Sn7C12, Ce33Fe13B18C34, and LaRu2Ni2B[3, 4, 12].  In this work, we have isolated a 

new cerium cobalt borocarbide from reactions in Ce/Co eutectic (mp 424 °C).  Ce10Co2.75B11.5C10 

is metal-poor, featuring complex catenation of the metalloid elements….   

5.2 Materials and Methods 

   5.2.1 Synthesis 

The cerium/cobalt eutectic that was used as a reaction flux was synthesized by melting 

pieces of Ce ingot with Co slugs (99% Alfa Aesar) combined in a 76:24 atomic ratio. The 

mixture was heated by arc melting under Zr-gettered argon on a water-cooled copper hearth.  

The resulting button was turned over several times and re-melted to ensure homogeneity of the 

flux material. The eutectic was broken up into approximately 1 mm3 pieces and stored in an 

argon-filled dry box.   

Ce10Co2.75B11.5C10 was synthesized by reacting powders of acetylene carbon black (95-

97% Strem Chemicals) and boron (99% Strem Chemicals) in this flux.  The boron and carbon 

(both in 1 mmol quantities) were sandwiched between layers of the Ce/Co eutectic in an 

alumina crucible (a total of 1.5 g of the flux was used).  This ensures that the light element 

reactants will not float on the eutectic as it melts.  The crucible was placed into a fused silica 

tube with a wad of fiberfrax wool above it to act as a filter during centrifugation.  The tube was 

sealed under a vacuum of 10-2 Torr. The ampoule was heated to 950°C in 3 hours, held at this 

temperature for 12 hours, and then cooled to 850°C in 10 hours. The reaction mixtures were 
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subsequently annealed for 48 hours at 850°C and then cooled to 600°C in 84 hours. At 600°C 

the ampoule was removed from the furnace, quickly inverted, and placed into a centrifuge to 

decant the molten flux.  The yield of the Ce10Co2.75B11.5C10 phase was nearly 80%, forming as 

silvery plate-like crystals up to 3 mm on a side and up to 0.3 mm thick.   

Any flux remaining on the surface of the products can be removed mechanically or by 

briefly leaving the crystals in air to preferentially oxidize the Ce-rich flux coating. Products 

from these reactions were stored in an argon-filled dry-box until characterization in order to 

prevent any surface oxidation. The crystals are stable enough in air to allow overnight X-ray 

collections under ambient conditions, but will degrade if left in air for longer periods. 

 

   5.2.2 Elemental Analysis  

Elemental analysis was performed on all samples using a JEOL 5900 scanning electron 

microscope with energy-dispersive X-ray spectroscopy (EDS) capabilities. Flux-grown crystals 

from each reaction were affixed to an aluminum SEM puck using carbon tape and positioned so 

that flat faces were perpendicular to the electron beam. Samples were analyzed using a 30kV 

accelerating voltage and an accumulation time of 60s. The boron and carbon content was not 

able to be determined due to the limitation of EDS with light elements. The samples were also 

checked for contamination by Al, which may have been leached from the crucible. No 

aluminum peaks were seen in the EDS data.  To further test for incorporation of Al, all site 

occupancies were allowed to vary in the single-crystal XRD final refinement cycles.  

 

   5.2.3 X-ray Diffraction Studies 

Single crystals of the title phase were mounted on glass fibers using epoxy.  X-ray 

diffraction data were collected at 297 K on a Bruker SMART APEX2 CCD diffractometer 

equipped with a Mo-target X-ray tube.The data sets were recorded as ω scans at 0.3° stepwidth 

and integrated with the Bruker SAINT software[86].  Data were corrected for absorption effects 

using the multiscan method (SADABS)[87].  Ce10Co2.75B11.5C10 was found to be triclinic (P-1).  
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Table 5.1 Collection parameters for Ce10Co2.75B11.5C10  

 Ce10Co2.75B11.5C10 

Formula weight (g/mol) 1758.07* 

Space group P-1 

Unit cell parameters a = 8.5131(5)Å, b = 8.5144(5)Å,  c = 

13.5709(7)Å 

α = 100.870(1)°, β= 93.677(1)°, γ = 90.041(1)° 

Unit cell volume (Å3) 963.95(9) 

Z 2 

Calc. Density (g/cm3) 6.057* 

Collection temp (K) 297 

Absorption coeff.  (mm-1) 24.733 

Theta range 2.40 – 35.07 

Reflections collected 22701 

Unique data/constr./ param. 8004 / 0 / 331 

Goodness of fit 1.195 

R1, wR2 for I ≥ 2σ(I) 0.0293 / 0.0789 

R1, wR2 for all data 0.0319 / 0.0802 

Diff. peak/hole, e/Å3 2.581 / -3.291 
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All the cerium sites and the majority of the cobalt sites were readily located by direct methods,  

and carbon/boron sites were clearly evident in the electron density map.  Light atom sites were 

assigned as either boron or carbon based on bond length considerations and comparison to 

similar structures. The structure solution was complicated by the presence of several partially 

occupied disordered sites which were consistently observed in crystals from several different 

synthesis batches.  These sites were assigned based on bond lengths to each other and to 

neighboring fully occupied ordered sites 

 

5.3 Results and Discussion 

   5.3.1 Synthesis 

Reaction of 1mmol each of boron and carbon in an excess of Ce/Co eutectic flux 

produces Ce10Co2.75B11.5C10 as the major product in 80% yield, with very small amounts of 

byproducts.  Ce10Co2.75B11.5C10 crystallizes as silver, thin, flake-like crystals that have no well-

defined geometric shape (see Figure 5.1). EDS analysis indicates Ce:Co ratios between 80:20 

to 90:10 for samples of this phase.   

 

 

 

 

 

 

 

 

Figure 5.1 Flux-grown crystal of Ce10Co2.75B11.5C10.  Flakes of oxidized residual flux can be 
seen on the surface. 
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5.3.2 Structure 

The structure of Ce10Co2.75B11.5C10 (shown in figure 5.2) is complicated by boron-carbon 

catenation and disorder.  The triclinic structure features 10 ordered crystallographically unique 

cerium sites.  Two cobalt sites and their symmetric equivalents form near-perfect squares; a 

center of inversion lies in the middle of the squares.  The Co1-Co2 distances of 2.4722(8)Å and 

2.4729(8)Å are similar to those seen in CeCo5 (2.46Å) and the kagome nets featured in 

Ce2Co5B2[88]. The cobalt squares are capped above and below each edge by borocarbide chains 

4 atoms in length.  Reactions in R/T eutectic fluxes appear to promote the formation of small 

transition metal clusters capped by light metalloids which then pack into extended structures.  

