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Abstract 

We investigated the effects of oxygen interstitial in the phase Ce3Si2Ox.  The 

binary Ce3Si2 was found to exhibit antiferromagnetic behavior, with the Neel temperature 

of TN = 8 K.  The oxygen interstitial phase, Ce3Si2O0.82 was found to be paramagnetic.   

This indicates that the introduction of oxygen as interstitial leads to the loss of long range 

magnetic ordering in Ce3Si2 structure at low temperatures.  Herein we will report the fine 

tuning of the interstitial oxygen content aimed at further understanding the transition 

from antiferromagnetic to paramagnetic behavior in the range of Ce3Si2Ox (x = 0.00-

0.82). This was done by investigating the range of the interstitial content that can be 

incorporated into the host, and use it to “tune” the electron count of the pseudo-binary 

electronic structure.  We also report the discovery of a new intergrowth structure, 

Ce8Si5O0.52, which features alternate stacking of Ce3O2O0.52 and Ce5Si3 layers.      

 Motivated by the search for new classes of layered pnictide oxide 

superconductors, the compound BaTi2Sb2O was synthesized by high-temperature solid-

state reaction within inert container. Its crystal structure was determined using X-ray 

powder diffraction and Rietveld refinement. BaTi2Sb2O crystallizes in a layered variant 

of the CeCr2Si2C structure type (space group P4/mmm (No.123)), and features 

[Ti2Sb2O]
2-

 layers separated by layers of Ba atoms.  The [Ti2Sb2O]
2-

 layers can be 

described as being formed from O-centered square nets of Ti atoms, Ti2O, inverse to the 

CuO2 layers in the superconducting cuprates. The Ti2O sheets are then capped by Sb 

atoms above and below the sheet to form a nominal network of Ti4Sb2 octahedral units 

bridged by oxygen.  Magnetic susceptibility measurements shows BaTi2Sb2O to exhibit a 

magnetic transition (at Tc = 54 K) that can be attributed to spin density wave (SDW) or 
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charge density wave (CDW) transitions.  This is reminiscent of the un-doped phases of 

the FeAs-based high-Tc superconductors.  Chemical substitution experiments were 

performed for the purpose of suppressing the magnetic transition and possibly inducing a 

superconducting state.  In this regard a series of p-doped phases, Ba(1-x)NaxTi2Sb2O with 

x = 0.05-0.33 were prepared.  Structural parameters show a systematic change, associated 

with an elongation of the c-axis and contraction of the a-axis, with the increasing of Na 

content.  A systematic lowering of the magnetic transition temperature is observed with 

the increasing Na content. More importantly, superconducting transitions are also 

observed with Na content, x = 0.05-0.33. The superconducting transition temperature Tc 

increases from 2.8 K (Na = 5%) to 5.5 K (Na = 15%).  Bulk superconductivity is 

observed through dc magnetization, resistivity and heat capacity measurements.  

Elemental chemical analysis, using inductively coupled plasma / mass spectrometer (ICP-

MS), confirm the stoichiometric of the doped phases with regarding to Ba and Na 

content.   
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Chapter 1 

Literature Review 

1.1 Intermetallic Compounds 

Intermetallic compounds or “intermetallics” are defined as solid crystalline phases 

formed between metals with narrow stoichiometric phase widths.
1-3

  They are similar to 

alloys.  Both are metallic phases containing more than one metal element.   In general, 

when two or more kinds of metal elements become homogeneous mixtures, they are 

called solid solution.  Within the solid solution, the solute metal atoms can substitute or 

enter the interstitial sites between the solvent atoms.  In alloys, the substitution occurs 

randomly to form solid solutions with wide range of possible compositions.  In 

intermetallic compounds, different elements are ordered into different crystal structural 

sites leading to a very narrow composition range.  For this reason, in the intermetallic 

phase, it is possible to form a large unit cell with complex structures.             

Since the discovery of the first intermetallic compound, CuZn in 1839 by 

Karsten,
4

 numerous classifications
5 - 7

 have been proposed for intermetallic phases.  

Hume-Rothery rules
8-9

 are one of the well-known classifications for the formation of 

substitutional solid solution based on the following: 

(1) Crystal structure factor.  The two elements should have the same type of 

crystal structure.  Both elements should have either face-centered cubic (fcc) 

or body-centered cubic (bcc) or hexagonal close packed (hcp) structure.     



2 
 

(2) Relative size factor.  The difference in atomic radii of two elements should 

be less than 15 %.  If the relative size factor differs by more than 15 %, solid 

solubility is limited.   

(3) Chemical affinity factor.  Solid solubility is favored when the two metals 

have less chemical affinities.   

(4) Relative valence factor.  Metals of lower valencies tend to dissolve metals of 

higher valencies.   

In 1985, W. B. Pearson
 
also studied intermetallic phases using bond orders, and 

electron concentrations around each atom.
10-11

  He classified intermetallic phases into five 

groups:   

1. Intermetallics with dense packing.  The molar volume of these phases is 

generally smaller than the sum of the atomic volumes, and interatomic 

distances are shorter than that calculated from the Pauling’s formula for 

bond order.
11

      

2. Intermetallics that are governed by the number of valence electrons per 

atom (VEC = e/a).  The Hume-Rothery phases are included in this class.  In 

1926, Hume and Rothery correlated crystal structures of compounds with 

the electron concentrations (e/a).
12

  Consider group B metals copper, silver, 

and gold, the (VEC) values of those metals are 1.40, 1.50, 1.61, 1.75 for α-

phase (fcc), β-phases (bcc), γ-brasses phase (defect bcc), and ε-phase 

(hcp).5, 13-14
  This concept was confirmed later by Jones in 1936.

15
   

3. Intermetallics with framework structures.  In these compounds, all atoms 

form a common framework in which the distances to their nearest neighbors 
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obey Pauling’s formula given in eq. 1 where n is the bond order, dn is the 

bond distance, and d1 is a single bond length.
16-17

  

dn = d1 – 0.6 log n eq. 1 

This concept was first introduced by Laves in 1935
18-19

 and later by 

Kasper in 1958.
20 - 21

  The MX2-type illustrates the Laves phase;
 22

 

representatives are MgZn2 and MgCu2,
23

 Figure 1.1 (a).  Other compounds 

that have similar structure type to MX2 are Cu2Sb with MX’X’’-type.
24

 

4. Intermetallics with hybrid framework structure. Examples of these 

intermetallics are BaAl4
25

 or ThCr2Si2.
26

  The ThCr2Si2 structure type 

consists of Cr atoms which form a square net frame work.  The square net 

frame work is then capped by Si, as shown in Figure 1.1 (b).  Many 

compounds adopt this structure type due to its ability to adapt widely 

differing valence electron concentrations.     

5. Intermetallics that follow the valence rule.  The compounds were initially 

named by Pearson.  They follow the valence rules, as in Zintl phases.  This 

group includes compound that obey the Zintl concept such as NaPb
27

 and 

normal valence compounds such as Mg2Sn.
28

  These intermetallic 

compounds are usually insulating or semiconducting with stoichiometric 

ratios, while nonstoichometric ratios may result in a metallic behavior.         

However, these groups do not have definite boundaries, and that structural preference of 

most intermetallic compounds involve simultaneously on size, valence, and electron 

concentration.   
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(a)                                                                 (b) 

Figure 1.1 (a) Unit cell of Laves phase with MgZn2 structure with Mg atoms shown as 

white spheres and Zn atoms as black spheres respectively.  (b)  Crystal structure of 

ThCr2Si2 with Th atoms shown as large black spheres, Si atoms shown as white spheres, 

and Cr atoms shown as small gray spheres. 

 

1.2 Metal Suboxides (Metal-rich Suboxides) 

Suboxides may be considered intermediates along the pathway from metals to 

normal metal oxides.  Metal-rich suboxides are quite interesting because of their diverse 

cluster-based structures and their novel chemical properties.   

Suboxides, represented by alkali (A) metal suboxide have been studied for many 

years, particularly cesium and rubidium suboxides.
29 - 30

  They were synthesized and 

investigated in initially by E. Regade
29

 and extensively by Simon.
31

  These studies 

indicated that the cesium and rubidium suboxides contained large clusters which are 
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based on face-sharing of oxygen centered A6O octahedra.  The alkali metal suboxides 

feature a unique combination of ionic bonding within the A6O and metallic bonding 

which involved the remaining conduction electrons.  Alkali metal suboxides are also 

interesting for the novelty of their metal clusters and metal-metal bonds.  For example, 

A10Tl6O2 (A = K, Rb), an alkali metal thallide oxide, which consisted of a [Tl6]
6-

 cluster 

and [OA6] units, stacked to form layers in a distorted rock salt arrangement.  These layers 

were separated by one-dimensional chains of edge-sharing [O2A4/2A2/1] octahedra.
32

  

Another interesting suboxide material was Ca8Tl8O, an alkaline earth metal thallide oxide 

consisting of a novel [Tl8]
6-

 cluster anion.
33

   

Many studies have also been reported on alkaline earth metal suboxides such as 

Ba10Ge7O3,
34

 Ba21T2O5 
35

 (T = Ge, Si, In, Tl) and M3Ba20O5
36

 (M = Ga, In).  Ba21T2O5 

was later found to contain hydrogen (an impurity) resulting Ba21T2O5H24
35

 (T = Ge, Si, 

In, Tl).  All of these structures contained face-sharing octahedral Ba6O that form a cluster 

of Ba18O5.   

Rare-earth metal (Ln) analogs of metal-rich suboxides are less common.  With the 

motivation of searching for new materials that have new structures or interesting 

magnetic properties, Ln-rich oxides or suboxides seem to be a promising area for 

exploration. For example, Ln10Si8O3 (Ln = La, Ce) was recently reported.
 37

  The 

remarkable rare-earth metal silicide oxide, features strong Ln-Ln bonds and planar Si6 

rings that are analogous to benzene.
37

  La9Sb5O5, a metallic phase, contains La4O 

tetrahedral and square pyramidal La5O units (a filled-La2Sb derivative of the Sc2Sb-type) 

with La-site vacancies.
38

  Also, research on interstitial chemistry of rare-earth metals 

have found a number of oxygen-stabilized interstitial phases derived from well-known 
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host intermetallic structure types.
39-43

  Interstitial intermetallic compounds are described 

as electron-rich phases, with saturated monoatomic and their chemical bonding is 

dominated by metal-metal bonds.
39

  These are La3AlOx,
40

 Ln5Pb3O,
41

 La15Ge9O,
42

 and 

Ln3Tr2Ox (Ln = La, Ce; Tr = Si, Ge).  Ln3Tr2Ox crystallizes in U3Si2 structure type with 

oxygen as interstitials, as shown in Figure 1.2.
43

   

 

 

Figure 1.2 Unit cell La3Si2 (right) and La3Si2O0.87 (left), looking down [010].  La, Si, O 

atoms are represented by blue, white and red spheres respectively. (From Ref. 43)   

 

A previous study also showed that interstitial atoms affected the host compound 

structurally.
43

  Therefore, varying the amount of oxygen will lead to the changes in the 

electronic and magnetic properties of the host compound.   

1.3 Superconductivity in Intermetallic Phases 

A superconductor is a material that exhibits two characteristic properties, namely 

zero electrical resistance and perfect diamagnetism, when it is cooled below a particular 

temperature, called the critical temperature (Tc).  The zero resistance and high current 

density have a major impact on electric power transmission and also enable much smaller 
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or more powerful magnets for motors, generators, energy storage, medical equipment, 

and industrial separations. 

Superconductivity was discovered in 1911 by H. K. Onnes, a Dutch physicist.
44

  

When Onnes cooled mercury metal to extremely low temperatures, he observed that the 

metal exhibited zero resistance to electric current.  Later on many other metals and metal 

alloys were found to be superconductors at temperatures below 23.2 K. 

Early work on superconductivity in intermetallic materials, specifically NbO, was 

reported by G. F. Hardy in 1954.
45

  Based on a review of modern superconductivity in 

1963, Matthias had stated that the crystal structures which were favorable for 

superconductivity included the cubic NaCl structure type (B1), the cubic MgCu2 structure 

type, and especially the cubic β-W structure type (A15).  In fact, most high temperature 

superconductors adopt the A15 structure type.
46

  Matthias and group members also 

reported the superconductivity on the A15 structure type compounds with the chemical 

formula of Nb3X (X = Ge, Ga, Sn, Al).  The Tc value are relatively high in Nb3Ge (Tc = 

23 K).
47

 Other superconducting metal oxides were the spinel structure type, such as 

LiTi2O2 (Tc = 13 K) in 1973,
48

 and the cubic perovskite structure, Ba(Pb1-xBix)O3 where x 

= 0.25 (Tc = 12 K) in 1975.
49

 

In 1986, Bednorz and Müller discovered a new class of layered cuprates with Tc 

was up to 35 K in Ba doped La2CuO4.
50

  The Tc was improved to 40 K,
51

 and then to 52 

K
52

 by applying pressure to the system.  Many studies immediately followed these 

discoveries.  In 1987, by substituting Ba
2+

 with Y
3+

, the resultant Y-Ba-Cu-O phase 

exhibited superconductivity at 93 K.
53

  The Tc was increased in 1988, when 

Bi2Sr2CaCu3O10 showed superconductivity at 115 K by H. Maeda,
54

 and to 125 K in 
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Tl2Ba2Ca2Cu3O10 by Herman and Sheng,
55

 and then to 134 K in 1993 by Schilling with 

HgBa2Ca2Cu3O9.
56

  The highest Tc, announced in 1993 by C. W. Chu, was 164 K 

obtained by applying pressure to the superconducting compound HgBa2Ca2Cu3O9.
57

  The 

lists of superconducting materials according to the years they were reported and the Tc 

are shown in Figure 1.3.
58

--- 

      

Figure 1.3 Tc of superconducting materials from 1900 to 2010.  (From Ref. 58) 
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Besides the high-Tc cuprates, there were many compounds reported around that 

time but with much lower Tc.  Superconductivity in the quaternary intermetallic 

compounds, LnNi2B2C (Ln = Y, Tm, Er, Ho, and Lu), were reported by Cava in 1994.  

The Tc values were 8.0 K, 10.5 K, 11.0 K, 15.6 K, and 16.6 K for HoNi2B2C, ErNi2B2C, 

TmNi2B2C, YNi2B2C, and LuNi2B2C, respectively.
59 

  The crystal structure of LnNi2B2C 

was described as a “filled” variant of the tetragonal body-centered ThCr2Si2 structure 

type.
 59

   It consists of LnC layers, NaCl-type, alternating with Ni2B2 layers with a 1:1 

ratio.  The Ni2B2 layers were two-dimensional networks of the inverse PbO-type, with 

nickel being tetrahedral coordinated by four boron atoms.  The crystal structure of 

LnNi2B2C is illustrated in Figure 1.4.    

 

 

Figure 1.4 Crystal structure of LnNi2B2C. Ln, Ni, B, and C atoms are represented as 

gray, black, green, and red spheres, respectively.   
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Other interesting superconducting intermetallic compounds, MgB2, MgCNi3, and 

ZrZn2, were reported in 2001.
60-64

  
 
MgB2 exhibited superconductivity with Tc = 39 K.

60 
 

The crystal structure of MgB2 consists of honeycomb layers which are formed by boron 

atoms.  The honeycomb layers are analogous to graphite structures with Mg atoms 

sandwiched between the “graphite-like” sheets to form layered triangular arrays as shown 

in Figure 1.5.  MgB2 was described as the ultimate electron-phonon coupled 

superconductor.
61-62 

 

 

Figure 1.5 Crystal structure of MgB2 with Mg atoms are white spheres and B atoms are 

black spheres. 
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MgCNi3 is analogous to the inverse perovskite (CaTiO3) structure with Mg in Ca 

sites, C in Ti sites and Ni in O sites, Figure 1.6 (left).  The Tc of MgCxNi3 was found to 

be 8 K.  The Tc increases for greater values of x and by increasing external pressure.  

However, the Tc decreases when the Ni sites are doped with other metals such as Co, Fe, 

Mn, and Cu.
63 

   

The superconducting intermetallic ZrZn2 crystallizes in the C15 cubic Laves 

structure.  The crystal structure of ZrZn2 consists of Zn4 units which share common 

vertices with four other Zn4 units to form a diamond-like network of tetrahedral Zn4 

units,  Figure 1.6 (right).  ZrZn2 exhibits weak ferromagnetism at 28 K and undergoes a 

superconducting transition at 0.29 K.
64

  Interestingly the superconductivity in ZrZn2 

occurs in the presence of ferromagnetism.  However, both transitions disappear upon 

application of pressure.
64

    

   

Figure 1.6 (left) Crystal structure of MgCNi2 with Mg atoms shown as white spheres, C 

atom shown as a black sphere, and Ni atoms shown as green spheres; (right) crystal 

structure of  ZrZn2 with Zr atoms as black spheres and Zn atoms as white spheres. 
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Since the discovery of high-Tc superconductivity in layered copper-based oxides, 

efforts have been devoted to explore new layered systems that contain transition metals 

ions other than copper.  It is widely believed that the high-Tc values of copper oxides are 

related to the strong electron correlation associated with the transition metals ions.  Also, 

layered structure is favored due to carrier density control in the transition metal oxides 

layered.  

The quaternary oxide pnictide LnOMP (Ln = La-Nd, Sm and Gd; M = Mn, Fe, 

Co, Ni and Ru) were reported in 1995.
65-66

  They are layered structure and crystallize in 

ZrCuAsSi structure type, a tetragonal system with P4/nmm space group.  The Tc values 

are 3 K and 4 K for LaONiP
65

 and LaOFeP,
66

 respectively.  By doping F
-
 at the O

2-
 sites, 

the Tc of the resultant LaO1-xFxFeP phase increased to 7 K.
66

  Recently, Kamihara found 

that by substituting P with As and by doping F
-
 at the O

2-
 sites in LaOFeP, the resulting 

material, LaO1-xFxFeAs (x = 0.05-0.12), became superconducting at 26 K.
67

  Since 

doping of F
-
 at the O

2-
 sites introduced more electrons into the system, it was considered 

electron doped. Surprisingly, the Tc values increased to more than 40 K in LaO1-xFxFeAs 

when replacing La by other rare-earth elements such as CeO1-xFxFeAs,
68

 PrO1-xFxFeAs,
69

 

NdO1-xFxFeAs,
70

 SmO1-xFxFeAs,
71

 and GdO1-xFxFeAs.
72

   

The remarkable discovery in high-Tc superconductivity in copper oxides did not 

only open up new possibilities for exploring novel superconducting compounds with 

potentially higher Tc, but also offered opportunity to study the origin of superconductivity 

from transition metal d-band electrons.   
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1.4 Layered Transition Metal Pnictide Oxides 

Layered transition metal pnictide oxides are a unique class of compounds that 

have not drawn much attention in the past.  The characteristic feature of these materials is 

the presence of pnictogen and oxygen atoms which are not bound to each other, and are 

present as anions.  There are ternary pnictide oxides of alkaline or rare earth metals and 

quaternary pnictide oxides of alkaline or alkaline earth metal along with transition 

metals.
73

  The quaternary pnictide oxides are also layered compounds.  They consist of d-

metal pnictide oxides layers and alkaline or alkaline earth metal layers.  Investigation of 

the relationship between structural properties is quite interesting because both interlayer 

and intralayer spacing of the system can be tuned by appropriate selection of interlayer, 

intralayer cations, and pnictide ions. 

There are nine reported quaternary layered pnictide oxides which are classified 

into two groups.
74

 The first type consists of layered d-metal pnictide oxides with fluorite-

type [M2Pn2] layers such as: ZrCuSiAs-type, Th2Ni(3-x)P3O-type, U2Cu2As3O-type, 

Sr2Mn2As2O2-type, and La3Cu4P4O2-type.  Within this class of layered d-metal pnictide 

oxides, ZrCuSiAs-type is the largest family.
66-67, 75 - 83

  This structure type features 

alternating fluorite-type [M2Pn2] layers and anti-fluorite-type [Ln2O2] layers like the 

oxychacogenides, illustrated in Figure 1.7.  The [M2Pn2] layer consists of square nets of 

M capped with Pn alternately coordinated by four Pn, and Pn is coordinately above and 

below the net center.  The anti-fluorite-type [Ln2O2] layer also has the same configuration 

of atoms, but it is in the reverse manner: O is tetrahedral coordinated by four Ln, and Ln 

is coordinated by four O to form square-pyramids.  The [Ln2O2] layers are often found in 

oxychalcogenides and oxyhalides
84-85

 while the [M2Pn2] layers are found in diverse non-
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oxide compounds in one of their simplest forms, ThCr2Si2-type.
86-87

  This structure type 

is a well-known since the discovery of superconductor in LaO1-xFxFeP
66

 and later on the 

LaO(1-x)FxFeAs.
67

   

 

 

Figure 1.7 Crystal structure of LaOFeAs has the ZrCuSiAs structure type.  La, O, Fe, and 

As are green, gray, blue, and pink spheres, respectively.   
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The second type are layered d-metal pnictide oxides without fluorite-type [M2Pn2] 

layers.  These are NdZnPO-type, Ba2Mn2Sb2O-type, Ba2Mn2As2O-type, and Na2Ti2Sb2O-

type as listed in Table 1.1.   

 

Table 1.1 Unit cell parameters of layered d-metal pnictide oxides without 

[M2Pn2] layers. (From Ref. 74) 

Compound Structure type a (Å) b (Å) c (Å) Reference 

Na2Ti2As2O Na2Ti2Sb2O 4.070(2) = a 15.288(4) 88 

Na2Ti2Sb2O Na2Ti2Sb2O 4.160(2) = a 16.558(7) 89 

Ba2Mn2Sb2O Ba2Mn2Sb2O 4.71(1) = a 20.04(2) 90 

Ba2Mn2Bi2O Ba2Mn2Sb2O 4.803(5) = a 20.09(1) 90 

Ba2Mn2As2O Ba2Mn2As2O 7.493(4) 4.196(1) 10.352(3) 91 

 

Within this class of compounds, the Na2Ti2Sb2O structure type is unique.  It is a 

layered transition pnictide-oxide metal that crystallizes in the tetragonal (I4/mmm (No. 

139)) structure having [M2Pn2O] layers interspersed between double layers of A (alkali 

metal), as shown in Figure 1.8.  The connectivity of the atoms in this type of [M2Pn2O] 

layer is quite unique.  It has an M2O square net that is anti-structural to the LaNiO2-type 

[CuO2] net of the cuprate superconductors.  Similar to the ZrCuSiAs structure type, M in 

this layer is square planar coordinated by four Pn atoms located above and below the 

center of the M2O squares, which forms an M-centered MPn4O2 octahedral, as illustrated 

in Figure 1.8 (a), (b), and (c).  This structure can also be viewed as anti-K2NiF4-type 

where Na and Ti atoms are at the ordered F sites, Pn atom is at the K sites, and O atom is 



16 
 

at the Ni sites.  Na2Ti2Pn2O (Pn = Sb, As) was first synthesized in 1990 from the reaction 

of Na2O and TiAs (or TiSb) in sealed tantalum tubes under argon by Schuster.
89

 

Na2Ti2Sb2O crystallizes in the anti-K2NiF4 structure type in the space group, I4/mmm 

(No. 139), and the lattice parameters a = 4.160(2) Å, c = 16.558(7) Å.
88

  The lattice 

parameters for the corresponding As analogue are: a = 4.070(2) Å and c = 15.288(4) Å.
89

  

Na2Ti2Pn2O with Pn = As, Sb are sensitivity to moisture and air. 

 

Figure 1.8 Crystal structure of Na2Ti2Sb2O with [Ti2Pn2O]
2-

 layers separated by double 

layers of Na atoms. Na, Ti, Sb, and O atoms are represented by gray, blue, green, and red 

spheres, respectively.  The  [Ti2Sb2O] layers [a] can be described as being formed from 

O-centered square nets of Ti atoms, Ti2O [b], the Ti2O sheets are then capped by Sb 

atoms above and below the sheet to form a nominal network of Ti4Sb2 [c] octahedral 

units bridged by oxygen.    
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Physical measurements on Na2Ti2Pn2O (Pn = Sb, As) indicated that these 

compounds exhibit anomalous transitions in the temperature-dependent magnetic 

susceptibilities, Tc = 330 K and Tc = 120 K for As and Sb respectively.  The temperature-

dependent electrical resistivity of these compounds showed anomalies reminiscent of 

SDW (spin density wave) or CDW (charge density wave) materials, as shown in Figure 

1.9.
88

  These properties were similar to those observed in the parent compounds of the 

FeAs-based superconductors; LaOFeAs and BaFe2As2 exhibit SDW/CDW transitions at 

150 K for LaOFeAs
67

 and at 140K for BaFe2As2 (Figure 1.10).
92-93 

 

 

Figure 1.9 Magnetic susceptibility of Na2Ti2As2O and Na2Ti2Sb2O (inset).  
 
(Figure from 

Ref. 88) 
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Figure 1.10 (left) Magnetic susceptibilities of the parent compounds of Fe-based 

superconductors.
92

  (right) Phase diagram of Ba(1-x)KxFe2As2.
 94

 The spin-density wave 

(SDW) and superconducting (SC) orders coexist at low temperatures for 0.2 ≤ x < 0.4. 

(Figures from Ref. 92 and 94)   

  The SDW instability is actually believed to be an important indicator for high-Tc 

superconductivity in FeAs superconductors.  When the SDW is suppressed, the 

superconductivity (SC) is induced.  Physical properties of Na2Ti2Pn2O (Pn = As, Sb) 

resembles the FeAs-based compounds which makes the Na2Ti2Pn2O (Pn = As, Sb) 

become possible candidates for new layered titanium-based pnictide oxide 

superconductor.      

1.5 Dissertation 

 Motivated by the search for new classes of superconductors with 

suboxides and/or layered intermetallic-oxides, here in we will report the fine tuning of the 

interstitial content that has led to further understanding the transition from 

antiferromagnetic to paramagnetic behavior in the range of Ce3Si2Ox by investigating the 
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range of interstitials that can be incorporated into the host and use it to “tune” the electron 

count.  We’ll also report the discovery of the inter-growth structure of Ce8Si5O0.52 with 

alternate stacking of Ce3O2Ox and Ce5Si3 layers.      

 The investigation of layered transition metal oxides has led us to the discovery of 

BaTi2Sb2O, an analog of BaTi2As2O and Na2Ti2Pn2O (Pn = Sb, As).  Magnetic 

measurement on BaTi2Sb2O shows magnetic (SDW or CDW) transition (at Tc = 54 K), 

reminiscent of the un-doped phases of the FeAs-based high-Tc superconductors.  

Chemical substitution experiments were performed for the purpose of suppressing the 

magnetic transition and possibly inducing a superconducting state.  In this regard a series 

of p-doped phases, Ba(1-x)NaxTi2Sb2O with x = 0.05 to 0.33 were prepared.  Structural 

parameters show a systematic change, associated with an elongation of the c-axis and 

contraction of the a-axis, with the increasing of Na content.  A systematic lowering of the 

magnetic transition temperature is observed with the increasing Na content. More 

importantly, superconducting transitions are also observed with Na content, x = 0.05-

0.33. The superconducting transition temperature (Tc) increases from 2.8 K (Na = 5%) to 

5.5 K (Na = 15%).  Bulk superconductivity is observed through dc magnetization, 

resistivity and heat capacity measurements.  Elemental chemical analysis, using 

inductively coupled plasma/mass spectrometer (ICP-MS), confirm the stoichiometric of 

the doped phases with regarding to Ba and Na content.  The systematic investigations of 

Ba1-xNaxTi2Sb2O related to other similar systems will be discussed.  
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Chapter 2 

Synthesis and Characterization Methods 

2.1  Synthesis  

2.1.1 General Approach 

 Solid-state synthesis is the widely used method for the preparation of 

polycrystalline solids from a mixture of solid starting materials.  Generally, these solid 

starting materials do not react together at room temperature; therefore it is necessary to 

heat them at high temperature (~1000 ⁰C) to increase the rate of diffusion.  The reaction 

is completed when the equilibrium state is reached.
1
  Because of the slow diffusion rate 

and large diffusion path length in solid-state reactions, it is difficult to achieve 

homogeneity of the samples.  For that reason, the sample will need to be removed from 

the reaction, reground, pressed into pellet, and then sintered in a furnace.  This is what we 

call “annealing or sintering the sample”.  The annealing process brings fresh surfaces in 

contact, allows the grain particles to fuse together and minimizes the defects and grain 

boundaries of the powder sample.  

 The exploratory process in solid-state chemistry is indicated in the following.
2
 

(i) Use high purity starting materials 

(ii) Identify and characterize the structure of the products 

(iii) Obtain and grow single crystals of unknown phases 

(iv) Determine chemical composition  

(v) Syntheses of single phase products in high yield 

(vi) Measure and analyze the physical properties of the products.   
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 2.1.2 Materials 

Since alkali (A) metal and alkaline earth (AE) metals are extremely sensitive to 

air and moisture, all the starting materials, included (A), (AE), and products are stored 

and handled in an argon atmosphere glove box from Innovative Technology, Figure 2.1.  

The glove box is continuously purged with dry argon, and the atmosphere inside the 

glove box is cleaned by molecular sieves and oxygen scavengers.  Total moisture and 

oxygen levels are constantly monitored and maintained below 1ppm.  These levels are 

also regularly monitored by “light bulb test” using opened 60 watt incandescent light 

bulbs.  The life of the light bulb filament is correlated to the amount of oxygen in the box.  

Periodic regeneration of the catalyst is performed to ensure the inert atmosphere within 

the glove box.  The regeneration gas is 5% hydrogen / nitrogen gas mixture from 

Matheson Trigas Company. 

 

 

Figure 2.1 The glove box (Innovative Technology, Inc).   
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For this research, all of the starting materials were obtained from commercial 

sources.  Barium and potassium were received as 10 or 25 gram samples in glass 

ampoules under vacuum.  The glass ampoules were stored and opened inside the glove 

box upon arriving.  Sodium on the other hand came in bottle contained mineral oil.  The 

sodium chunks were quickly removed from the mineral oil to dry then was stored inside 

the glove box.  Most of the materials were used as received except cerium.  Sometime, it 

required scraping to remove CeO from the Ce chunks.  The forms, purity, and sources of 

all starting materials are listed in Table 2.1.    

The selection of reactant chemicals depended on the reaction conditions and 

expected nature of the products.  As increasing in the surface area enhanced the reaction 

rate, fine-grained materials should be used if possible.  After the reactants had been 

weighed out in the glove box with the required amounts, they were mixed manually using 

agate mortar and pestle and pressed into pellet form.  The choices of starting materials 

and appropriate temperature and pressure would decide the successful of the synthesis.   
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Table 2.1 Materials used for synthesis. 

Material Form Purity Source 

Ce Chunks 99.9 % Santoku 

America 

Na Ingot 99.95% Alfa Aesar 

K Ingot 99.95% Sigma Aldrich 

Ba Pieces 99.9% Alfa Aesar 

Si Pieces 99.9999 % Alfa Aesar 

Ti Powder 99.99 % Sigma Aldrich 

Sb Pieces 99.999% Alfa Aesar 

As Lump 99.999% Alfa Aesar 

P Lump 99.999% Sigma Aldrich 

Bi Pieces 99.9999% Alfa Aesar 

BaO Powder 99.99 % Sigma Aldrich 

BaO2 Powder 95% Sigma Aldrich 

SrO Powder 99.9% Sigma Aldrich 

CaO Powder 99.995% Sigma Aldrich 

Na2O Powder 80% Na2O;  

20%Na2O2 

Sigma Aldrich 

NaF Powder 99.99% Sigma Aldrich 

BaF2 Powder 99.99% Sigma Aldrich 
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2.1.3 Containers 

Among the traditional refractory materials – Nb, Ta, Mo, and W- the first two (Nb 

and Ta) are the most versatile in terms of ductility, strength, and ease of fabrication and 

welding.
3

  All Nb and Ta containers were cleaned using a solution made from 

concentrated H2SO4, concentrated HNO3 and 48% HF in the proportion of 55:25:20 by 

volume.  The Nb/Ta 1.0 cm diameter tubes were immersed in the acid solution, rinsed 

with distilled water, dried in an oven, and then crimped on one end.  The crimped end 

was then sealed by arc-welding, under an inert argon atmosphere.  All reactants were then 

loaded into the half-open Nb/Ta tubes, and then tightly closed and sealed.  This process 

was performed within an Ar atmosphere in a glove box.  The sealed Nb/Ta tubes were 

placed in evacuated quart jacket.  The quart jacket was flame sealed to protect the Nb/Ta 

tubes from oxidization during heating process.   