The structure of La21Fe8Sn7C12 features Fe4C6 clusters in a La/Sn network; Ce33Fe13B18C34 

contains a bcc array of Fe13 clusters capped by boron and carbon; Nd2Co2SiC contains cobalt 

dimers capped by carbon and silicon[3, 4, 6].     

 

Figure 5.2 Structure of Ce10Co2.75B11.5C10 viewed down the a-axis.  Large grey spheres and 
small black spheres represent cerium and carbon respectively.  Cobalt and boron sites are shown 
in blue and green.  Isolated carbide site (C9) octahedrally coordinated by cerium is shown in 
polyhedral mode.  Disordered sites are in red and orange.   
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Siting of the boron and carbon atoms in the chains that cap the cobalt squares in 

Ce10Co2.75B11.5C10 (atoms B1 - B8 and C1 - C8) was assigned based on bond length analysis and 

comparison to previously reported rare earth borocarbide structures.  Each of the four 

crystallographically unique chains shows a similar pattern in bondlengths; one of these chains is 

highlighted in Figure 5.4.  The atoms directly bonded to the cobalt squares are boron (Co-B 

bond lengths in the range 2.130(5) – 2.190(5)Å), and the three subsequent atoms in the chain are 

carbon, boron, and carbon.  The boron sites in the chain consistently show longer distances to 

surrounding cerium ions than the carbon sites.   

 

 

 

 

 

 

 

 

 

 

Figure 5.3 The ordered cobalt squares and associated borocarbide chains in Ce10Co2.75B11.5C10.   
Each square is linked to four others through a diboride linkage.     

  

           Borocarbide chains are also seen in phases such as Ce34Fe14B25C34, CeBC, and 

Tb10B9C10[4].  All of these structures feature alternating B-C-B-C linkages, with B-C 

bondlengths in the 1.44 – 1.59 Å range. In all cases, the “terminal” atom of the chain is carbon, 

likely due to its higher electronegativity and greater affinity for coordination by R3+ cations.  

Ce10Co2.75B11.5C10 bears a particular resemblance to Tb10B9C10, which features a boron zigzag 
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chain with branches coming off of it. The branches are predominantly CBC units (resulting in 

B-C-B-C linkages).  In addition to this borocarbide “polymer”, the structure also feature isolated 

carbide anions octahedrally coordinated by Tb3+ cations that surround the carbon termini of the 

polymer branches.  A similar carbide species is found in Ce10Co2.75B11.5C10; the C9 site centers 

C@Ce6 octahedra which are interspersed among the termini of the borocarbide chains (Figure 

5.3).  The Ce-C bond lengths in this unit range from 2.526(4) – 2.849(4)Å.  A similar C@Ce6 

unit in Ce33Fe14B25C34 has a Ce-C bond length of 2.6576(4)Å[4].  

          The Ce10Co2.75B11.5C10 structure features a specific disordered unit which was seen in all 

crystallographic studies of samples of this phase from several different syntheses.  This unit is in 

the same layer as the cobalt squares and is positioned on an inversion center.  It contains several 

partially occupied cobalt and light atom sites, which are indicated by red and orange spheres in 

Figures 5.4.  The “averaged” structure is shown in Figure 5.4. Several reasonable models (each 

of which has several partially occupied symmetry equivalents, rotated around a pseudo-4-fold 

axis) with suitable bond lengths are obtained when some atom positions are filled and others 

empty.  The 1.58Å and 1.60Å B-C bonds are on the higher end of the 1.44 – 1.60Å range seen in 

other borocarbide phases.  The possible Co-C bonds in the disordered region include a long 

bond in model A (2.31 – 2.34Å) and a short bond in model B (1.82 – 1.85Å).  These 

bondlengths are reasonable, and the shorter ones comparable to the 1.81 – 1.83Å Co-C bonds 

seen in RCoC (R = Y, Dy – Lu). 

The ordered part of this structure has the stoichoimetry Ce10Co2B10C9 (Z = 2).  Addition 

of “model A” (with disordered region formula CoBC) leads to a total stoichiometry of 

Ce10Co3B11C10.  If the disordered region exists as “model B” (which has a formula of Co0.5B2C), 

the overall stoichiometry is Co10Co2.5B12C10.  The X-ray data refinement indicates that both 

models contribute to the overall structure, with the disordered sites summing to Co0.76B1.6C0.79 

under unconstrained refinement.  This is close to the Co0.75B1.5C1 “average” of the two models.  

Therefore, the overall stoichiometry of this phase is approximately Ce10Co2.75B11.5C10 (or in 

more general terms, Ce10Co2+xB10+yC9+z, where x = 0.75, y = 1.5, and z = 1).    
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Figure 5.4 Disordered region of Ce10Co2.75B11.5C10, viewed down c-axis; disordered atoms are 
highlighted in red (boron and carbon) and orange (cobalt).  The overall average of disordered 
atom positions, and two models produced from partial occupancies of these sites are shown.  

 

   5.3.3 Magnetic Properties 

Magnetic measurements on single crystals of Ce10Co2.75B11.5C10 were dominated by non-

Curie Weiss paramagnetic behavior at high temperature, and a ferromagnetic transition apparent 

below 5 K (see Figure 5.5).  The non-Curie Weiss behavior is likely due to the complexity of the 

structure, which contains 10 crystallographically unique cerium sites, any of which could exhibit 

mixed or fluctuating valency. Similar behavior is observed for Ce9Ru4Ga5, in which the different 

Ce ions could possess fluctuating valence states, and some trivalent states may give rise to the 
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magnetic order. The ferromagnetic transition was further studied using magnetization 

measurements at several different temperatures (Figure 5.6).  Above the TC of 5K, the data is 

largely linear (the small kink at low fields is likely due to an impurity); below the ordering 

temperature, hysteresis becomes apparent, increasing as the temperature drops. When Tc=1.8K, 

the data exhibits hysteresis, with a coercive field of 0.4T, and a remanent magnetization 0.077µB 

per unit cell. There is no saturation of the magnetic moment and the moment per (unit cell) in 

the field dependence data is 0.3μB. The very small moment and lack of saturation suggests there 

are competing interactions between the 10 different Ce sites in this compound.    

 

Figure 5.5 Temperature dependence of magnetic susceptibilities at 100 Oe for Ce10Co2.75B11.5C10 

crystal oriented with a axis parallel to the field. 