2.1.4 Furnaces 

Many of the high temperature reactions were performed by using regular box 

furnaces (operating temperatures ≤ 1100 ⁰C), and the temperatures were set by 

programmable temperature controller, Figure 2.2.  The general heat treatment in the 

synthesis was performed as follows: the reactions were heated at a rate of 2 ⁰C/min to the 

target temperature, and held for 3 or 4 days, then slowly cooled down at a rate of 1 

⁰C/min or 2 ⁰C/min to 200 ⁰C.  The reaction temperature and reaction time were different 

for each synthesis.   
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Figure 2.2 Box furnaces.  

Induction furnaces were used for synthesis at high temperatures (temperature 

between 900 ⁰C and 1700 ⁰C).  The induction furnace, from Amerigherm Inc., used 

water-cooled AC power supply to provide the electricity with low voltage but very high 

current and high frequency.  This energy was delivered over the RF power cable to the 

water-cooled Heat Station where it created a magnetic field around the work-piece, and 

heated it with precise control of the temperature and timing.   

Sometimes Arc-melting furnaces were also used for the precursor synthesis at 

high temperatures (T > 2000 ⁰C).  The arc-melting furnace, from Centorr/Vacuum 

Industries model 5SA Single Arc Furnace, is equipped with a Maxstar 91 CC-DC inverter 

welding power source, Figure 2.3.  The arc-melting furnace was placed inside a glove 

bag which can be evacuated and filled with argon gas.  Pre-weighed samples within a 

tightly closed glass container were transferred quickly from glove box to the arc-melting 

furnace inside the glove bag.  Once the glove bag was sealed, it was flushed with argon 

several times.  The samples were then melted under continuously flowing of argon on a 

clean water-cooled copper hearth.  Small pieces of Nb or Ta metal were used as “getters” 

of oxygen and moisture.  
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Figure 2.3 High-temperature arc welder furnaces.  

2.2 Characterization Methods and Techniques 

2.2.1 X-ray Single Crystal Diffraction 

 Single crystal X-ray diffraction was performed for structural characterization of 

unknown solid-state phases.  The selected single crystals were covered with a layer of 

Paratone-N oil to protect them from air and moisture and placed at the tip of glass fibers.  

For very sensitive samples, the crystals then placed in 0.3 mm in diameter glass 

capillaries.  The selected single crystals were mounted on Siemens SMART CCD 

diffractometer with Mo Ka radiation (λ = 0.71073 Å) and a graphite monochromater.  A 

hemisphere of data (1271 frames at 6 Cm detector distance) were collected using a 

narrow-frame method with scan widths of 0.30 in Ω and an exposure time of 40-50 

s/frame.  The first 50 frames were re-measured at the end of data collection to monitor 

instrument and crystal stability, and the maximum correction on intensities was less than 

1%.  The data were integrated using the Siemens SAINT program,
4
 with the intensities 

corrected for Lorentz factor, polarization, air absorption, and absorption due to variation 

in the path length through the detector faceplate.  Final cell constants were refined using 

reflections having I > 10σ (I).  Program XPREP
5
 was used to perform unit cell reduction 
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and determination of possible space groups according to the systematic absences and the 

internal R-value of the data.  Absorption corrections based on ψ-scan method were also 

applied on the diffraction data.  The phase-problem was solved using direct methods 

(SHELXTL)
6
 and the crystal structure was refined by least-square methods with atomic 

coordinates and anisotropic thermal parameters.   

2.2.2 X-ray Powder Diffraction 

All bulk samples were analyzed using X-ray powder diffraction for phase 

identification and phase purity determination.  The samples were grounded into fine 

powder and were placed on glass or Si zero background flat holders.  The air sensitive 

samples were prepared within the glove box and then were covered with Kapton film.  

The Kapton film was used to protect the sample from the air, and it only caused a small 

bump between 10 degree and 15 degree on powder pattern.  Powder diffraction data were 

collected on a Panalytical X’pert Diffractometer with 2 θ geometry and monochromatic 

Cu Ka (λ = 1.54178 Å) source.  Typical data collection involved a step scan with rate of 

0.92⁰/sec from 2 θ = 5⁰ to 100⁰.  Phase identification from the powder pattern was 

performed by matching peaks with those of known compounds from database and 

calculated patterns from single-crystal data.  Cell parameters were indexed by using 

Panalytical X’pert High Score Plus, Winplotr, and Checkcell programs.  Rietveld 

Refinements were performed using Retica program.
7
   

2.2.3 Inductively Coupled Plasma/Mass Spectrometer (ICP-MS)   

Varian Inductively Coupled Plasma (ICP) emission spectrometer equipped with 

mass Spectrometer (ICP-MS) was also used for chemical analysis.  The Cetac 213 Laser 

LSX-213 delivers high intensity 213 nm, 5 nanosecond laser pulses at rates of 1-20 Hz.  
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The homogeneous flat top energy profile of the laser produced aperture spot sizes from 

10 to 200 micron while maintained a constant energy density.  The laser output energy 

was fully adjustable to produce as much or as little ablation necessary to analyze virtually 

the solid sample.  The built-in mass flow controller allowed precise control of He flow to 

take advantage of this proven technique for efficient and consistent sample transport into 

ICP-MS.  The analysis was done with laser ablation.  The standard used for analysis was 

NIST-610 (400 ppm).   

2.2.4 Magnetic Susceptibility (χ) Measurements 

The temperature dependence of the dc-magnetic susceptibility measurements 

were performed with a Superconducting Quantum Interference Devices (SQUID) 

Magnetometer (Quantum Design MPMS-XL) in Dr. C. W. Chu’s lab at the Texas Center 

for Superconductivity at University of Houston (TcSUH).  The MPMS magnetometer is 

specified for experimental and materials characterization tasks that require the highest 

detection sensitivities over a broad temperature range (2 K–300 K) and because of the 

quantized state of the superconducting ring, and the extraordinary non-linear behavior of 

the Josephson junction, the SQUID is capable of resolving changes in external magnetic 

fields that approach 10
-15

 Tesla, yet can be made to operate in fields as large as 5 Teslas.
8
 

During the measurement, the sample moves through a system of superconducting 

detection coils which are connected to the SQUID with superconducting wires, allowing 

the current from the detection coils to inductively couple to the SQUID sensor.  When 

properly configured, the SQUID electronics produces an output voltage which is strictly 

proportional to the current flowing in the SQUID input coil.
8
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Because the magnetic properties of the sample depend on its magnetic and 

thermal history, magnetic measurements were performed under different conditions, 

which are described below: 

Zero field-cooled (ZFC) Measurements – the sample is cooled to the lowest measurement 

temperature in H=0.  Once stabilized, a magnetic fields is applied and the moment is 

measured as a function of temperature up to the highest desired temperature.   

Field-cooled (FC) Measurements – the sample is cooled in this same field to the lowest 

temperature and again measured as a function of temperature.  This FC part can also be 

done by collecting data as the sample is cooled, however, most cryogenic systems are 

more time efficient when collecting on warming.  At least in the case of superconductors, 

the FC data should be collected on the warming, not on cooling.   

 The ZFC/FC method is very useful for determining the temperature range over 

which systems are irreversible.
9
   

2.2.5  Electrical Conductivities Measurements 

The electrical resistivity, ρ, of the samples were measured as a function of 

temperature ρ (T) employing a standard 4-probe method using a Linear Research LR-700 

ac bridge operated at 19 Hz.  The effect of magnetic fields on ρ was measured using a 

Quantum Design PPMS system for temperatures down to 2 K and magnetic fields up to 5 

T.  The measurements were performed on annealed sample pellets with smooth and flat 

surface.  Four very thin Pt wires were attached on annealed sample pellets using a very 

small amount of indium.  The four-lead configuration consisted of two inner contacts and 

two outer contacts.  The outer ones were used as current wires while the inner ones 
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served as a voltage distance.    The thin Pt wires were then attached to thicker Cu wires of 

the probe for the measurements.
9
  

2.2.6 Thermoelectric Power (TEP) (also called the thermopower or the Seebeck 

coefficient) 

  The thermoelectric power measurements were performed by the thermoelectric 

power (TEP) probe in the High-Pressure Low-Temperature (HPLT) laboratory at 

TcSUH.  Two type-T copper-constant thermocouples are contacted to the sample edges 

with indium pads to measure the temperature gradient.  The overall temperature of the 

system, measured with the Si diode, and the varying current to the heaters is controlled 

by computer.  An ac current (f=0.043 Hz) is applied to the heaters such that the measured 

temperature gradient, ΔT, and the measured thermoelectric voltage produced, ΔV.  The 

accurate values of ΔT and ΔV then obtained by computer program using a noise-filtering 

procedure.  The TEP was then calculated.  The system was calibrated using a pure piece 

of Pb to account for the TEP of the thermocouple leads.  The absolute uncertainty in the 

measurement is approximately ± 0.25 μV/K and the systematic error is ± 0.1 μV/K.
10

 

2.2.7 Raman Spectroscopy  

All Raman scattering spectra were measured in the backscattering geometry at 

room temperature on a triple Horiba Jobin Yvon T-64000 spectrometer equipped with an 

optical microscope and a liquid nitrogen-cooled CCD detector.  The spectral resolution 

was 1.5 cm
-1

.  An Ar
+
 laser (λlas=514.5 nm, 2.41 eV) was used for the excitation.  The 

incident laser power was kept below 1.0 mW in order to minimize heating of the sample.   
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2.3 Extended-Hückel Calculations 

Band structure calculation was performed using the extended-Hückel method 

(EHT) in order to correlate structure property relationship and to obtain information 

regarding the nature bonding of the compounds.  The extended-Hückel method is a semi-

empirical quantum chemistry method; it was developed and used by Roald Hoffmann and 

his students since 1963.
11-12

  The original Hückel method only considers π orbitals; the 

extended method also includes the σ orbitals.  By considering all valence electron, the 

extended-Hückel method can be used for determining the molecular orbitals, computing 

the energy barriers for rotation about bonds, and even determining the relative energy of 

different geometrical configurations.  The extended-Hückel method involves calculations 

of the electronic interactions where the electron-electron repulsions are not included.  The 

extended-Hückel method is based on the tight-binding (linear combination of atomic 

orbitals, LCAO) method.  This allows the orbital symmetry interactions in the 

compounds to be analyzed.  Orbital interactions have been very useful in order to 

understand the chemical bonding involved in molecules.  All EHT calculations were 

performed using the CAESAR program.
13
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Chapter 3 

Chemical and Physical Properties of Ce3Si2 and Ce3Si2OX: Tuning the 

Magnetic Properties of a Host Intermetallic by Interstitial Doping 

3.1 Introduction 

 There are many compounds that exist as binary phase or ternary phase with the 

octahedral interstitial site filled.
1-11

 Representatives of the well-known intermetallics 

structure types are La3AlOx,
12

 Ln5Pb3O,
13

 and La5Ge3Ox.
14

  They accommodate a variety 

of interstitial atoms that allow varying the electron counts; this will result in modulating 

the electronic and magnetic properties.  The atoms that can be encapsulated in the 

metallic hosts are varied; they can be hydrogen, oxygen, and even carbon.  By filling the 

interstitial sites, they affect the structure and properties of the host compounds.  There are 

a large number of possible systems in which the effects of diverse interstitial on all sorts 

of properties might be studied.  U3Si2 is a well-known structure type.
15,16

  U3Si2 

crystallizes in the tetragonal, space group P4/mbm (No. 127) with two formula units per 

cell.  The two crystallographically different uranium atoms occupy the Wyckoff positions 

2a and 4h, respectively, while the silicon atoms are located at the 4g site.  Due to the 

three crystallographically independent positions, ternary compounds may crystallize with 

the U3Si2-type.  So far, more than 70 binary and 200 ternary intermetallics with U3Si2 -

type structure are known.
17-25

  They exhibit interesting chemical bonding and physical 

properties.   

 Ce3Si2 also crystallizes in the U3Si2-type structure.  It was first reported in 1965 

by Gladyshevskii.
26

  The binary Ce3Si2 crystallizes in the tetragonal system in the space 
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group P4/mbm (No. 127) (a = 7.79(2) Å, c = 4.361(1) Å).
26

  The crystal structure of 

Ce3Si2 has stacking layers of ABABAB in a closed packing arrangement of Ce and Si 

atoms, and it contains octahedral interstitial sites which are available for introducing 

small atoms inside the structure as illustrated in Figure 3.1 (a) and (b).  The occupancy of 

the interstitial sites with oxygen atoms leads to the formation of Ce3Si2Ox, Figure 3.2.  In 

fact, Ce3Si2O0.82, a new interstitial stabilized compound, was reported by Wang in 2008.
27

  

The reported compound also crystallizes in a tetragonal system, in the space group of 

P4/mbm (No. 127), and lattice parameters of a = 7.6843(7) Å; c = 4.5513(6) Å and V = 

268.75(5) Å
3
.  The unit cell of the suboxide compound expands along c axis and 

contracts along a, b axes due to the insertion of oxygen into the interstitial sites.  

Moreover, the crystal structure of the suboxide is related to the famous anti-perovskite 

structure BaTiO3 with Ce atoms at the O sites, O atoms at the Ti sites and midpoint of Si2 

unit at the Ba sites, as illustrated in Figure 3.2.  The lanthanum analog was also 

reported.
27

  However, in this particular research, the cerium based compounds are more 

interesting for its strength of 4f conduction band electron hybridization and the inter-ionic 

distance between Ce atoms.   

  



 

 
 

4
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(a)                                                                                                 (b)      

  

 

 

 

Figure 3.1 (a) Unit cell representation of U3Si2 is viewed along [001] direction. (b) U3Si2 structure has stacking layers of 

ABABAB in a closed packing arrangement. 
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Figure 3.2 Crystal structure of Ce3Si2Ox (left) consists of corner shared octahedra of cerium and silicon-silicon dimers 

located above and below the octahedra.  Ce, Si, and O atoms are represented as blue, white, and red spheres, respectively.  

Representative of the perovskite structure of BaTiO3 (right), it can be related to the Ce3Si2Ox crystal structure with Ce atoms 

at the O sites, O atom at the Ti sites and midpoint of Si2 unit at the Ba sites.            
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Previous studies performed in 1990 by Dhar indicated that Ce3Si2 exhibites 

antiferromagnetic with the Neel temperature of TN = 8 K.
28

  In 2008, Wang has also 

measured the magnetic susceptibility (χ) of Ce3Si2 and Ce3Si2O0.82.
27

  The stoichiometric 

oxygen stabilized phase Ce3Si2O0.82 is paramagnetic, as shown in Figure 3.3.  The Ge 

analogue of Ce3Si2O0.82, namely Ce3Ge2O0.98, however shows ferromagnetic behavior 

below 11 K.
27

  The relationships between these compounds, as well as, their magnetic 

properties are illustrated in Figure 3.4.   It indicates that the introduction of oxygen as 

interstitials leads to the loss of long range magnetic ordering in Ce3Si2 structure at low 

temperatures.  In this chapter, we will focus on investigating the range of interstitials that 

can be incorporated into the host and use it to “tune” the electron count.  We will report 

the fine tuning of the interstitial content that has led to further clarifying the transition 

from antiferromagnetic to paramagnetic behavior in the range of Ce3Si2Ox, as well as the 

transition from paramagnetic to ferromagnetic behavior of Ce3Ge2O.   
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 Figure 3.3 Magnetic susceptibility (χ) of Ce3Si2O0.82 and Ce3Si2 as a function of 

temperature from 4 K to 200 K (left).  Magnetic susceptibility of Ce3Ge2O0.98 indicated 

ferromagnetic behavior below 11 K (right). (From Ref. 27)   

 

 

 

Figure 3.4 Magnetic properties phase diagram of Ce3Si2, Ce3Si2O0.82 and Ce3Ge2O0.98.  
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3.2 Experimental Section 

Starting materials: The following reagents were stored and handled under an 

argon atmosphere: Ce (chunks, 99.9%, Santoku America), and Si (pieces, 99.9999%, 

Alfa Aesar).  Ce chucks were scraped to remove CeO. 

Synthesis: The binary Ce3Si2 compound was synthesized through high 

temperature reactions using stoichiometric amounts of the pure elements in an arc-

melting furnace.  It was arc-melted under a flowing of pure Ar atmosphere at a current of 

30 A for approximately 25 seconds using Ta as a getter.  The button was flipped over 

three times to assure for homogeneity.  Additional annealing was carried out in welded 

Ta container within evacuated quartz jackets at 950 ⁰C for 2 weeks in a box furnace and 

slowly cooled down to 200 ⁰C.  The Ce3Si2 compound was found to be sensitive to air 

and moisture.   

Polycrystalline samples of Ce3Si2Ox were also prepared by arc-melting using 

stoichiometric amounts of starting materials under a flowing of an Ar/O2 gas mixture 

(with 2.5% O2) at the current of 30 A for approximately 30 seconds.  Then the buttons 

were annealed for about 2 minutes under pure argon.  By controlling the time that the 

reactions have been exposed to Ar/ O2 mixture with 2.5% O2, different samples with 

different amount of oxygen were obtained.  The shiny metallic crystals were found to be 

slightly sensitive to air and moisture.  The samples must be stored and handled inside the 

glove box.   

The binary Ce3Si2 compound and its sub-oxides were analyzed using powder X-

ray diffraction.  The X-ray powder diffraction data were collected on a Panalytical X’pert 

Diffractometer with 2θ geometry and monochromatic Cu Ka (λ = 1.54178 Å) source.  
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Typical data collections were performed using step scans with rate of 0.02⁰/sec from 2θ = 

5⁰ to 100⁰ with air sensitive sample holder.   

Band Structure Calculations Electronic band structure calculations were 

performed using the extended-Hückel method in order to correlate structure-property 

relationships and to obtain information regarding the nature of the bonding in Ce3Si2 and 

Ce3Si2Ox.  The band structure calculations, along with the density of states (DOS) and 

crystal orbital overlap population (COOP) curves, were performed using the Crystal and 

Electronic Structure Analyzer (CAESAR)
29

 software package.   

 Magnetic susceptibility measurements of all the compounds were performed by 

Dr. Bernd Lorenz using a Superconducting Quantum Interference Devices (SQUID) 

Magnetometer at the Texas Center for Superconductivity at University of Houston 

(TcSUH).  The magnetic susceptibility measurements were performed in magnetic field 

of 1000 Oe and within the temperature range of 4-300 K.  

3.3 Results and discussion 

3.3.1 Structure and Lattice Parameters 

 The X-ray powder diffraction (XRPD) indicates that all samples are pure up to 95 

%.  The refinement of the X-ray powder patterns shows that the compounds crystallize in 

the space group P4/mbm (No. 127).  The XRPD of Ce3Si2Ox samples, which were 

exposed longer time to the Ar/O2 gas mixture (with 2.5 % O2) during reactions, indicates 

peaks shifting to larger angle (2θ) (Figure 3.5 (Top)).  At high oxygen content, the [hk0] 

peaks overlap with other peaks close by.  This condition lead to the overlap between 

[210] and [111] peaks as well as the [220] and [211] peaks as illustrated in Figure 3.5 
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(Bottom).  This situation confirms the insertion of oxygen into the interstitial sites and 

causes an expansion and contraction in the unit cell parameters.  The unit cell parameters 

of Ce3Si2Ox with oxygen contents increase from sample 1 to 4, which are listed in Table 

3.1, and are plotted in Figure 3.6.  The lattice parameters’ standard deviations are small 

for most of the sample lead to the hidden of the standard deviation bar from the plots of 

lattice parameters.  When oxygen content increases, the a-axis is decreases.  The c-axis, 

however, increases with the increasing oxygen content.  Thus the c/a ratio increases upon 

doping and also indicates that the change in the c-axis overall is more significant than the 

a-axis.  The plot of the volume of Ce3Si2Ox follows another trend.  When a small amount 

of oxygen starts to fill in the octahedral interstitial site, there is a significant differences in 

a, b lattices constants compares to the small increase in the c lattice constant. The 

decreasing in a, b lattices lead to a decrease in the volume.  However, when the oxygen 

content increases, the volume increases.  The insertion of oxygen squeezes the unit cell at 

first, and then expands it slowly with the increase of oxygen content.   

Table 3.1 Lattice parameters of Ce3Si2Ox with oxygen contents 

increase from sample 1 to 4.    

Compound a (Å) c (Å) c/a Volume (Å
3
) 

Ce3Si2 7.811(1) 4.349(1) 0.557 265.3 

Ce3Si2Ox_1 7.776(3) 4.361(2) 0.561 263.7 

Ce3Si2Ox_2 7.767(2) 4.385(2) 0.565 264.51 

Ce3Si2Ox_3 7.740(4) 4.423(8) 0.571 264.97 

Ce3Si2Ox_4 7.719(5) 4.502(9) 0.583 268.24 
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Figure 3.5 (top) XRPD of C3Si2Ox with oxygen contents increase from sample 1 to 

sample 4.  (bottom)  XRPD of Ce3Si2Ox with minimum oxygen contents and maximum 

oxygen contents which were determined by the time that the reactions were exposed to 

the oxygen/argon atmosphere. 
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Figure 3.6 Lattice parameter of a (top left) and c (top right) are plotted with the 

variation of oxygen content.  The volume of the unit cell of Ce3Si2Ox (bottom left) and 

c/a ratio (bottom right) are shown with oxygen content.  Standard deviations are too 

small to be visible for some data.       
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The interatomic distances of Ce3Si2Ox (Figure 3.7) indicate that Ce1-Ce2 

distances along c-axis increase expectedly with increasing oxygen content.  the distances 

expand from 3.597 Å to 3.6211 Å.  In contrast, the Ce1-Ce1 distances along a-axis 

contract from 4.0468 Å to 4.0197 Å with increasing oxygen contents.  As the interstitial 

sites are occupied the octahedral elongates along c- axis but contracts along a- axis.  The 

Si-Si dimers, which locate on top and bottom of the octahedra, also become shorter in 

distances.  It decreases from 2.4335 Å to 2.4172 Å.  The interatomic distances of Ce-O 

(2.2757 Å and 2.8289 Å  are comparable with that in Ce10Si8O3 (2.2803 Å to 2.8108 

Å).
30  

The interatomic distances in Ce3Si2Ox (sample 1-4) are plotted in Figure 3.8.  The 

standard deviation bars are too small to appear in the plots.   

 

Figure 3.7 The unit cell of Ce3Si2Ox shows interatomic distances of Ce1-Ce1 along the 

a-axis, Ce1-Ce2 along the c-axis, and Si-Si unit along the a-axis.  Ce, Si and O atoms are 

represented as blue, white, and red spheres, respectively.     
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Figure 3.8 Plots of the interatomic distances in Ce3Si2Ox (sample 1-4) with Ce1-Ce1 (top 

left) and Si-Si (bottom) along a-axis; and Ce1-Ce2 (top right) along c-axis.  Oxygen 

content increases from sample 1 to 4.  Standard deviations are too small to be visible.   
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3.3.2 Band Structure Calculations  

Extended-Hückel calculations were carried out on Ce3Si2 and Ce3Si2O0.82 in order 

to understand their bonding and the differences between the host and the interstitial 

compounds.  The atomic parameters which were used in the calculations along with the 

Hii and Slater exponents are listed in Table 3.2.   

  The results from the density of state (DOS), as shown in Figure 3.9, indicate that 

Ce3Si2 and Ce3Si2Ox are metallic since their Fermi level cut across a portion of Ce bands 

in both compounds.  The DOS of Ce3Si2 shows a small band lying around -14.5 eV which 

is mainly Si 3s state strongly mixes with Ce 5d states.  The region between -12.5 eV to -

8.8 eV indicates Si 4p state with strong mixing of Ce 5d and 6p states.  The DOS of 

Ce3Si2O0.82 shows similar results as Ce3Si2, except for the additional low lying band at -

14.5 eV, which is O 2p state that mix slightly with Ce state.   

 The calculated crystal orbital overlap population (COOP), as shown in Figure 

3.10, of Ce3Si2 shows strong Ce-Si and Si-Si interactions dominated the bonding.  While 

the Ce-Si bonding interactions are nearly optimized at Fermi level (EF), small amount of 

bonding interaction still remains above the Fermi level. The Si-Si (π) interaction within 

the dimer dominates anti-bonding and is below Fermi level.  The COOP of Ce3Si2O0.82 

appears to have an additional narrow band at -14.5 eV and a broad Ce-O weak anti-

bonding from -12.5 eV to -8.8 eV.  In both Ce3Si2 and Ce3Si2O0.82, there is a large amount 

of Ce-Ce bonding orbital which stay unfilled above Fermi level.  The bond strength 

values indicate that Si-Si bonding is slightly stronger in Ce3Si2O0.82 while the Ce-Ce 

bonding is much weaker in Ce3Si2.          
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To understand this behavior, further analyses were performed by band structure 

calculation on both compounds, as shown Figure 3.11.  Band structure calculation shows 

that part of Si-Si anti-bonding bands, which lie just below the Fermi level in Ce3Si2, rise 

above the Fermi level in Ce3Si2O0.82.  The Si-Si anti-bonding bands are mixed with Ce-Si 

bonding in Ce3Si2 while with Ce-Si anti-bonding bands in Ce3Si2O0.82 and then move to 

the higher energy above Fermi level and become empty.  In Ce3Si2O0.82, the insertion of 

oxygen state and the formation of Ce-O bonding orbitals at lower energies, affect the 

valence bands just below the Fermi level.  Since the Si-Si bonds are oxidized (lower 

electron count), and the highest filled orbitals associates with Si-Si bonds are anti-

bonding on character, the Si-Si bond become stronger and the dimmer distances are 

shorter.  This results explain the shrinkage of cell parameters along the a, b directions in 

interstitial stabilized structure compare with the empty host.   In addition, the formation 

of Ce-O bonding orbitals also largely weakens the Ce-Ce bonding interactions in 

Ce3Si2O0.82.   
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Figure 3.9 Density of state (DOS) calculated for Ce3Si2O0.82 (left) and Ce3Si2 (right) 

using extended-Hückel method.   
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Figure 3.10 Crystal orbital overlap population (COOP) calculated for Ce3Si2 (left) 

Ce3Si2O0.82 (right) using extended-Hückel method. 
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Figure 3.11 Band structure calculated for Ce3Si2O0.82 (left) and Ce3Si2 (right).  Fermi 

level are represented by dotted lines.  Si-Si (π) anti-bonding and Ce-O bonding band 

dispersions are represented by thick red lines.   

 

Table 3.2 Atomic parameters used for extended-Hückel calculations. 

Atom 

type 

Orbital Hii (eV) ζ1 ζ2 C1 C2 

Si S -17.30 1.3830 1.000   

 P -9.200 1.3830 1.000   

O S -32.29 2.275 1.000   

 P -14.80 2.275 1.000   

Ce S -5.539 1.537 1.000   

 P -4.97 1.398 1.000   

 D -7.59 2.912 2.10 0.7765 0.4586 
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3.3.3 Physical Properties of Ce3Si2Ox  

As mentioned above, Ce3Si2O0.82 is paramagnetic over the temperature range of 4 

K to 300 K
27

 while the Ce3Si2 parent compound exhibits antiferromagnetic order below 8 

K,
28

 as illustrated in Figure 3.1.  As the interstitial sites are filled with small amount of 

oxygen, the antiferromagnetic transition still exists but shifts to lower temperature.  As 

the oxygen content increases the antiferromagnetic transition becomes weak and finally 

disappears, as shown in Figure 3.12.  It confirms that the introduction of oxygen as 

interstitials leads to the loss of long range magnetic ordering of Ce3Si2 at low 

temperature.  The formations of Ce-O bonding weaken the Ce-Ce interactions, which the 

magnetic ordering phenomena can be attributed to.  This indicated that the interstitial 

atoms can cause affection on the physical properties of the host compounds and affords 

an effective means of tuning their electronic and magnetic properties.  

 Above 150 K, Curie-Weiss behavior is observed for most of the sample.  The 

Curie-Weiss susceptibility (χ) is given by (χ = C/(T-θ)) (1), which can be rearrange into 

(1/ χ = T(1/C) – θ/C) (2), where C is the molar Curie-Weiss (emu K/mol), and θ is called 

Curie-Weiss temperature (K).  The Curie-Weiss temperature (θ) is related to the strength 

of the interaction between moments, and its sign depends on whether the interaction help 

align adjacent moments in the same direction or opposite one another.  In order to 

calculate the magnetic effective moment (μeff), the molar susceptibility values (χm) 

(emu/mol) are first calculated by divided the (χ)(emu/g) values by the molecular weight 

(MW) (g/mol) of the Ce3Si2O (assume that the stoichiometric ratio of oxygen is 1).  The 

same MW is used to determine the (χm) (emu/mol) values of all samples with the 

different amount of oxygen content, since the MW of oxygen is quite small as compared 
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to the MW of barium and silicon.  Next (1/ χm) (mol/emu) is plotted as a function of 

temperature (2), like the data shown in Figure 3.13.  For the Curie-Weiss behavior, the 

(1/ χm) curve have a slope (1/C) and intercept value of (θ/C).  The relationship between C 

and (μeff) is given as (3) and rearranged into (4), and (5). 

(3) C = (N μeff
2
)/3k [N: Avogadro’s number (6.02 x 10

23
)] 

    [k: Boltzmann’s constant (1.38x10
-16

 erg/K)]            

(4) μeff = (3k C/N)
1/2

     [μeff in the unit of erg/Oe] 

(5) μeff = 2.82 C
1/2

  [μeff in the unit of μB] 

    [1 μB = 0.927 x 10
-20

 erg/Oe]  

The plots of molar susceptibility (χm), and inverse molar susceptibility (1/χm) of 

Ce3Si2Ox_sample 1 are shown in Figure 3.13.  Curie-Weiss behavior is observed above 

150 K where a linear fit line is placed.  The following values of C = 2.70 (emu K/mol), θ 

= -51.49 K, and μeff = 4.63 μB are obtained directly from the calculations.  The value θ < 

0 means the interaction helps to align adjacent moments opposite each other.  In other 

words, there is a net antiferromagnetic interaction between moments.  The magnetic 

effective moments for other samples were also calculated.  They are 4.57 μB, and 4.31 μB 

for sample 2 and 4, respectively.  The plots of (1/χm) for sample 2 to 4 are shown in 

Figure 3.14.  The magnetic effective moment for sample 3 is unable to calculate due to 

impurities that present in the sample.  The impurities cause the (1/χm) curve from sample 

3 to deviate from the Curie-Weiss behavior.  The calculated magnetic effective moment 

of Ce3Si2Ox_sample 1, 2, and 4 are higher than that of free Ce
3+

 ion which is 2.54 μB.  

The impurities, which may cause an increase in magnetic effective moment, are very 

small that they do not appear on the XRPD.             