 

Figure 5.6 Field dependence of magnetization at various temperatures for Ce10Co2.75B11.5C10 

crystal aligned with a axis parallel to the field. 
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5.4 Conclusions 

The Co square is possibly magnetically interesting. Attempts were made to substitute 

Fe on the Co sites in the structure. Fe was added to reactions in 0.1mmol increments. Powder 

x-ray diffraction and EDS analysis was used to determine the products of the reaction. Past 0.1 

mmol, Ce10Co2.75B11.5C10 was not observed in any of the reactions. Phases such as 

Ce33Fe14B25C34 and other byproducts were observed. 



 

60 
 

CHAPTER 6 

FLUX GROWTH AND MAGNETIC PROPERTIES OF RE6CO5GE1+XAL3-X  

(RE = PR, ND; X ≈≈≈≈ 0.8) 

6.1 Introduction 

In this work, crystals of RE6Co5Ge1+xAl3-x (RE=Pr, Nd) were grown from reactions in 

RE/Co flux. These phases form with the Nd6Co5Ge2.2 structure type which was previously 

reported in 1986.[81, 89] However the previous work only described the approximate 

stoichiometry and structure. Investigations of magnetic behavior were not carried out, possibly 

due to the lack of pure sample and large crystals. The large crystals grown from flux allow for 

extensive magnetic characterization. The structure features 2-D hexagonal cobalt nets capped by 

aluminum atoms. Magnetic susceptibility measurements show that for the both analogues, the 

magnetic moments of the cobalt atoms order ferromagnetically at high temperature, and the 

magnetic moments of the rare earth ions order ferromagnetically at low temperatures.  

 

6.2 Materials and Methods 

   6.2.1 Synthesis 

        The starting materials were stored and handled in an argon-filled glovebox.  Praseodymium 

chips (99.9%, Strem Chemicals), neodymium chips (99.9%, Strem Chemicals) cobalt slugs 

(99.95%, Alfa Aesar), powders of germanium (99.9%, Strem Chemicals), and aluminum 

(99.95%, Strem Chemicals) were used as received. The Pr/Co eutectic flux was made by arc 

melting pieces of Pr and Co in a 66/34 mole ratio on a water-cooled copper hearth into a button 

that was flipped and remelted several times to ensure homogeneity.  The resulting button was 

then fractured with a hammer into smaller pieces (1 mm3) for use in flux reactions.  Nd/Co 

eutectic was made in a similar way, by arc melting a mixture of Nd/Co chunks in a 64/36 mole 

ratio.[5]   

Pr6Co5Ge1.80Al2.20 was prepared by sandwiching 1 mmol of Ge and 1 mmol of Al between 

a total of 1.5 g of Pr/Co eutectic in an alumina crucible (ID 6 mm), which was placed in a silica 

tube.  A second alumina crucible was filled with Fiberfrax and inverted above the reaction 

crucible to act as a filter during centrifugation. The silica tube was flame-sealed under vacuum of 
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10-2 Torr. The ampule was then heated to 950°C in 3 h, held at this temperature for 12 h, and then 

cooled to 850°C in 10 h. The reaction mixture was subsequently annealed for 48 h at 850°C and 

then cooled to 600°C in 84 h.  At 600°C the ampule was removed from the furnace, quickly 

inverted, and centrifuged in order to decant the molten flux. The yield can be increased by 

raising the centrifuge temperature to 650°C. The Nd analogue Nd6Co5Ge1.74Al2.26 was 

subsequently synthesized in a similar fashion from reaction of 2 mmol of Ge powder layered 

between Nd/Co eutectic (~1.5g). To remove traces of flux residue from the surface of the 

crystals, samples can be left in air to preferentially oxidize the flux coating.  Products were then 

kept in a drybox to prevent any further oxidation, although these crystals will not degrade if left 

in air for several months.  

 

   6.2.2 Elemental Analysis 

        Semiquantitative elemental analysis was performed with energy-dispersive X-ray 

spectroscopy (EDXS) on a JEOL 5900 scanning electron microscope equipped with PGT Prism 

energy dispersion spectroscopy software. Flux-grown crystals were mounted onto an aluminum 

SEM holder with carbon tape, oriented with a flat face perpendicular to the electron beam, and 

analyzed using a 30kV accelerating voltage and an accumulation time of 40 s. Analysis of 

crystals showed an average RE/Co/Al/Ge ratio of 50% : 36% : 7% : 7%, similar to the ratio 

indicated by the XRD structure solution.    

   6.2.3 Single Crystal X-ray Diffraction 

        Small shards were broken off of larger crystals and were mounted on glass fibers using 

epoxy. The single crystal X-ray diffraction data were collected at room temperature on a Bruker 

AXS APEX2 CCD diffractometer equipped with a Mo-target X-ray tube (λ = 0.71073 Å). Data 

processing was then performed using the Bruker SAINT software.[43] An absorption correction 

was applied to the data with the SADABS program. The structure was solved in the hexagonal 

space group P-6m2 and refined using the SHELXTL software package.[44]  Crystallographic 

and data refinement parameters are shown in Table 1.  For both compounds, siting assignments 

were straightforward for the rare earth and cobalt positions, as well as one of the germanium 

sites; refinement of these site occupancies resulted in values at or close to 100%.  However, a 3k 
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site (assigned as a partially occupied germanium site in the parent structure Nd6Co5Ge2.2) was 

assigned as a mixed Ge/Al site in accordance with the EDS data (see discussion).  Further 

crystallographic data can be found in the Supporting Information.    

   6.2.4 Magnetic Susceptibility Measurements 

        Magnetic susceptibility measurements were carried out on a Quantum Design SQUID 

Magnetic Property Measurement System. Crystals were selected and held between two strips of 

kapton type. Temperature-dependent susceptibility data were collected between 1.8K and 300K 

at 100 G.  Field-dependent data were collected at several temperatures using fields up to 5 T; 

crystals were oriented with c-axis parallel to the applied field.  For Nd6Co5Ge1.74Al2.26, both 

field-dependent and temperature-dependent data were collected when crystals were oriented with 

c-axis either parallel or perpendicular to the applied field.  

   6.2.5 Electronic Structure Calculations  

        Density of states (DOS) calculations were carried out with the tight binding-linear muffin 

tin orbitals-atomic sphere approximation (TB-LMTO-ASA) program package.[40] To avoid 

complications from site mixing, Nd6Co5GeAl3 was modeled as Nd6Co5Ge1.74Al2.26 (with the 

mixed Ge/Al site modelled as completely filled with Ge). The following radii of atomic spheres 

were used: r(Nd) =3.54/3.70 Å, r(Co) = 2.55 Å, r(Ge) = 2.92 Å, r(Al) = 2.71Å. The basis set 

includes Nd 6s, 5d, (6p), Co 4s, 4p, 3d, Ge 4s, 4p,  3d and C 3s 3p  being downfolded. The 

calculation was made for 18x18x18 k points in the irreducible Brillouin zone 

 

6.3 Results and Discussion 

   6.3.1 Synthesis 

        RE6Co5Ge1+xAl3-x (RE=Pr, Nd) are produced from reactions of germanium and aluminum in 

RE/Co flux, forming as silver, faceted rectangular rods up to ∼2 mm in length and 0.8mm in 

diameter. Products form as aggregates of crystals with a very small amount of powder. The 

crystalline samples of these compounds are very stable in dry air for months, but react slowly 

with water. The reaction yield is about 40% for the Pr analogue and 60% for the Nd analogue 

based on germanium.  X-ray powder diffraction studies indicate that the products of flux 
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reactions are predominantly single phase.  The Pr analogue only forms if both Al and Ge 

reactants are present; 

 

Table 6.1 Crystallographic data collection parameters for RE6Co5Ge1+xAl3-x phases.   

  Pr6Co5Ge1.80Al2.20 Nd6Co5Ge1.74Al2.26 

Formula weight (g/mol) 1330.1 1347.4 

Crystal system hexagonal 

Space group P-6m2 

Unit cell parameters a = 9.203(3)Å, 
c = 4.202(1)Å 

a = 9.170(3) Å, 
c = 4.195(1) Å 
 

Unit cell volume (Å3) 308.2(2) 305.4(2) 

Z 1 

Calc. Density (g/cm3) 7.166 7.325 

Collection temp (K) 297 

Index ranges -11 ≤ h ≤ 11,  -12 ≤ k ≤ 12, 
-5 ≤ l ≤ 5 

-12 ≤ h ≤ 11,  -11 ≤ k ≤ 12, 
-5 ≤ l ≤ 5 

Reflections collected 3564 3523 

Unique data/parameters 333 / 25 332 / 25 

μ (mm-1) 34.14 35.89 

R1, wR2 for I ≥ 2σ(I) 0.0109 / 0.0210 0.0129 / 0.0265 

R1, wR2 for all data 0.0111 / 0.0211 0.0130 / 0.0266 

Residual peak/hole (e- A-

3) 
0.61 / -0.64 0.70 / -0.64 

 

 

Pr6Co5Ge1.80Al2.20 was synthesized from the reactions of 1 mmol of germanium powder 

and 1 mmol of aluminum powder in Pr/Co flux, which gives the best yield.  The Nd analogue 
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can be grown without Al reactant; however, the SEM/EDS results still indicate an aluminum 

content around 5%. Therefore Al contamination from etching of the alumina crucible by the 

strongly reducing flux appears to be incorporated into the products. Polycrystalline samples of 

Nd6Co5Ge1.74Al2.26 can be produced by arc melting synthesis (a stoichiometric ratio of Nd 

chunks, Co slugs, and Ge powder wrapped in Al foil are arc melted together). This produces 

Nd6Co5Ge1.74Al2.26 as the major product. Attempts to make the analogues of the title phases with 

other rare earth metals such as La or Ce (either by arc melting stoichiometric mixtures, or from 

flux reactions of Ge and Al in La/Co or Ce/Co eutectics) were not successful.  While 

La6Co5Ge1+xAl3-x cannot be made, likely due to the large size of La3+ cations, a structural analog 

La6Ni3.7Ru0.8Al3.6Sn can be isolated (from reactions of Ru, Sn, and Al in La/Ni flux),[12] 

presumably stable because of the incorporation of larger elements on all sites (La, Ru, and Sn 

compared to Nd, Co, and Ge).  This features a 3D [Ni3.67Ru0.76Al3.6]3
∞ network with hexagonal 

channels accommodating Sn@La9 clusters.   

Pr6Co5Ge1+xAl3-x was initially discovered from reactions of iron, germanium, and 

aluminum in Pr/Co flux in an effort to make Pr/Fe/Ge/Al phases. SEM/EDS data and the small 

changes in the unit cell parameters as Co is replaced by Fe implied that small amounts of iron 

(6%) are incorporated into the Pr6Co5Ge1.80Al2.20 phase.  This confirms that reactions of Fe with 

main group elements in R/Co fluxes (R = Pr, Nd) produce phases containing R, Co, Fe and the 

main group elements; for instance,  reaction of Fe, Si and C produced Nd2Co2-xFexSiC. This 

incorporation of both the cobalt from the flux and the iron reactant is different from what is seen 

for previous flux systems.  Reactions of iron with other elements in R/Co and R/Ni fluxes where 

R = La or Ce yielded R/Fe/M/M’ products which did not contain any Co or Ni.  (For instance, 

reaction of Fe + Sn + C in Ce/Co leads to Ce21Fe8Sn7C12, with no cobalt incorporation.)  The 

relative reactivity of the transition metals is clearly changing as the rare earth in the flux is 

changed.   

 

   6.3.2 Structure  

      The RE6Co5Ge1+xAl3-x title phases crystallize with the Nd6Co5Ge2.2 structure type (hexagonal 

space group P-6m2) shown in Figure 6.1.  Atom positions are listed in Table 6.2. The structure 

of RE6Co5Ge1+xAl3-x can be viewed as a hexagonal Co/Ge/Al framework with large channels 
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hosting chains of germanium-centered rare earth clusters Ge@RE9 (@ = encapsulated). 

Formation of such clusters is likely promoted by the partially reduced nature of the germanium; 

as the most electronegative element in the reaction mixture, it will accept electrons from the 

strongly reducing RE/Co flux and become anionic, and will be surrounded by RE3+ cations.  

Similar M@RE9 clusters are observed in La21Fe8M7C12 (M=Sn, Bi, Sb, Te, Ge) and RE6Fe13-

xAlxMy (RE=La, Nd, M = main group element).[3, 65] In these structures, the main group 

elements are surrounded by nine rare earth atoms in a monocapped square antiprism 

coordination. The Ge@RE9 units in RE6Co5Ge1+xAl3-x are tricapped trigonal prisms, with Ge-RE 

bond lengths of 3.186 Å and 3.222 Å for the Pr analog, distances within the range seen for 

phases such as Pr1Fe0.54Ge3 and Pr1Ni0.5Ge1.5.[90, 91]  These clusters share opposing trigonal 

faces to form chains running in the c-axis direction. Short RE-RE distances of 3.5 – 3.7 Å are 

found within and between these chains. 