 

61 

 

 

 

 

Figure 3.12 Magnetic susceptibility (χ) measurements of Ce3Si2 and Ce3Si2O with the 

increasing oxygen amount from sample 1 to 4 (top).  The enlarge portion show the 

magnetic transitions (bottom).   
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Figure 3.13 Plot of (χm) and (1/χm) vs. temperature for Ce3Si2Ox_sample 1 

       

 

Figure 3.14 Plot of (1/χm) vs. temperature and the linear fit line for Ce3Si2Ox_sample 2 to 

sample 4.   
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3.4   Inter-growth Structure of Ce8Si5O0.52 

3.4.1 Synthesis  

The title single crystal was obtained from the melted samle of Ce3Si2, using Ta 

tube as container, placed inside an evacuate quartz jacket.  The sample was heated to 

~1500 ⁰C (53 V) using high temperature induction furnace, and slowly cooled at the rate 

of 1.67 ⁰C/min.  The original purpose of this synthesis was to obtain single crystal of 

Ce3Si2.  The source of oxygen came from cerium chunks; they were not scraped to 

remove CeO.  From the bulk sample, shiny single crystal was collected and analyzed 

using X-ray single crystal diffractometer.  XRPD of the remaining bulk sample contained 

Ce3Si2, Ce5Si3, and small amount of unidentified impurities.   

3.4.2  Crystal Structure Determination  

Single crystals were selected, isolated from bulk products, mounted on the top of 

glass fibers and inserted into a capillary tube.  Single crystal X-ray diffraction data was 

collected at -56 ⁰C using a Siemens Smart 1 K CCD diffractometer with graphite 

monochromatized Mo Kα (λ = 0.7073 Å) radiation.  Unit cell refinement and data 

merging were performed using the SAINT program.
31

  The crystal structure was solved 

using direct methods (SHELXTL)
32

 and refined by least-square methods with atomic 

coordinates and anisotropic thermal parameters.   

 The single crystal crystallizes in the space group I4/mcm (No.140).  The crystal 

structure was solved by direct methods; and subsequent least-squares refinements with 

anisotropic thermal parameters smoothly proceeded and converged to residual of to R1 = 

2.97% and wR2 = 6.68%.   
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3.4.3 Structure Description 

Ce8Si5O0.52 crystallizes in tetragonal system (space group I4/mcm (No.140)), with 

lattice parameters a = 7.8386(3) Å, c = 22.491(1) Å, V = 264.95(6) Å
3
 and z = 4.  The 

crystallographic data, atomic coordinates, isotropic displacement parameters, anisotropic 

displacement parameter, and selected bond lengths for Ce8Si5O0.52 are listed in Table 3.3 

to Table 3.6  The bond distance of Si-Si dimer is 2.497(5) Å (Table 3.6), which is longer 

than that in Ce3Si2O0.82 (2.400(3) Å) and Ce3Si2 (2.428(2) Å).  The Ce-Si distances range 

from 3.083(2) to 3.2162(2) Å, are shorter than that in Ce3Si2O0.82 (3.1115(7) to 3.239(1) 

Å).  The Ce-O distances are 2.2029(8) and 2.8825(2) Å; the difference between these 

distances is broader than that in Ce3Si2O0.82 (2.2757(3) and 2.8289(3) Å.  The crystal 

structure of Ce8Si5O0.52 consists of two different types of polyhedra layers.  The first type 

of polyhedra is the octahedra of Ce6O units.  The Ce6O units consist of corner shared, 

which are then capped by Si-Si dimmers located on top and below, similar to the crystal 

structure of Ce3Si2Ox as illustrated in Figure 3.15.   Another polyhedra layer consists of 8 

Ce atoms which are made up layers of edge share square anti-prism with Si atoms are 

located at the center.   This structure type is related to the distorted Ce5Si3
33,34

 with the 

square prism of Ce atoms and Si atoms in the center as illustrated in Figure 3.16.  Ce5Si3 

crystallizes in tetragonal Cr5B3 structure type in the space group I4/mcm (No. 140).  The 

crystal structural of Ce5Si3 is shown in Figure 3.17.  Similar to the Ce3Si2, Ce5Si3 

contains empty tetrahedral interstitial sites which are available for small elements such as 

H,
35

 O or C to occupy.  
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Figure 3.15 Crystal structure of Ce8Si5O0.52 looking down the [010] with Ce3Si2O layers  
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Figure 3.16 Crystal structure of Ce8Si5O0.52 with distorted Ce5Si3 layers.
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Figure 3.17 [100] view of the tetragonal structure of Ce5Si3; cerium and silicon atoms are 

represented as blue and yellow spheres, respectively. (From Ref. 35) 

 The inter-growth structure of Ce8Si5O0.52 emphasizes many possibilities of 

searching for new structure with different stacking layers of Ce3O2Ox and Ce5Si3.  In fact, 

Ce8Si5O0.52 is placed between Ce3Si2 and Ce5Si3 in the Ce-Si binary phase diagram as 

shown in Figure 3.18.  However, Ce8Si5O0.52 is stabilized by oxygen, since attempts to 

synthesis the binary phase of Ce8Si5 was unsuccessful.   In addition, replacing oxygen by 

carbon was also unsuccessful since the forming of CeSi2 and CeC2 phases.  Further work 

should be carried out to investigate physical properties and to synthesize the product in 

high yield.      

 



 

68 

 

 

 

Figure 3.18 Ce-Si binary phase diagram.
36

 (From Ref. 36)   
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3.4  Conclusion 

A series Ce3Si2Ox phases with varying amount of x were synthesized by high 

temperature/arc melting reactions of the pure elements under controlled oxygen 

atmosphere conditions. The transition in the magnetic susceptibility measurements 

indicates that introducing oxygen into the interstitial site leads to the loss of long rang 

magnetic ordering at low temperature.  This behavior was explained and confirmed by 

investigating the unit cell parameter, interatomic distance and band structure calculation.       

Future experiments are planned to determine the complete nonstoichiometric 

range of oxygen.  However, it is difficult to control oxygen content by adjusting the 

oxygen/argon atmosphere.  The syntheses of these compounds, using the traditional high 

temperature route with stoichiometric amount of the metal elements and rare-earth oxides 

were unsuccessful.    
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Table 3.3 Crystallographic data for Ce8Si5O0.52 

Empirical formula  Ce8Si5O0.52 

Formula weight  1270.05 

Temperature (K) 296(2) 

Crystal system  Tetragonal 

Space group  I4/mcm  (No.140) 

Unit cell parameters (Å) a = 7.8386(3) 

 c = 22.4915(13) 

Volume (Å
3
) 1381.96(11)  

Z 4 

Density (calculated) (g/cm
3
) 6.104 

Absorption coefficient (mm
-1

) 26.156 

F(000) 2153 

Crystal size (mm
3
) 0.10 x 0.06 x 0.06 

Theta range for data collection 1.81 to 29.03°. 

Index ranges -10 ≤ h ≤ 10, 

 -5 ≤ k ≤ 10, 

 -29 ≤ l ≤ 29 

Reflections collected 4133 

Independent reflections 514 [R(int) = 

0.0797] 

Data / restraints / parameters 514 / 0 / 26 

Goodness-of-fit on F2 1.146 

R
a
  indices [I>2σ(I)] R1 = 0.0282 

wR2 = 0.0662 

R
a
  indices (all data) R1 = 0.0297,  

wR2 = 0.0668 

Largest diff. peak and hole 1.619 and -4.166 

R
a
 = Σ ǀ ǀ Foǀ - ǀ Fcǀ ǀ     Σ ǀ Foǀ ; wR2 = [Σw ( ǀ Foǀ

2
 – ǀ Fcǀ

2
 )

2
     Σw ( ǀ 

Foǀ
2
)
2
]

1/2
, w = 1 / (σF

2
)
2
.    
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Table 3.4 Atomic coordinates and equivalent isotropic displacement 

parameters (Å
2
 x 10

3
) for Ce8Si5O0.52.   

Atom x y z U(eq) 

Ce(1) 0.3215(1) 0.1785(1) 0 14(1) 

Ce(2) 0.783(1) 0.8217(1) -0.1866(1) 12(1) 

Ce(3) ½ ½ -0.979(1) 20(1) 

Si(4) 0.1126(2) 0.3874(2) 0.962(1) 11(1) 

Si(5) ½ ½ -1/4 12(1) 

O(1) ½ ½ 0 39(10) 

 

Table 3.5   Anisotropic displacement parameters (Å
2
 x 10

3
) for 

Ce8Si5O0.52.  The anisotropic displacement factor exponent takes the 

form: -2π
2
[ h

2
a*

2
U

11
 + ... + 2 h k a* b* U

12
] 

Atom U11 U22 U33 U23 U13 U12 

Ce(1) 18(1)  18(1) 8(1)  0 0  8(1) 

Ce(2) 12(1)  12(1) 11(1)  -1(1) 1(1)  0(1) 

Ce(3) 12(1)  12(1) 36(1)  0 0  0 

Si(4) 11(1)  11(1) 11(1)  0(1) 0(1)  2(1) 

Si(5) 11(1)  11(1) 13(2)  0 0  0 

O(1) 49(14)  49(14) 18(13)  0 0  0 

 

Table 3.6 Selected bond lengths [Å] for Ce8Si5O0.52 

Ce-O 2.8825(2) Ce-Si 3.187(1) 

Ce-O 2.2029(8) Ce-Si 3.083(2) 

Si-Si 2.497(5) Ce-Ce 3.6279(5) 

Ce-Si 3.170(2) Ce-Ce 3.2640(9) 

Ce-Si 3.2162(2) Ce-Ce 3.5056(5) 
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Chapter 4 

Synthesis of BaTi2Sb2O: A Layered Titanium-based Pnictide Oxide 

4. 1 Introduction 

The discovery of superconductivity in iron pnictides and chalcogenides sparked 

an immense activity in the field of high-temperature superconductivity and revitalized the 

interest in layered transition metal pnictide oxides.  Transition metals are described as 

elements in the d-block of the periodic table, which include groups 3 to 12 on the 

periodic table. They are all metals that are both ductile and malleable and conduct 

electricity and heat.  Because the valence electrons in transition-metal ions are assigned 

within the d orbitals, these ions are often described as having d
n
 configurations. The 

pnictide oxides are a class of materials with oxygen and pnictogens, while pnictogens are 

group 15 elements.  They are a unique class of compounds since both oxygen and 

pnictogen coexist as anions.   

The structures of layered transition-based pnictide oxide are divided into two 

main groups.  The first group belongs to those structures that contain the [M2Pn2] layers 

such as ZrCuSiAs,
1  

Th2Ni3-xP3O,
2
 La3Cu4P4O2,

3-4
 U2Cu2As3O

5
 and Sr2Mn3As2O2.

6-8
  

Recently,  ZrCuSiAs has become quite famous since the discovery of superconductivity 

in LaFePO
9
 and later on the discovery of superconductivity in FeAs-based compounds 

such as RFeAs(O1-xFx) (R = La, Ce, Pr, Nd, Sm),
10-12

 (La1-xSrx)OFeAs,
13

 (La1-

xLnx)OFeAs (Ln = Sm, Ce and Pr).
14-16

  Known iron-based superconductors which do not 

belong to the ZrCuSiAs structure type are AFeAs (A = Li, Na) with PbFCl structure 

type;
17

 and AFe2As2 (A = K, Rb, Cs),
18-20

 AeFe2As2 (Ae = Ca, Sr, Ba),
21-22

 and AxAe1-
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xFe2As2 (Ae = Ca, Sr, Ba and A = K) with ThCr2Si2 structure type.
17

  The structures of 

these compounds share the common feature of layers of FeAs in LaFeAsO. 

Other layered transition-metal pnictides structures do not contain the fluorite-type 

[M2Pn2] layer; these are NdZnPO,
23-24

 Ba2Mn2Pn2O (Pn=Sb, As),
25-26

 and Na2Ti2Sb2O.
27

  

Within this group, Na2Ti2Sb2O has generated much interest regarding its electronic 

structure as well as its physical properties.  Na2Ti2Sb2O consists of [Ti2Sb2O]
2-

 layers 

which are separated by double layers of Na
+
 action.  The oxidation state of Na2Ti2Sb2O 

can be assigned as Na
+
, Ti

3+
, Sb

3-
 and O

2-
 in which the Ti

3+
  gives rise to the (d

1
) 

electronic configuration, which is the “hole” analog of Cu
2+

 (d
9
) in the high-Tc cuprates.  

The Na2Ti2Sb2O structure can also be viewed as an anti-K2NiF4-type where Na and Ti are 

at the ordered F sites, Pn is at the K sites, and O is at the Ni sites.  Na2Ti2Pn2O (Pn = Sb, 

As) was first synthesized in 1990 by Schuster’s group.
27

  Na2Ti2Sb2O crystallized in the 

anti-K2NiF4 structure type in the space group, I4/mmm (No. 139), with z = 2 and the 

lattice parameters a = 4.160(2) Å, c = 16.558(7) Å.
28

  The lattice parameters of the 

corresponding As analogue are: a = 4.070(2) Å, and c = 15.288(4) Å.
27

   

There are several papers published on the electronic structure and physical 

properties of Na2Ti2Sb2O particularly on the magnetic spin interactions of Na2Ti2Sb2O
 

and a nested Fermi surface related to the observed SDW or CDW transition.
28-32

  Physical 

property measurements on Na2Ti2Pn2O (Pn = Sb, As) indicated that these compounds 

exhibit anomalous transitions in the temperature-dependent magnetic susceptibilities at Ts 

= 330K for the As analog, and Ts = 120K for the Sb analogue.  The temperature-

dependent electrical resistivity measurements on these compounds also showed 

anomalies reminiscent of SDW and/or CDW materials.
28

  The transition was first 
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reported by Kauzlarich et al. using temperature dependent powder neutron diffraction,
32-

33
 single crystal studies

34
 and band structure calculations.

28,31
  The magnetic behavior of 

Na2Ti2Pn2O (Pn = Sb, As) compounds are quite similar to those observed in the parent 

compounds of the FeAs-based superconductors.  The SDW instability is actually believed 

to be an important indicator for high-Tc superconductivity in the FeAs superconductor, 

which exhibited SDW transitions at 150 K for LaOFeAs,
35

 and at 140 K for BaFe2As2.
36

  

In both cases, the results indicated that when the SDW is suppressed, superconductivity is 

enhanced, as illustrated in Figure 4.1.
10,37

  

 

Figure 4.1 Superconducting phase diagram of LaO(1-x)FxFeAs (left) and of Ba1-xKxFe2As2 

(right). (Figures from Ref. 10 and 37) 

The arsenide oxide BaTi2As2O, the alkaline earth analog of Na2Ti2Pn2O (Pn = Sb, 

As), was first reported in 2010 by Wang and co-workers,
38

 as a new layered pnictide 

oxide. BaTi2As2O crystallizes in a tetragonal system in the space group P4/mmm (No. 

123) (a = 4.047(3) Å, c = 7.275(4) Å).   The compound showed magnetic and resistivity 
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anomalies at Ts = 200K which was similar to the CDW/SDW anomalies observed in 

Na2Ti2Pn2O (Pn = Sb, As).   

    Herein we report the synthesis of BaTi2Sb2O, the Sb analog of BaTi2As2O
38

 and 

Na2Ti2Pn2O (Pn = Sb, As).
27

  Inspired by the discovery of superconductivity in LaO1-

xFxFeAs,
10

 BaTi2Sb2O and Na2Ti2Sb2O  were doped by F
-
 at the O

2-
 sites.  Results of the 

doping experiments will be discussed in this chapter.  We will also report the results of 

the attempts to synthesize AeTi2Pn2O (Ae = Sr, Ca; Pn = Sb, As, P, Bi) and A2Ti2Pn2O 

(A =K; Pn = Sb, Bi). 