       

 

 
 

Figure 6.1 Crystal structure of RE6Co5Ge1+xAl3-x viewed down the c-axis. Magenta polyhedra 
represent Ge@RE9 clusters; yellow, red, and blue spheres represent RE, Co, and Ge/Al sites 
respectively. 
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Table 6.2 Atom positions and thermal parameters for Pr6Co5Ge1.80Al2.20 

 Wyckoff Site x y z Ueq Occupancy 

Pr1 3k 0.13117(3) 0.86883(3) ½ 0.0121(1) 1 

Pr2 3j 0.48356(3) 0.51644(3) 0 0.0108(1) 1 

Co1 3j 0.84633(7) 0.15367(7) 0 0.0149(2) 1 

Co2 1e 2/3 1/3 0 0.0150(4) 1 

Co3 1a 0 0 0 0.0144(4) 1 

Ge1 1d 1/3 2/3 ½ 0.0098(3) 1 

Al2/Ge2 3k 0.7624(1) 0.2376(1) ½ 0.0118(4) 0.732(4) / 
0.268(4) 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Cobalt sites in RE6Co5Ge1+xAl3-x make 2-D hexagonal layers which are stacked along 
the c-axis; cobalt-cobalt bond distances are highlighted.  

 

The cobalt sites in the structure comprise 2-D hexagonal nets in the ab-plane, which are stacked 

along the c-axis with an interlayer distance of equal to the c-axis parameter (4.19Å); these nets 

are linked by a mixed Ge/Al site.  Positioning of the cobalt atoms and RE3+ ions are of particular 

interest since these atoms can give rise to the potential magnetic behavior. The Co2 and Co3 

sites form the nodes of the hexagonal net, with Co1 atoms occupying the edges.  Each Co3 site is 

bonded to three Co1 sites with a Co-Co distance of 2.447Å, similar to Co-Co bond lengths in 

Co1 

Co2 

Co3 

2.45Å 

2.87Å 
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Nd1Co0.4Si1.6 and Nd1Co2B2.[92, 93]  Each Co2 site is also bonded to three Co1 sites at longer 

distances of 2.867Å; these Co2-Co3 bonds are bridged by the Ge/Al sites which link the cobalt 

nets along the c-axis. The resulting hexagonal channels are 10 Å diameter, and are filled by the 

Ge@RE9 chains (see Figure 6.1).  

Compared with Nd6Co5Ge2.2[81] which has a unit cell volume of 311.81Å3, 

Nd6Co5Ge1.74Al2.26 has a smaller volume (305.45Å3) due to mixing of the smaller Al atoms on 

the 3k Ge site.  In the report on Nd6Co5Ge2.2, this site was assigned as partially filled (40%) by 

germanium.  In our initial refinements of the flux-grown title phases, similar refinement of this 

site as partially occupied Ge led to 54% and 52% occupation, resulting in stoichiometries of   

Pr6Co5Ge2.61 (with R1 = 0.0115) and  Nd6Co5Ge2.57 (with R1 = 0.0138).  However, the presence 

of aluminum was indicated for both compounds, so this site was instead modelled as fully 

occupied by a mixture of Ge and Al.  This refined to occupancies of 26.8% Ge and 73.2% Al for 

Pr6Co5Ge1.80Al2.20 (R1 = 0.0109) and 24.8% Ge and 75.2% Al for Nd6Co5Ge1.74Al2.26 (R1 = 

0.0129).  This improved the overall fit, and is in agreement with Ge/Al site mixing seen in other 

intermetallics such as REAl3-xGex and Pr4Al4Ge3.[94, 95]  Possibly discuss Co-Al bond lengths. 

  

   6.3.3 Magnetic Properties       

Figure 6.3 shows the magnetic susceptibility data for RE6Co5Ge1+xAl3-x with the c-axis parallel 

to applied field. Both phases are paramagnetic above 200K. Fitting to Curie-Weiss law in the 

range of 200~300K of Pr6Co5Ge1.80Al2.20 yields a moment of 4.01 µB per Pr and Weiss constant 

of 113K. Fitting of high temperature data of Nd6Co5Ge1.74Al2.26 gives a moment of 3.98µB per 

Nd and Weiss constant of 131K. Both the magnetic moments of the title phases are larger than 

the theoretical values for RE ions (3.58 µB for Pr3+, and 3.28 µB for Nd3+). This indicates that the 

cobalt sites contribute to the magnetic moment. Upon cooling below 200K, both phases exhibit a 

distinct ferromagnetic transition, with TC=130K for Pr analogue and TC=140K for Nd analogue. 

The relatively high ordering temperature indicates it is most likely due to the cobalt sublattice. 

The observed ordering temperatures are in agreement with the Weiss constants calculated from 

the previously mentioned high temperature data. As the temperature is further lowered, the rare 

earth moments order ferromagnetically. This occurs at 25K for Pr analogue and 30K for Nd 

analogue.  
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Figure 6.3 (a) Temperature dependence of magnetic susceptibility data for Pr6Co5Ge1.80Al2.20 
and (b) temperature dependence of magnetic susceptibility data for Nd6Co5Ge1.74Al2.26   measured 
with an applied field of 100 Oe with both crystals aligned with c-axis parallel to applied field.  
Filled symbols represent magnetic susceptibility, and empty symbols represent inverse 
susceptibility data. 

     

         Magnetization measurements were carried out to further explore these phenomena. Figure 

6.4 is the magnetization data at different temperatures for Pr6Co5Ge1.80Al2.20. Above the 
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TC=130K, the field dependence (at 150K) is characteristic of a paramagnet. Below that 

temperature (at 80K), weak ferromagnetism is observed, although no saturation or hysteresis is 

seen. Below the rare earth ordering temperature (30K), the system becomes more strongly 

ferromagnetic. A slight hysteresis becomes apparent which increases as the temperature is 

further lowered. The system becomes a strong ferrimagnet at 5K and 1.8K (with a remanant 

magnetization of 0.79µB and a coercive field of 0.95T for 1.8K).  Figure 6.5 shows 

magnetization data at different temperatures for Nd6Co5Ge1.74Al2.26. Compared with the Pr 

analogue, it is a slightly softer ferromagnet (indicated by smaller hysteresis), owning to the 

smaller single-ion magnetic anisotropy of Nd3+. 

      

 

Figure 6.4 Magnetization data for Pr6Co5Ge1.80Al2.20 at various temperatures spanning the 
ferromagnetic transition with crystal aligned with c-axis parallel to applied field. 

             

           To further investigate the magnetic anisotropy of Nd6Co5Ge1.74Al2.26, magnetic 

measurements were carried out for a single crystal of this compound with the crystal oriented 

with c-axis parallel and then perpendicular to the applied field (Figure 6.5).  The data show a 
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strong preference of the Co moments to align along the c-axis. The temperature-dependent data 

(Figure 6.6a) features a distinctly larger rise of susceptibility below Tc=140K and FC/ZFC 

splitting when the crystal is aligned with c-axis parallel to the applied field, compared to the data 

for the perpendicular orientation. The Curie-Weiss fit of the data above 150 K yield an effective 

moment of 3.88 µB per Nd atom, and a Weiss constant of θ = 123 K for c-axis alignment 

perpendicular to the field; these are slightly smaller values than those from the parallel 

orientation data  (TC =3.98 µB, θ = 131K).  This also indicates that the magnetic moments align 

predominantly along the c-axis. The field dependent data for a Nd6Co5Ge1.74Al2.26 crystal 

measured at 1.8K with H//C exhibits larger coercivity (0.2T) and remanance (2.77µB ), compared 

with a coercivity of nearly zero and a non-saturated magnetization of 1.81µB with H⊥C.  

 

 

 

Figure 6.5 Magnetization data for Nd6Co5Ge1.74Al2.26 at various temperatures, with c-axis of the 
crystal aligned parallel to the applied field. 
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Figure 6.6 Anisotropic magnetic properties of Nd6Co5Ge1.74Al2.26.  Data in red taken with crystal 
aligned with c-axis parallel to applied field; data in black taken with crystal aligned with c-axis 
perpendicular to applied field. (a) Temperature dependent data measured with an applied field of 
100 Oe. (b) Field dependent data measured at 1.8K.  
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   6.3.4 DOS Calculations  

Model compound Nd6Co5GeAl3 are used to calculated total and partial density of states (DOS) 

diagrams (see Figure 6.7). The nonzero DOS at the Fermi energy indicates that this compound is 

metallic. Nd 5d states have their most significant contribution to the DOS above EF, whereas 

orbitals from Co, Ge, Al are dominant below the EF.  The data reveal only a small contribution 

from the Co 3d electrons at the Fermi level which does not agree with the experimental magnetic 

data. Despite the presence of 2-D hexagonal Cobalt layers, cobalt atoms only have a small 

contribution to the magnetic moment. Germanium and aluminum have almost zero contribution 

to the DOS at the Fermi level.  The Ge states contribute to states between -2 and -6 eV which are 

hybridized with states from surrounding rare earth atoms, this demonstrates that germanium 

atoms are partially negatively charged and strongly interact with neighboring Nd3+ or Pr3+cations 

in the Ge@RE9 clusters.   

 

Figure 6.7 Densities-of-States (DOS) data calculated for Nd6Co5GeAl3. 
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6.4 Conclusion 

           We have demonstrated that metal fluxes composed of RE/Co mixtures are excellent 

solvents for main group elements, allowing for the synthesis of complex magnetic intermetallics.  

The title structures feature Co 2-D hexagonal sheets which have interesting magnetic properties:  

extensive Co-Co bonding allows for a large magnetic moment on Cobalt. Therefore the magnetic 

behavior stems from both the rare earth ions and the transition metals.  Electronic structure 

calculations contradict this, showing cobalt d-states have a small contribution at the Fermi level. 

Further exploration is needed to study the complicated magnetic ordering of 

Pr6(Co/Fe)5Ge1+xAl3-x.    

 

 

Figure 6.8 Powder diffraction patterns of flux-grown Nd6Co5Ge1.74Al2.26, compared to 
theoretical pattern calculated from single crystal data.  

Theoretical pattern  

Flux-grown Nd6Co5Ge1.74Al2.26 
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        CHAPTER 7 

FUTURE WORK 

The rare earth/transition metal fluxes are excellent of media for the synthesis of new 

intermetallics, as indicated by the products described in chapter 3 to chapter 6. In addition, 

many other phases such as Nd10Co3InB4C2, Nd11Ni8Ge2 and Sm15Ni4C3 have been synthesized 

in the Nd/Co, Nd/Ni and Sm/Ni flux (Crystallographic data parameters can be seen in Table 7.1) 

, these phases cannot be fully characterized due to the limit of time. This chapter will give a 

brief introduction to phases that require further investigation. 

 

Table 7.1 Crystallographic data collection parameters for Nd10Co3InB4C2, Nd11Ni8Ge2 and 
Sm15Ni4C3 phases.   

  Nd10Co3InB4C2 Nd11Ni8Ge2 Sm15Ni4C3 

Crystal system             Tetragonal                                  Monoclinic Hexagonal 

Space group                I4mm                                        C2/m P3 

Unit cell parameters a = 3.6033Å , 
c = 30.5504Å 

a = 18.036(5) Å, b = 
4.2660 Å, c = 13.781(3) 

Å,  
β = 106.21(5)° 

a = 8.52(10) Å,  
c = 10.393(8)Å 

Unit cell volume 
(Å3) 

396.6(6) 1018.2(0) 653.5(6) 

Z                                          1  

Collection temp (K)                                               297  

Reflections collected 2213 5989 7509 

Unique 
data/parameters 

475 / 24 1379 / 34 2059/35 

μ (mm-1) 22.55 19.35 17.64 

R1, wR2 for I ≥ 2σ(I) 0.0423 / 0.0437 0.0332 / 0.0819 0.0331/0.0571 

R1, wR2 for all data 0.0412 / 0.0366 0.0280 / 0.0748 0.0425/0.0679 
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7.1 Nd10Co3InB4C2 

The new phase Nd10Co3InB4C2was synthesized from the reaction of In, B and C powder 

(99% Strem Chemicalsi, 1/1/1mmol ratio) in Nd/Co eutectic flux by using alumina crucibles. 

Nd/Co eutectic was synthesized from Nd ingot with Co slug (99% Alfa Aesar) combined in a 

64: 36 atomic ratio by arc melting on a water-cooled copper hearth into a button that was 

turned over several times and re-melted to ensure homogeneity of the flux material. The 

eutectic was broken up into approximately 1mm3 pieces. 