4. 2. Experimental Section 

Reagents.  The following reagents were used as received and were stored and 

handled under an argon atmosphere inside a glove box: BaO (powder, 99.99% trace 

metal basis, Sigma Aldrich), SrO (powder, 99.9% trace metal basis, Sigma Aldrich), CaO 

(powder, 99.995% trace metal basic, Sigma Aldrich), Ti (powder, 99.99% trace metal 

basic, Sigma Aldrich), Sb (pieces, 99.999%, Alfa Aesar), As (lump, 99.999%, Alfa 

Aesar), P (lump, 99.999%, Sigma Aldrich) and Bi (pieces, 99.9999%, Alfa Aesar), K 

(ingots, 99.95% trace metal basic, Sigma Aldrich) 

Synthesis.  AeTi2Sb2O and A2Ti2Sb2O compounds (Ae = Ba, Sr, Ca; A = K) were 

synthesized using stoichiometric amounts of the starting materials.  The reactants were 

ground together and pressed into pellets.  The pellets were then sealed within welded Nb 

tubes, and were placed inside an evacuated flame sealed quartz jacket.  The reactions 

were performed at 900 ºC for 3 days, then slow cooled (2 ºC/min) to 200 ºC.  Additional 

regrinding and sintering at 900 ºC for another 3 days was performed to ensure phase 

homogeneity.  The dark gray samples were found to be sensitive to air and moisture, and 
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thus the samples had to be stored and handled inside the Ar-atmosphere glove box.  After 

reactions were completed, the samples were analyzed using X-ray powder diffraction for 

phase purity.       

 The synthesis of AeTi2Pn2O and A2Ti2Pn2O with (Ae = Ba, Sr, Ca; Ae = Na, K; 

Pn = P, Bi) were performed in a slightly different manner due to the low melting points 

of phosphorus and bismuth.  The reactions were slowly heated up to 600 ⁰C and kept at 

that temperature for 2 days, then the temperature was raised to 900 ⁰C for 2 more days 

then slowly cooled down to 150 ⁰C.  The phosphide oxide samples were dark brown in 

color while the bismuth samples were black.  They were both found to be extremely 

sensitive to air and moisture.  The samples were also analyzed using a X-ray powder 

diffraction.       

X-ray powder diffraction.  Powder diffraction data were collected using a 

Panalytical X’pert Diffractometer with 2 θ geometry and monochromatic Cu Ka (λ = 

1.54178 Å) source.  A typical data collections involved a step scan with rate of 0.02⁰/sec 

from 2 θ = 5⁰ to 100⁰ using an air sensitive sample holder.   

Magnetic susceptibility measurements (and resistivity measurement) of 

BaTi2Sb2O was performed using a Superconducting Quantum Interference Device 

(SQUID) Magnetometer at the Texas Center for Superconductivity at University of 

Houston (TcSUH) by Dr. Bernd Lorenz and Dr. Melissa Gooch.  Magnetic properties 

were measured in the fields, which were up to 5 Tesla with temperatures between 2 K 

and 300 K. The resistivity and magnetoresistance were measured in a four probe 

configuration between room temperature and 2 K and in fields up to 5 Tesla. 
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Band Structure Calculations.  Electronic band structure calculations were 

performed using the extended-Hückel method (EHT) in order to correlate structure-

property relationships and to obtain information regarding the nature of the bonding in 

BaTi2Sb2O.  The band structure calculations, including the density of states (DOS) and 

Crystal orbital overlap population (COOP) calculations, were performed using the 

Crystal and Electronic Structure Analyzer (CAESAR)
39

 software package.   

4. 3 Results and Discussion 

4.3.1 Structure and bonding of BaTi2Sb2O 

Experimental data showed that BaTi2Sb2O was unstable at high temperatures.  At 

high temperature (more than 1050 ⁰C) the compound became unstable and decomposed 

to form unidentified phases.  For that reason, attempts to synthesize single crystals of 

BaTi2Sb2O by slowly cooling from the melt were unsuccessful.   The structure of 

BaTi2Sb2O was determined using X-ray powder data since the single crystal of 

BaTi2Sb2O was unable to collect.  The X-ray powder pattern of BaTi2Sb2O was collected, 

and was completely indexed to a body center tetragonal cell, using the X’pert High Score 

Plus program with the assigned space group of P4/mmm (No.123), which was then used 

in the Rietveld refinement, using Retica program.
40

  Pattern fitting was carried out 

between 5⁰ and 100⁰.  The X-ray powder pattern after Rietveld refinement is shown in 

Figure 4.2; the lower pattern indicates the fitting deviation from the original diffraction 

pattern.  The output file is listed in Table 4.1 and Table 4. 2.  The Fourier maps were 

then calculated.  The electron density map of Ba, Ti, O, and Sb were in their correct 

position, which is shown in Figures 4.3 (a), (b), and (c).   Strong reflections and 
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similarities were observed in Fourier (observed) and Fourier (calculated) data for Ba, Ti, 

and Sb.  The electron density of oxygen merely presented due to the fact that O was so 

light compared to Ba, Ti and Sb.       

 

 

Figure 4.2 Rietveld refinement of XRPD of BaTi2Sb2O. 
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Table 4.1  Output file of the Rietveld refinement of BaTi2Sb2O  

Space group P 4/mmm (No. 123) 

a (Å) 4.1076(1) 

c (Å) 8.0731(2) 

Cell volume (Å3
) 136.213(6); z = 2 

Calculated density (g/cm
3
) 6.003 

Radiation and wavelength Cu  / 1.54185 

Diffractometer Powder 

Mode of refinement Full profile 

Rp, Rwp 6.30%; 5.05% 

 

 

Table 4.2 Atomic coordinates and equivalent isotropic displacement 

parameters (Å2
 x 10

3
) for BaTi2Sb2O.   

Atom Site S.O.F x/a y/b z/c U[Å2
] 

Ba  4/mmm 1.0 ½ ½ ½ 8.9(7) 

Ti  mmm 1.0 ½ 0 0 10.2(1) 

Sb  4mm 1.0 0 0 0.7514(1) 4.9(6) 

O 4/mmm  1.0 ½ ½ 0 124(8) 
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Ba   1d   4/mmm      ½  ½  ½ 

 

 

Figure 4.3 (a) Fourier maps of (Ba) shown as electron density: Fourier observation (Left); z = 0.5;   Fourier calculation (Right)  
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Ti   2f       mmm      ½, 0, 0 

O   1c   4/mmm      ½, ½, 0 

 

Figure 4.3 (b) Fourier maps of (Ti,O) shown as electron density: Fourier observation (Left);  z = 0; Fourier calculation (Right) 
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Sb   2g   4mm   0, 0, 0.7514(1) 

 

 

 

Figure 4.3 (c) Fourier maps of (Sb) shown as electron density: Fourier observation (Left); z = 0.25; Fourier calculation (Right)
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BaTi2Sb2O crystallizes in a filled-CeMg2Si2 or CeCr2Si2C structure type in the 

space group of P4/mmm (No. 123), with a tetragonal unit cell of a = 4.1076(1) Å, c = 

8.0731(2) Å and V = 136.213(6) Å3
.   The compounds are layered pnictide oxides without 

a fluorite-type [M2Pn2] layer.  Similar to Na2Ti2Pn2O, the structure of BaTi2Sb2O features 

[Ti2Pn2O]
2-

 layers and Ba layers.  Instead of double layers of Na, the [Ti2Pn2O]
2-

layers 

are separated by single layer of Ba
2+

 as illustrated in Figure 4.4.   

The structure of BaTi2Sb2O consists of [Ti2O]
4-

 layers, which are the inverse to 

the CuO2 layers found in the well-known high-Tc superconducting cuprates.  Within the 

[Ti2O]
4-

 layers, Ti
3+

 is 2 coordinated with O
2-

 while O
2-

 is 4 coordinated with Ti
3+

.  The 

Ti—O bonding distance is 2.074(1) Å27
 which is longer than normal Ti—O bonding 

distance.  In addition, there was a possibility of Ti and Ti interactions along the diagonal 

direction of the layer, as illustrated in Figure 4.5.  The Ti….Ti distance in this case is 

2.933 Å, which was just slightly longer than that in the BaTi2As2O (2.862 Å),
38

 and in 

normal Ti metal (2.87 Ǻ) for.
41-42

  The Ti2O sheets are then capped by Sb atoms above 

and below the sheet to form a nominal network of Ti4Sb2 octahedral units bridged by 

oxygen.  Each Ti
3+

 now is coordinated by four Sb
3-

 in the equatorial positions and two 

O
2-

 in the apical positions.  The [Ti2Sb2O]
2-

 layers separated by single layer of Ba
2+

 

action.   

Compared to the unit cell of Na2Ti2Sb2O, the unit cell of BaTi2Sb2O is reduced by 

1/2 along the c-axis as a result of replacing double layers of Na with single layer of Ba.  

The interatomic distances of BaTi2Sb2O seem to be smaller than that of Na2Ti2Sb2O.  The 

Ti-O bond distance is 2.054(1) Å in the Ba compound whereas in the Na compound the 
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Ti-O bond is 2.072(0) Å.  The Ti-Sb distance is 2.872(1) Å (Ba compound) and 2.895(2) 

Å (Na compound).  The Ti-Ti distance is 2.905(1) Å (Ba compound) while for the Na 

compound it is 2.930(2) Å.  Selected bond lengths for BaTi2Sb2O are listed in Table 4.3 

and showed in Figure 4.6.      

The [Ti2Sb2O]
2-

 layers consisted of 2D layers of [- -Ti—O—Ti—O- -], Figure 

4.5.  The interaction within this layer was mainly the Ti dxz and dyz orbitals interacting 

with the O pz orbital.  The arrangements followed as [- -Ti(dyx)—O(pz)—Ti(dyx)—O(pz)- 

-] along x direction; and [- -Ti(dyz)—O(pz)—Ti(dyz)—O(pz)- -] along y direction.    

Another type of chain was the 1D layers of [- -Ti—Sb2—Ti—Sb2- -] running along x and 

y   directions, considered one Sb above and below the plane, Figure 4.5.  The interactions 

between Ti and Sb were mainly through the Sb p orbital and the hybridized Ti dz
2
 and dx

2
-

y
2
 orbitals.         
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Figure 4.4 Crystal structure of layered d-metal pnictide oxides Na2Ti2Sb2O (left) and BaTi2Sb2O (right). 
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Figure 4.5 [001] projections of (a) Ti2Sb2O layers (b) Ti2O layer in BaTi2Pn2O and 

Na2Ti2Pn2O (Pn = Sb, As); (c) [Ti4/2Pn2O4/4]
2-

 unit consisting of Ti-O square planar 

capped with two Pn
3-

; (d) Octahedral coordination around Ti
3+

 where four Sb
3-

 are in the 

equatorial positions and two O
2-

 are in the apical positions.   
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           Figure 4.6 Unit cell of BaTi2Sb2O and interatomic distances  

Table 4.3 Selected bond lengths [Å] for BaTi2Sb2O 

Bond Distances Bond Distances 

Ba-Sb 3.543(2) Å Ti-O 2.054(1) Å 

Sb-Sb (//a) 4.1076(1) Å Ti-Sb 2.872(1) Å 

//c 4.0592(2) Å Ti-Ti 2.905(1) Å 

//c 4.0139(2) Å   
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4.3.2 Physical Properties of BaTi2Sb2O 

Magnetic Susceptibility Measurement 

 The magnetic susceptibilities of BaTi2Sb2O as a function of temperature are 

shown in Figure 4.7.  The sharp drop at Ts = 54 K indicated the onset of a magnetic 

order. Although the temperature dependence of the susceptibility was qualitatively 

similar to the data recently obtained for the As-based, BaTi2As2O,
38 

 it was surprising  

that the magnetic transition temperature of BaTi2Sb2O was reduced to 54 K, about 25 % 

of the value reported for BaTi2As2O.  A similar trend of shifting the magnetic Ts to lower 

values with the increase of the pnictide ionic radius (As → Sb) was also observed in the 

Na-based compounds, Na2Ti2Pn2O
34

 with transition temperatures of 320 K (Pn = As) and 

120 K (Pn = Sb). The nearly linear temperature dependence of the susceptibility above Tc 

was also consistent with the data for BaTi2As2O
38

 as well as Na2Ti2Pn2O.
34

  However, 

there was an apparent slope change of χ(T) close to 220 K the origin of which has yet to 

be explored.  The inset from Figure 4.7 shows the field dependence of the magnetization 

at 5 K up to 5 T. The linear high-field part is consistent with a predominantly anti-

ferromagnetic order, however, the strongly non-linear increase of M(H) at low fields 

indicated that the magnetic order is possibly more complex with a weak ferromagnetic 

moment dominating the low-field behavior. A possible spin canting should therefore be 

taken into consideration.  Neutron scattering experiment with Dr. Jeffrey W. Lynn are in 

progress.   
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Figure 4.7 Temperature-dependent magnetic susceptibility for BaTi2Sb2O under 0.1 T.  

The inset shows the field dependence of the magnetization at 5 K up to 5 Tesla.  

Resistivity Measurement of BaTi2Sb2O 

The resistivity of BaTi2Sb2O at zero fields and in magnetic fields up to 50 kOe is 

shown in Figure 4.8 (main pane and lower inset).  The sharp slope change at Ts = 54 K 

followed by a hump is a clear signature of the CDW or SDW transition.  After the 

resistivity anomaly, BaTi2Sb2O keeps the metallic behavior, similar to that recently 

reported for Na2Ti2Pn2O and BaTi2As2O.
34,38

  The resistivity in magnetic fields of 50 

KOe increases up to 14 % at 5 T, exceeds that reported for BaTi2As2O by a factor of 5 (at 

5 T).
38

  What distinguished BaTi2Sb2O from the other pnictide oxide were the 

significantly lower Ts and the larger magnetoresistance, as shown in Figure 4.9, which 

exceeded the reported data for BaTi2As2O at 50 kOe
38

 by the factor of five.  This 

indicated a lower energy scale of the CDW or SDW state in BaTi2Sb2O and gave rise to 
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the hope that superconductivity could be induced, as in the iron pnictide or chalcogenides 

superconductors, when proper doping could be achieved. 

 

 

Figure 4.8 Temperature dependence of resistivity at different fields for BaTi2Sb2O  
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Figure 4.9 A large magnetoresistance appears below the SDW or CDW transition at 5 K.  

At 5 T, it goes up to 14 %.   

Thermoelectric Power (The Seebeck Coefficient S(T)) 

The thermoelectric power (S) of BaTi2Sb2O, shown in Figure 4.10, indicates that 

it is strongly negative at room temperature, indicative of n-type (electron) carriers.  S(T) 

shows a sharper decrease at the SDW transition.  The large negative values of S(T) reveal 

significant differences with respect to Na2Ti2Pn2O (Pn = As, Sb).
43
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Figure 4.10 Thermoelectric power of BaTi2Sb2O 

Recently, there was also a report on the superconductivity in BaTi2Sb2O.
44  

Yajima et al. have reported a superconductivity transition at 1.2 K in BaTi2Sb2O.  The 

superconductivity transition coexisted with the CDW or SDW at 54 K.  Unfortunately, 

our physical property measurements for BaTi2Sb2O have never been investigated at that 

low temperature.  The superconductivity transition for the un-doped BaTi2Sb2O was 

unexpected, and the nature of this superconducting transition is still unknown.  

Superconductivity transition was not observed on the BaTi2As2O or on the Na2Ti2Pn2O 

(Pn = Sb, As).  The BaTi2Sb2O sample from our lab was re-measured; the data showed 

superconductivity with the transition temperature at ~ 1K, which is consistent with the 

reported data.             
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4.3.3 Band Structure Calculations BaTi2Sb2O  

Extended-Hückel calculations were carried out on BaTi2Sb2O in order to 

understand the orbital interaction and the nature of the bonding in the compound.  The 

atomic parameters which were used in the calculations along with the Hii and Slater 

exponents are listed in Table 4.4.   

 

Table 4.4 Atomic parameters used for extended-Hückel calculations.
45

 

Atom 

type 

Orbital Hii (eV) ζ1 ζ2 C1 C2 

Ba S -5.490 1.210 1.000   

 P -3.560 1.210 1.000   

Sb S -16.480 2.323 1.000   

 P -8.750 1.999 1.000   

O S -31.600 2.275 1.000   

 P -14.800 2.275 1.000   

Ti S -6.520 1.300 1.000   

 P -3.810 1.300 1.000   

 D -7.180 4.550 0.4206 1.400 0.7839 
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 The calculated density of states (DOS) of BaTi2Sb2O are presented in Figure 4.11 

(left) with total DOS as well as the projections of the DOS for Ti and Sb.  The Fermi 

level (EF) cuts across the lower portion of largely Ti-derived bands, mainly Ti dxz, dyz, 

and dxy states which hybridized with Sb p state.   DOS around EF showed no band gap 

consistent with BaTi2Sb2O being metallic.  Most of the Ti d orbitals lie above the Fermi 

level with a small amount of Sb p and O p orbital.  DOS also shows that most of Sb p 

orbital lies below -8.00 eV and they are filled.  The low-lying narrow band at -15.0 eV is 

mainly O p orbital when the small band at -16.0 to 18.0 eV is mainly Sb s orbital.  There 

are no Ba derived occupied valence bands.   

 The calculated crystal orbital overlap population (COOP) of BaTi2Sb2O, as shown 

in Figure 4.11 (right), shows strong Ti-Ti and Ti-Sb interactions which are dominated 

the bonding.  As mentioned above, the Ti-Ti interactions were short enough for dxz 

orbital interactions. There is a large portion of Ti-Sb bonding at -8.0 and -12.0 eV, and 

they are filled.  The Ti-O interactions dominate the anti-boding and most of them remain 

above EF.  The anti-bonding bands, which represent Ti-Ti interactions, stays above the 

Fermi level while the Ti-Ti bonding bands are partial filled.       

 Band structure calculations for BaTi2Sb2O, as shown in Figure 4.12, consist of 6 

bands, which belong to Sb p orbitals, and they are filled.  Another 6 low lying bands with 

strongly Sb s orbital and O s orbital are not shown.  A total of 12 bands are filled, mainly 

s and p orbitals of Sb and O, adding to a total of 24 electrons, leaving 2 electrons to 

partially fill the 3 d-orbitals of Ti.  They are Ti dxz, dyz, and dxy orbitals.  As shown in 

Figure 4.13, the Ti atoms are coordinated by 4 Sb atoms and 2 O atoms, the present of 

two different types of atoms leads to a small disruption of the degeneracy of the eg and 
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the three t2g levels.  The partially filled Ti d orbital results in a d
1
 system, which make the 

compound metallic, as in Na2Ti2Sb2O and BaTi2As2O systems.
32-33,38

  The other two dx
2

-

y
2
, dz

2
 Ti states remain empty above EF.         

 Band structure calculation for BaTi2Sb2O was consistent with the calculation 

which were performed by Singh
46

 and Subedi.
47

  In fact, Singh has found that BaTi2Sb2O 

has an SDW instability associated with Fermi surface nesting.  Band structure 

calculations on Na2Ti2Sb2O has been studied extensively,
28,31

 the data shows similarity to 

the calculated BaTi2Sb2O.  The calculations which were performed by de Biani
31

 

indicated that the Ti d-states at EF was more dispersed and underwent several real and 

avoided crossings with other bands which make it difficult to follow the nature of these 

bands all over the Brillouin zone.  The reason for this could be the differences in stacking 

layers between the Na2Ti2Sb2O and the Ba analog.  Even though both compounds share 

the common features of [Ti2Sb2O]
2-

 layers, the arrangement of these stacking layers 

changed when Ba was completely replaced by Na.  The “Sb….Sb” interactions were 

broken and were arranged in a body-center tetragonal in the Na2Ti2Sb2O structure.               
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Figure 4.11 Density of states (DOS) calculated for BaTi2Sb2O using extended-Hückel 

method (left).  Crystal orbital overlap population (COOP) calculated for BaTi2Sb2O using 

extended-Hückel method (right). 
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Figure 4.12 Band structure calculated for BaTi2Sb2O.  Fermi level (EF) are represented 

by dotted lines.   

      

Figure 4.13 Octahedral coordination of Ti (left) and crystal field splitting of ordinary 

undistorted octahedral (Oh) and tetragonal (D4h) for BaTi2Sb2O (right).        
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4. 4 Attempts to Synthesize “BaTi2Sb2O(1-x)Fx” with x = 0.00- 0.30 and 

“Na2Ti2Sb2O(1-x)Fx” with x = 0.00- 0.35. 

4.4.1 Synthesis   

The BaTi2Sb2O(1-x)Fx with x = 0.00-0.30 and Na2Ti2Sb2O(1-x)Fx with x = 0.00-0.35  

were prepared from solid-state reaction using stoichiometric amounts of Na (ingots, 

99.95%, Alfa Aesar), Na2O (power, 80% of Na2O and 20% of Na2O2, Sigma Alrich), 

NaF (power, 99.99%, Sigma Alrich), Ba (pieces, 99.9%, Alfa Aesar), BaO (power, 

99.99%, Sigma Aldrich), BaF2 (power, 99.99%, Sigma Aldrich), Sb (pieces, 99.999%, 

Alfa Aesar), and Ti (power, 99.99%, Sigma Aldrich).  The reactants were mixed, and 

pressed into pellets.  The pellets were then placed inside sealed in Nb tubes under Ar 

atmosphere inside the glove box.  The welded Nb tubes were then placed inside an 

evacuated and flame sealed quartz jacket.  Using a box furnace, the reactions were slowly 

heated up to 900 ⁰C at a rate of 2 ⁰C/min and kept for 3 days before they were slowly 

cooled to 200 ⁰C.  The samples then were ground and pressed into pellets for annealing at 

750 ⁰C for 3 days.  The dark gray samples were found to be sensitive to air and moisture.  

Phase purity of the polycrystalline samples was investigated by X-ray powder diffraction 

(XRPD) (Panalytical X’pert Diffractometer).  All preparations and handling processes 

were performed inside an Ar atmosphere glove box.   

4.4.2 Structure and Lattice Parameters  

The X-ray powder diffraction data of all samples were indexed to the tetragonal 

I4/mmm (No. 139) structure for Na2Ti2Sb2O(1-x)Fx and P4/mmm (No. 123) for 

BaTi2Sb2O(1-x)Fx .  Good data sets were collected and refined using the X’pert High Score 

Plus program with the assigned space group.  The XRPD of BaTi2Sb2O(1-x)Fx with x = 
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0.00-0.30, Figure 4.14, indicated no significant changes in the patterns, as in the lattice 

parameters a, c, c/a ratio, and volume, Table 4.5.  Due to the similarity in size between 

oxygen and fluoride, there was no significant change in lattice parameter or in volume.  

The X-ray powder diffractions of Na2Ti2Sb2O(1-x)Fx  with x = 0.00-0.50  tell another story.  

At 50% F doping, the X-ray powder diffractions show new peaks at 29⁰ and 39⁰, which 

indicate the boundary of the doping level.  The X-ray powder diffractions of 

Na2Ti2Sb2O(1-x)Fx  with x = 0.00-0.50 doping series are illustrated in Figure 4.15; while 

the lattice parameters are listed in Table 4.6 and plotted in Figure 4.16.  The lattice 

parameters of Na2Ti2Sb2O(1-x)Fx  with x = 0.00-0.50 decrease with the increase of F 

contents.  The condition is reasonable considering that F
-
 ions are a little smaller than O

2-
 

ions.   
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Figure 4.14 XRPD data of BaTi2Sb2O(1-x)Fx with x = 0.00, 0.05, 0.10, 0.15, and 0.20.  

The background at low angles arises from the scattering of the mylar protective film.   

 

Table 4.5  Lattice parameters for BaTi2Sb2O(1-x)Fx with x = 0.00-0.30 

 Compound a = b (Å) c (Å) c/a V (Å3
) 

BaTi2Sb2O 4.1121(3) 8.0800(7) 1.965 136.62 

BaTi2Sb2O0.95F0.05 4.1140(7) 8.091(2) 1.967 136.94 

BaTi2Sb2O0.90F0.10 4.1103(7) 8.087(2) 1.967 136.62 

BaTi2Sb2O0.85F0.15 4.1141(8) 8.087(2) 1.966 136.88 
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Figure 4.15 XRPD data of Na2Ti2Sb2O(1-x)Fx with x = 0.05, 0.10, 0.15, 0.20, 0.30, and 

0.50.  The background at low angles arises from the scattering of the mylar protective 

film.   

 

 Table 4.6  Lattice parameters for Na2Ti2Sb2O(1-x)Fx  with x = 0.00-0.50 

 Compound a = b (Å) c (Å) V (Å3
) c/a 

Na2Ti2Sb2O0.95F0.05 4.1536(5) 16.587(2) 286.16(5) 3.99 

Na2Ti2Sb2O0.90F0.10 4.1509(5) 16.563(2) 285.38(5) 3.99 

Na2Ti2Sb2O0.85F0.15 4.1525(5) 16.583(2) 285.95(5) 3.99 

Na2Ti2Sb2O0.80F0.20 4.135(2) 16.62(2) 284.17(2) 4.02 

Na2Ti2Sb2O0.70F0.30 4.145(2) 16.41(1) 282.04(2) 3.96 

Na2Ti2Sb2O0.50F0.50 4.140(3) 16.36(2) 280.41(3) 3.95 
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Figure 4.16 Lattice parameters of Na2Ti2Sb2O(1-x)Fx with x = 0.00-0.50 (a, c, c/a ratio 

and volume) with different F doping content.  Standard deviation bars are too small to be 

observed for samples with x = 0.00, 0.10, and 0.15 (lattice parameter a and c), and for 

sample with x = 0.00-0.50 (volume).   
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4.4.3 Magnetic Susceptibility Properties 

The temperature dependence of the dc-magnetic susceptibilities χ(T) was 

measured using a Quantum Design SQUID magnetometer.  The magnetic susceptibility 

measurements on BaTi2Sb2O(1-x)Fx, Figure 4.17, shows antiferromagnetic transition at 54 

K which is consistent with previous measurement of the parent compound.  However, 

there is no significant change in magnetic transitions; they remain the same up to 15% of 

F doping content.  The result indicates that F
-
 ions are not necessarily incorporated which 

is consistent with the unchanged lattice parameters mentioned above.   

The magnetic susceptibility measurement of Na2Ti2Sb2O(1-x)Fx , as illustrated in 

Figure 4.18, shows a sharp drop in the susceptibility when x = 0.  Antiferromagnetic 

transition occurs with the onset Tc = 120 K, which is consistent with previous 

measurements.
18

  The samples show no differences between zero-field cooled and field 

cooled susceptibility up to 20% F doping content.  Above the onset temperature, the 

susceptibility remains the same as temperature increases.  With the increase of F doping 

content, the amount of the drop in susceptibility at 120 K decreases, although the onset Tc 

is unchanged for all samples.   At 20% F doping content and so on, the SDW transitions 

almost disappear.  Those small peaks that appear in the 20% and 30 % doped sample 

could be the result of small impurities that are too small to be detected by X-ray powder 

diffraction analysis.  There is no superconductivity transition.   
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Figure 4.17 Magnetic susceptibility of BaTi2Sb2O(1-x)Fx with x = 0.00, 0.05, 0.10, 0.15, 

and 0.20.   
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Firgure 4.18 Magnetic susceptibility of Na2Ti2Sb2O(1-x)Fx with x = 0.05, 0.10, 0.15, 0.20, 

and 0.30.     
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4. 5 “AeTi2Sb2O” (Ae = Sr, Ca) and “K2Ti2Sb2O” 

 Attempts to synthesize alkaline and alkaline earth metals analogs of BaTi2Sb2O 

(1221 phase) and Na2Ti2Sb2O (2221 phase) resulted in the formations of “K2Ti2Sb2O” 

(the “2221 phase”) and “CaTi2Sb2O” and “SrTi2Sb2O” (“1221 phase”).   The effective 

ionic radii, listed in Table 4.7, explain the existence of double layers of Na and single 

layer of Ba.  The ionic radius of Ba
2+

 is 1.42 Å which is much larger than that of Na
+
 1.18 

Å.  The ionic radius of the potassium ion on the other hand is 1.51 Ǻ, which is larger than 

Na
+
 and closer to the Ba

2+
 site, leading to the expansion in lattice parameters of 

“K2Ti2Sb2O”  (a = b = 4.165(2) Å, c = 8.151(6) Å and V = 141.43 Å3
).  The lattice 

parameters of “K2Ti2Sb2O” were obtained from indexing the X-ray powder diffraction 

using X’pert High Score Plus program.  Further investigation will be pursued for crystal 

structure characterization.   

 The X-ray powder patterns of “CaTi2Sb2O” and “SrTi2Sb2O” were indexed to the 

tetragonal unit cell of a = 4.040(6) Å, c = 12.20(2) Å, V = 199.17 Å3
; and a = 4.245(7) Å, 

c = 13.50(2) Å, V = 243.25 Å3, 
respectively.  The X-ray powder pattern of CaTi2Sb2O 

shows single phase, while SrTi2Sb2O consists of small amount of TiSb binary phase.  The 

X-ray powder patterns of “K2Ti2Sb2O”, “CaTi2Sb2O”, and “SrTi2Sb2O” are illustrated in 

Figure 4.19.  The rest of the alkaline and alkaline earth metals have not been investigated 

since they have low melting points, small ionic radii, and their physical forms are too 

difficult to handle.       
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Figure 4.19 XRPD of “K2Ti2Sb2O”, “CaTi2Sb2O”, and “SrTi2Sb2O”. 
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Table 4.7 Table of effective ionic radii (Å)
 

Ion Ionic radius
 

Ion Ionic radius
 

Li
+
 0.92 Be

2+
 0.45 

Na
+
 1.18 Mg

2+
 0.89 

K
+
 1.51 Ca

2+
 1.12 

Rb
+
 1.61 Sr

2+
 1.26 

Cs
+
 1.78 Ba

2+
 1.42 

 

 4. 6 AeTi2Pn2O and A2Ti2Pn2O with (Ae = Ba, Sr, Ca; A = Na, K; Pn = Bi, P) 

 Attempts to synthesize bismuth and phosphorous analogs of the “1221” and 

“2221” phase were unsuccessful.  For the bismuth phase, “Na2Ti2Bi2O” contains NaBi3, 

NaBi, TiO, and Bi phases; “K2Ti2Bi2O” contains of KBi2, and some unidentified phases; 

“SrTi2Bi2O” contains of SrBi3, Bi4O12Ti3, and a small amount of TiO; and “BiTi2Bi2O” 

contains of BaBi3, Bi, BaTiO3, and Ba12Ti12OBi0.34 phases.  “CaTi2Bi2O”, however, is 

indexed into a tetragonal cell with a lattice parameter of a = 4.114(2) Å, c = 14.225(9) Å 

and V = 240.75 Å3
, Figure 4.20.  The P analogs consist of unidentified phases in the case 

of “Na2Ti2P2O”, “CaTi2P2O”, and “BaTi2P2O”.  They are indexed into orthorhombic unit 

cells with lattice parameters listed in Table 4.8.  Their XRPD is illustrated in Figure 

4.21.  Additional study will be carried out in the future.       
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Figure 4.20 XRPD of the “CaTi2Bi2O”.   
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        Figure 4.21 XRPD of “Na2Ti2P2O”, “CaTi2P2O”, and “BaTi2P2O”.   
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4.7 Conclusion 

 BaTi2Sb2O with CeCr2Si2C structure type was successfully prepared through 

solid-state synthesis.  The crystal structure of BaTi2Sb2O consisted of [Ti2Sb2O]
2-

 layers 

separated by single layers of Ba atom.  The electronic structure of BaTi2Sb2O resembles 

that of the FeAs-based compound.  Indeed, the TiO2 layers are similar to the anti CuO2 

layers found in the well-known high-Tc superconducting cuprates.  Magnetic 

susceptibilities of BaTi2Sb2O indicate the onset of magnetic order at Ts = 54 K, which is 

similar to the data recently obtained for the As-based compound BaTi2As2O,
38

 as 

observed in the Na-analog, Na2Ti2Pn2O.34  Since this SDW instability is actually believed 

to be an important prerequisite for high-Tc superconductivity in iron arsenide, the 

observation of SDW transition in BaTi2Sb2O strongly suggests that BaTi2Sb2O can be 

properly doped into a superconducting state.   