Reactants were placed into an alumina crucible with In, B and C powder sandwiched 

between layers of eutectic flux with more on the top than the bottom. This allows reactants that 

have lower densities to mix with the eutectic as it melts. Once the crucible was loaded with the 

desired reactants and placed into a quartz tube, a piece of silica wool was used as a filter for 

centrifugation. The silica tube containing the alumina crucible was sealed  under a vacuum of 

10-2 Torr. The ampoule was heated to 950°C in 3 hours, held at this temperature for 12 hours, 

and then cooled to 850°C in 10 hours. The reaction mixture was subsequently annealed for 48 

hours at 850°C and then cooled to 700°C in 84 hours. At 700°C the ampoule was removed 

from the furnace, quickly inverted, and placed into a centrifuge to decant the molten flux. 

          

Table 7.2 Atom positions and thermal parameters for Nd10Co3InB4C2 

 Wyckoff Site x y z Ueq 

Nd1 4(e) 0 0 0.08246 0.0064(3) 

Nd2 4(e) 0 0 0.33021 0.0214(6) 

Nd3 2(b) 0 0 1/2 0.0043(4)   

Co1/In1* 2(c) 0 1/2 1/4 0.0141(9) 

Co2 2(d) 0 1/2 3/4 -0.0090(9) 

B1 4(e) 0 0 0.21929 0.0241(3) 

C1 2(a) 0 0 0 0.0584(1) 

Co1/In1*: mixed Co/In site with 57% of Co and 43% of In. 
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         Elemental analysis on Nd10Co3InB4C2 showed a composition of approximately 55% Nd, 

27% Co, 8% In and 10% Ge (light element such as Boron and Carbon can not be identified by 

SEM/EDS). Also this new tetragonal phase crystallizes in the I-4mm space group with unit cell 

parameters of a=3.6033Å,c=30.5504Å (R1=0.0423, Rint=0.0203). Atom positions and thermal 

parameters for Nd10Co3InB4C2In this phase can be found in Table 7.2. In this phase, Co, In, B 

atoms form puckered sheets which are separated by isolated rare earth atoms and light atoms 

(see Figure 7.1). The Co-Co bond distance of 2.5 Å is very similar to that seen in 

RE6Co5Ge1+xAl3-x (RE=Pr, Nd).  The sheets are stacked along the c-axis and are 15Å apart. They 

are separated by Nd/C slabs. However, more light atoms sites need to be found in order to 

coordinate around the Nd atoms. And since one of the cobalt sites are mixed occupied with 

Indium, this furthermore makes the structure more complicated. Therefore, more 

crystallographic data are planned to be collected in order to solve that problem.  

Magnetic susceptibility measurements indicate that Nd10Co3InB4C2 exhibits 

ferromagnetic ordering of the cobalt layers with TC in the range of 150-155K, and the rare earth 

ions order at low temperature (10-15K), see Figure 7.2. Therefore the complex Co square nets 

can give rise to significant magnetic moment. Fitting of high temperature data of 

Nd10Co3InB4C2 gives a moment of 4.2µB per Nd (theoretical value for Nd3+ is 3.62µB). This 

furthermore confirms that the magnetic properties of transition metal is largely decided by the 

extent of T-T bonding, in other words, isolated transition metal ions or small transition metal 

clusters tend to be non-magnetic, while large transition metal clusters tend to be magnetic. 

Field-dependent magnetic data shows slight hysteresis at 1.8K, 25K and 75K, which reveal 

some complicated magnetic ordering at these temperatures. Especially for the Field-dependent 

data at 1.8K, canted ferromagnetism can be observed.  
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Figure 7.1 Structure of Nd10Co3InB4C2, yellow atoms represent Nd, red atoms Co, blue atoms 
In, purple B, black atoms C. (a)crystal structure of Nd10Co3InB4C2 viewd down the b-axis. (b) 
crystal structure of Nd10Co3InB4C2 viewd down the c-axis. (c) Puckered sheets formed by Co, In, 
B. 

 

 

(a) 

(b) 
(c) 
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Figure 7.2 Magnetic data for Nd10Co3InB4C2. (a) Temperature dependence data measured with 
an applied field of 100Oe, with a-axis of crystal aligned parallel to applied field.  (b) 
Magnetization data collected at various temperatures, with a-axis of the crystal aligned parallel 
to the applied field. 

 

7.2Nd11Ni8Ge2  

Reactants of Nd and Ge powder (1:1 mmol ratio) in 1.5grams of Nd/Ni eutectic can 

lead to the formation of new phase Nd11Ni8Ge2. Nd/Ni eutectic was synthesized from Nd ingot 

and Ni slug (99% Alfa Aesar) arc melted in a 65: 35 atomic ratio. Reactants were sandwiched 

between layers of eutectic flux with more on the top than the bottom. Once the crucible was 

loaded with the desired reactants and placed into a quartz tube, a piece of silica wool was 

added as a filter for centrifugation. The silica tube containing the alumina crucible was sealed 

under a vacuum of 10-2 Torr. The ampoule was heated to 950°C in 3 hours, held at this 

temperature for 12 hours, and then cooled to 850°C in 10 hours. The reaction mixture was 

subsequently annealed for 48 hours at 850°C and then cooled to 700°C in 84 hours. At 700°C 

the ampoule was removed from the furnace, quickly inverted, and placed into a centrifuge to 

decant the molten flux. 

           Nd11Ni8Ge2 crystallizes in silver, thin, needle shape. Elemental analysis on single 

crystals of these compounds showed a composition of approximately 67% Nd, 17% Ni and 15% 

Ge. Preliminary single crystal data on Nd11Ni8Ge2 suggests that this phase crystallizes in the 
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monoclinic C2/m space group with unit cell parameters of a = 18.036(5) Å, b = 4.2660 Å, c = 

13.781(3) Å, β = 106.21(5)° (R1=0.0331 Rint=0.0275).  

 

 

 

 

 

 

Figure 7.3 (a) Structure of Nd11Ni8Ge2, yellow for Sm atoms, red Ni atoms, blue Ge atoms. (b) 
Two types Ni chains. 

 

(a) 

(b) 
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This structure features Ge@Nd9 which shares faces to form chains and two types of Ni chains. 

Both of these nickel chains seem to be related to the AlB2 structure type since they look like a 

chain of hexagons capped by Nd above and below the plane of each hexagon (Figure 7.3). 

However, there seems to be a lot of partial or mixed occupancy in the structure, for example Ge 

site might be Ge/Ni mixed. Similarly, two of the Ni sites are refining as less that fully 

occupied.  There might be a lighter atom such as Al which can be leached from Alumina 

crucible mixing on those sites. Future work is needed to collect more crystallographic data of 

samples of this phase from several different syntheses in order to solve these partial or mixed 

occupancy problems in the structure. Also because of the possible Al contamination from the 

Alumina crucible, steel crucible will be tried to see if same phase can be grown.  

 

 

 

Figure 7.4 Magnetic data for Nd11Ni8Ge2. (a) Temperature dependence data measured with an 
applied field of 100Oe, with b-axis of crystal aligned parallel to applied field.  (b) Magnetization 
data collected at various temperatures, with b-axis of the crystal aligned parallel to the applied 
field. 

 

The temperature-dependent magnetic susceptibility data for Nd11Ni8Ge2 is presented in 

Figure7.4(left). There is splitting between field-cooled (FC) and zero-field cooled (ZFC) data. 

The FC inverse susceptibility versus temperature follows the Curie-Weiss law well; the fit 
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yields a magnetic moment of 3.35μB per Nd. The observed Nd moment is in good agreement 

with the theoretical value of 3.28 μB, close to the calculated magnetic moment Nd3+ ions 

(3.35μB). The field-dependent data is shown in Figure7.4(right). In 120K and 30K, only straight 

lines can be seen, this is expected for the paramagnetic systems. In 1.8K, a small hysteresis can 

be observed.Therefore magnetic susceptibility measurements indicate that the rare earth cations 

order ferromagnetically at low temperature and the transition metals do not contribute to the 

magnetic moment. 

7.3 Sm15Ni4C3 

Sm15Ni4C3, was synthesized from Sm/Ni eutectic flux in alumina crucibles with 1mmol 

of C powder (99% Strem Chemicals), Al was leached from the Alumina crucible. Since in this 

phase, Al is mixed occupied with Ni, reaction was tried in steel crucible in order to get rid of 

the mixed occupancy, however, we got black powder instead of crystal when using steel 

crucible. Sm/Ni eutectic was synthesized from Sm ingot and Ni slug (99% Alfa Aesar) 

combined in a 68: 32 atomic ratio by arc on a water-cooled copper hearth into a button that was 

turned over several times and re-melted to ensure homogeneity of the flux material. The 

eutectic was broken up into approximately 1mm3 pieces. 

C powder was sandwiched between layers of eutectic flux (1.5g in total). Once the 

crucible was loaded with the desired reactants and placed into a quartz tube, a piece of silica 

wool was used as a filter for centrifugation. The silica tube containing the alumina crucible was 

sealed under a vacuum of 10-2 Torr. The ampoule was heated to 950°C in 3 hours, held at this 

temperature for 12 hours, and then cooled to 850°C in 10 hours. The reaction mixtures were 

subsequently annealed for 48 hours at 850°C and then cooled to 700°C in 84 hours. At 700°C 

the ampoule was removed from the furnace, quickly inverted, and placed into a centrifuge to 

decant the molten flux. 

           Sm15Ni4C3 forms as silver bar shape crystals. Elemental analysis on single crystals of 

these compounds showed a composition of approximately 63% Sm, 29% Ni and 8% Al. 

Preliminary single crystal data on Sm15Ni4C3 suggests that this phase crystallizes in the 

Hexagonal P3 with unit cell parameters of a = 8.52(10) Å, c = 10.393(8)Å, (R1= 0.0525, Rint= 

0.0311). The crystal structure was shown in Figure 7.5. This structure contains Ni(C2)3 trigonal 
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planar groups with the C2 ligands bonded end-on to the Ni atoms. The C-C distance is typical 

for a double bond. Sm atoms form a framework of corner-sharing tricapped trigonal prisms 

surrounding the Ni(C2)3 unit.  The Ni(C2)3@Sm9 prisms are connected with each other to form 

infinite chains running along the c-axis. These chains are further linked via common corners in 

the ab-plane giving arise to a three-dimensional frame work with large hexagonal channels. 

 

Figure 7.5 (a) Structure of Sm15Ni4C3, blue spheres represent Sm, red for Ni, black for C.(b) 
large hexagonal channels, (c) trigonal planar Ni(C2)3 unit. 

(a) 

(b) (c) 
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CHAPTER 8 

CONCLUSION 

        In this research Nd/Co, Nd/Ni, Ce/Co, Pr/Co, Sm/Ni eutectics were used, all of these fluxes 

exhibit their highly productive character for the synthesis of new intermetallics. Changes in 

reaction ratio, elemental form, crucible choice and heating profile can give rise to different 

phases. For instance, reaction of Si and C in Nd/Co eutectic can lead to orthorhombic structure 

Nd2Co2SiC, reaction of Ge and C in Nd/Co eutectic can form Nd8Co4-xAlxGe2C3 (Al is leached 

from Alumina crucible), reaction of Ge in Nd/Co eutectic can produce the hexagonal structure 

Nd6Co5Ge1+xAl3-x ( Al is leached from Alumina crucible). However, when two elements has 

similar radii, electronegativity and valence, it is very difficult to tell them apart by using 

SEM/EDS or even Single Crystal XRD, therefore mixed occupancy is a serious problem in this 

work. For example, in the new phase Nd11Ni8Ge2, Ge can be mixed occupied with Ni, so it is 

super hard to get the exact stoichiometry of Ni and Ge.  

         Study of the magnetic properties of these structures constitutes the main part of the 

characterization because the existence of both rare earth element and transition metal can 

contribute to complex magnetic properties: isolated transition metal sites or small transition 

metal clusters in intermetallics such as Co dimmers in R2Co2SiC (R=Pr, Nd), zigzag Co chains in  

Nd8Co4-xAlxGe2C3 (x = 0.64) and Co4 squares in Ce10Co2.75B11.5C10  tend to be non-magnetic, but 

phases containing larger transition metal building blocks, such as the hexagonal Con layers in 

RE6Co5Ge1+xAl3-x (RE=Pr, Nd) will have strong magnetic moments on the transition metal 

atoms, and might even exhibit multiple ordering transitions. 

         Future work on these types of compounds should focus on doing more exploratory 

experiment by using Sm/Ni, Sm/Co, Nd/Cu, Ce/Cu, La/Fe fluxes, all of these fluxes have not 

been well studied before, especially for Sm/Ni flux, which has already lead to the formation of 

Sm15Ni3AlC3. Another important task is to continue studying the new phases such as 

Nd11Ni8.Si2, Nd11Ni8Ge2, Nd10Co3InB4C2, to solve the mixed occupancy problems, improve the 

yield and grow larger crystal. 
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