  BaTi2Sb2O(1-x)Fx with x = 0.00-0.30  and Na2Ti2Sb2O(1-x)Fx  with x = 0.00-0.50 

were synthesized in order to suppress the SDW transition in the parent compounds and to 

induce superconductivity.  The synthesis of BaTi2Sb2O(1-x)Fx with x = 0.00-0.30  was 

Table 4.8 Lattice parameters of “Na2Ti2P2O”, “Ca Ti2P2O”, 

and “Ba Ti2P2O”. 

Compound a (Å) b (Å) c (Å) V (Å3
) 

“Na2Ti2P2O” 10.521(8) 6.355(5) 5.378(5) 359.58(8) 

“Ca Ti2P2O” 13.721(9) 12.930(8) 4.732(4) 839.53(9) 

“Ba Ti2P2O” 13.168(8) 10.070(7) 4.641(3) 615.38(8) 
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unsuccessful however for Na2Ti2Sb2O(1-x)Fx; the amount of drop of SDW transition is 

reduced upon F doping.  There was no superconducting transition observed. 

 Other neighboring elements of oxygen on the periodic table are carbon and 

nitrogen.  Attempts to induce superconductivity by using elements other than F were 

carried out.  The synthesis was unsuccessful due to the stability of nitrogen, and high 

melting point of carbon.     
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Chapter 5 

Ba(1-x)NaxTi2Sb2O (0.00≤ x ≤ 0.33): A Layered Titanium-based Pnictide 

Oxide Superconductor. 

5.1 Introduction 

 The discovery of superconductivity in iron pnictides and chalcogenides had 

sparked an immense activity in the field of high-temperature superconductivity and 

revitalized the interest in layered transition metal oxides, chalcogenides, and pnictides.
1
  

The proximity of spin and/or charge ordering in intrinsic compounds to a 

superconducting ground state emerging through carrier doping appears to be a common 

feature of unconventional superconductors, e.g. cuprates and heavy fermions 

(antiferromagnetism), iron pnictides (spin density wave, SDW), and layered 

chalcogenides (charge density wave, CDW).
2-4

  Low-dimensional metallic systems are 

susceptible to electronic instabilities, such as CDW or SDW formation, which occur 

when their Fermi surfaces are nested.
5-8

  Nesting occurs when large areas of the Fermi 

surface are nearly parallel (i.e., separated only by a characteristic vector q in reciprocal 

space), which leads to an instability with a long-range order of spins or charge.  The 

competition and mutual interaction of these different orderings in strongly correlated 

systems is a foundation for novel physics (e.g. spin fluctuation-mediated 

superconductivity,
9-11

 quantum critical phenomena,
12-14

 and provides new opportunities 

for exploratory materials synthesis.   

 Based on the common intrinsic behavior with the cuprates and iron pnictide 

superconductors, the titanium pnictide oxides, Na2Ti2Pn2O (Pn = As, Sb),
15

 have been 
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proposed as possible candidates for new superconductors.
16-17

  These metallic compounds 

are members of a wider family of layered transition-metal pnictide oxides,
17-18

 and they 

exhibit distinct phase transitions
19-20

 that were associated with the formation of a charge 

or spin density waves.
21-23

  The possible origin of this transition have been discussed,
24

 

and band structure calculations revealed a nesting feature in the Fermi surface that was 

later found to be also associated with a periodic lattice distortion.
25

 

 Similar to the layered structures and magnetic behavior of the iron pnictides, 

where alkali and alkaline earth metals form stacked layered structures with Fe2As2 

layers,
26 - 27

 BaTi2As2O,
28

 an alkaline earth metal analog to Na2Ti2Pn2O was recently 

reported. It features magnetic and resistivity anomalies similar to the transitions observed 

in Na2Ti2Pn2O.
25

  However, attempts to induce superconductivity in both Na2Ti2Pn2O 

and BaTi2As2O by chemical substitution and Li-intercalation have so far been 

unsuccessful, although lower CDW or SDW transition temperatures were observed.
28

   

  The synthesis and characteristic of a layered titanium pnictide oxide, BaTi2Sb2O, 

was discussed on previous chapter.  The results indicate that BaTi2Sb2O exhibits a CDW 

or SDW transition at a lower temperature, Ts = 54 K.  Here in we report a partial 

substitution of Ba by Na results in a superconducting phase, Ba1-xNaxTi2Sb2O (0.05 ≤ x ≤ 

0.33), with the critical temperature (Tc) reaching a maximum value of 5.5 K.   

5.2  Experimental Section 

Reagents.  The following reagents were used as received and were stored and handled 

under argon atmosphere inside glove box.  They are (BaO (powder, 99.99%, Sigma 

Aldrich), BaO2 (powder, 95%, Sigma Aldrich); Na2O (powder, 80% Na2O and 20% 
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Na2O2, Sigma Aldrich); Ti (powder, 99.99%, Sigma Aldrich), Sb (pieces, 99.999%, Alfa 

Aesar). 

Synthesis.  The title compounds were synthesized by the high-temperature reactions of 

the appropriate reactants in welded Nb containers within evacuated quartz jackets.  The 

reactions were performed at 900 ºC for 3 days, after which the reaction mixtures were 

slowly cooled (2 ºC/min) to 200 ºC.  Additional regrinding and sintering at 900 ºC for 

another 3 days was performed to ensure phase homogeneity. The air and moisture 

sensitive polycrystalline products had a dark gray color. All experimental handling and 

physical measurements (transport, magnetic and heat capacity) were performed under 

inert conditions within a purified Ar-atmosphere inside the glove box, with total H2O and 

O2 levels < 0.1 ppm.  The phase purity of the resulting polycrystalline samples was 

investigated by X-ray powder diffraction (XRPD).  Chemical analysis was performed by 

inductively coupled plasma/mass spectrometry (ICP-MS). 

X-ray powder diffraction data were collected using a Panalytical X’pert Diffractometer 

with 2 θ geometry and monochromatic Cu Ka (λ = 1.54178 Å) source.  A typical data 

collections involved a step scan with rate of 0.02⁰/sec from 2 θ = 5⁰ to 100⁰ using an air 

sensitive sample holder.   

Inductively Couped Plasma/Mass Spectrometer (ICP-MS).  ICP-MS emission 

spectrometer equipped with mass Spectrometer as used for chemical analysis.  The Cetac 

213 laser LSX-213 delivers high intensity 213 nm, 5 nanosecond laser pulses at rates of 

1-20 Hz.  The analysis was done with laser ablation.  The standard used for analysis was 

NIST-610 (400 ppm).   
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Magnetic susceptibility measurements (and resistivity measurement) of Ba1-

xNaxTi2Sb2O x = 0.00-0.33 was performed using a Superconducting Quantum 

Interference Devices (SQUID) Magnetometer at the Texas Center for Superconductivity 

at University of Houston (TcSUH) by Dr. Bernd Lorenz and Dr. Melissa Gooch.  

Magnetic properties were measured in the fields, which were up to 5 Tesla with 

temperatures between 2 K and 300 K. The resistivity and magnetoresistance was 

measured in a four probe configuration between room temperature and 2 K and in fields 

up to 5 Tesla. 

Raman Spectroscopy All Raman scattering spectra were measured in the backscattering 

geometry at room temperature on a triple Horiba Jobin Yvon T-64000 spectrometer 

equipped with an optical microscope and a liquid nitrogen-cooled CCD detector.  The 

spectral resolution was 1.5 cm
-1

.  An Ar
+
 laser (λlas = 514.5 nm, 2.41 eV) was used for the 

excitation.  The incident laser power was kept below 1.0 mW in order to minimize 

heating of the sample.   

5.3 Results and Discussion 

5.3.1 Structure, Lattice Parameters, and Chemical Analysis 

 The XRPD data for BaTi2Sb2O [a = 4.1196(1) Ǻ; c = 8.0951(2) Ǻ] and Ba1-

xNaxTi2Sb2O were refined to the BaTi2As2O and CeCr2Si2C models (P4/mmm) by the 

Rietveld method using the Rietica program.
29

  Phase analyses of XRPD data for Ba1-

xNaxTi2Sb2O with x = 0.00-0.38 indicated that a homogeneity range exists for Na doping 

levels of up to 30-35%, with the formation of Na2Ti2Sb2O occurring for x > 0.30, as 

illustrated in Figure 5.1.  To establish the actual Na-doping levels, elemental analyses of 
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the bulk material and several crystallites of each phase-pure Na-doped polycrystalline 

sample were carried out by inductively coupled plasma/mass spectrometry (ICP-MS) 

using laser ablation.  The results showed the Ba:Na molar ratio to be consistent with the 

nominal composition, with the Na limit of x = 0.33(2).  Moreover, the composition of the 

impurities for x>0.30 was also established to be Na2Ti2Sb2O, Table 5.1.  No 

contamination from the container (Nb) was observed in any of the samples.  Further 

analyses of the lattice parameters also showed a systematic change with increasing Na 

content.  This was clearly reflected by the shift of the [200] peaks to higher 2 θ with 

increasing Na content, while the [004] peaks shifted to lower values (Figure 5.1 insets).  

This is consistent with contraction along a, and concomitant elongation along c, Figure 

5.2. 

 

Figure 5.1 XRPD of Ba(1-x)NaxTi2Sb2O with x= 0.00-0.38. The background at low angles 

arises from the scattering of the mylar protective film. The inset shows the [200] and 

[004] diffraction peaks for representative samples with x= 0.00 (black), 0.10 (blue), and 

0.30 (red).   
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Table 5.1 Summary of ICP-MS results for Ba(1-x)NaxTi2Sb2O with x = 0.00-0.33. 

The percentage compositions of Na and Ba are presented based on total Ti 

composition.  

 

Na Nominal Composition (x) 

Ba(1-x)NaxTi2Sb2O 0.00 0.05 0.10 0.25 0.30 0.33 

Na analyses (x) 0 0.056(1) 0.091(1) 0.24(3) 0.30(1) 0.33(2) 

Ba analyses (1-x) 1.03(3) 0.93(1) 0.88(1) 0.72(1) 0.68(3) 0.62(2) 

Ti analyses (set = 2) 2 2 2 2 2 2 

 

 

Table 5.2 Lattice parameter of  Ba(1-x)NaxTi2Sb2O with x = 0.00-0.35 

 Compound a (Å) c (Å) c/a V (Å
3
) 

BaTi2Sb2O 4.1196(1) 8.0951(2) 1.965 137.35(1) 

Ba0.95Na0.05Ti2Sb2O 4.1111(8) 8.097(2) 1.97 136.85(8) 

Ba0.90Na0.10Ti2Sb2O 4.1091(4) 8.0937(8) 1.97 136.66(4) 

Ba0.85Na0.15Ti2Sb2O 4.1008(5) 8.092(1) 1.973 136.07(5) 

Ba0.80Na0.20Ti2Sb2O 4.0969(5) 8.096(1) 1.976 135.89(5) 

Ba0.75Na0.25Ti2Sb2O 4.0944(4) 8.105(1) 1.98 135.88(4) 

Ba0.70Na0.30Ti2Sb2O 4.0909(5) 8.106(1) 1.981 135.66(5) 

Ba0.67Na0.33Ti2Sb2O 4.0932(5) 8.113(2) 1.982 135.93(5) 

Ba0.65Na0.35Ti2Sb2O 4.090(1) 8.111(3) 1.983 135.67(1) 
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Figure 5.2 Analysis of the lattice parameters of Ba(1-x)NaxTi2Sb2O with x= 0.00-0.38 

shows a systematic change with increasing Na content: an elongation of c lattice 

parameter and a concomitant contraction of a lattice parameter (increasing c/a ratio).  The 

standard deviation bars are too small to be observed for some samples. 
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As mentioned in the previous chapter, the BaTi2Sb2O, like BaTi2As2O, crystallizes in the 

CeCr2Si2C structure type, a filled variant of the CeMg2Si2-type.
27

  The crystal structure 

(Figure 5.3) features Ti and O atoms that form Ti4/2O anti-perovskite layers, analogous to 

the CuO2 layers in the high-Tc cuprates.  These layers are then capped by Sb atoms above 

and below the empty Ti4 squares, forming Ti2Sb2O layers that are stacked alternately with 

layers of Ba/Na atoms along the c axis.  The Ti2Sb2O layers are similar to Ti2Pn2O layers 

in Na2Ti2Pn2O.  The Ba/Na atoms lie above and below the O atoms to form an octahedral 

Ti4(Ba/Na)2/2 coordination around oxygen.  Each Ti is also octahedral coordinated by two 

O atoms [dTi—O = 2.05491) Å] and four Sb atoms [dTi—Sb = 2.872(1) Å].  The network of 

OTi4/2(Ba/Na)2/2 octahedral is analogous to but the inverses of a ReO3-type tetragonal 

perovskite, with two Sb atoms occupying cuboctahedral cavities of the anti-perovskite 

network.  However, unlike the isotypical CeCr2Si2C-type silicides having Si2 units with 

short Si interlayer distances, the Sb-Sb distances in BaTi2Sb2O are essentially 

nonbonding (dSb-Sb > 4.0 Å).  Upon Ba substitution with Na, a further expansion of the 

interlayer distance (c/2) is observed, accompanied by a slight contraction of the Ti-Ti 

distances in the Ti2O sheets.    
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Figure 5.3 Crystal structure of BaTi2Sb2O. Ba, Ti, Sb, and O are shown as grey, blue, 

green, and red spheres, respectively.   

5.3.2 Physical Properties 

5.3.2.1 Physical Measurements on BaTi2Sb2O  

The temperature dependence of the dc-magnetic susceptibility χ(T) was measured 

using Quantum Design SQUID magnetometer up at a fields up to 5 T.  As mentioned 

from the previous chapter, the magnetic susceptibility of BaTi2Sb2O clearly undergoes a 

sharp drop at Ts = 54 K, indicating the onset of magnetic ordering.  Although the 

temperature dependence of the susceptibility is qualitatively similar to the data recently 

obtained for the As-based compound BaTi2As2O, the magnetic transition temperature of 

BaTi2Sb2O is remarkably lower (~25% of the value reported for BaTi2As2O).
25

  A similar 

trend of lower magnetic Ts with increasing pnictide ionic radius (As  Sb) was also 

observed in the Na-based compounds Na2Ti2Pn2O, with Ts = 320 K for Pn = As and 120 

K for Pn = Sb.
22

  The nearly linear T dependence of the susceptibility (χ) above Ts is 
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consistent with the data for BaTi2As2O and Na2Ti2Pn2O.  There is an apparent slope 

change for χ(T) near 220 K, the origin of which has not yet been investigated.   

 The resistivity of BaTi2Sb2O has been discussed in previous chapter.  The features 

that distinguish BaTi2Sb2O from the other pnictide oxides are the significantly lower Ts 

and the much larger magnetoresistance, which exceeds the reported value for BaTi2As2O 

at 50 kOe by a factor of 5.
25

  This indicates strong coupling between the SDW state and 

the charge carriers, leading to a lower energy scale of the CDW or SDW state and a 

higher sensitivity of the low-temperature state to magnetic fields.  Thus, the possibility 

that superconductivity could be induced with proper doping is enhanced, similar to the 

case of the pnictides and chalcogenides superconductors.  Superconductivity has been 

reported for BaTi2Sb2O at low temperature.
30

  Yajima et al. have reported a 

superconductivity transition at 1.2 K in BaTi2Sb2O.  The superconductivity transition 

coexisted with the CDW or SDW at 54 K. 

5.3.2.2 Resistivity Measurements on Ba1-xNaxTi2Sb2O with x = 0.05-0.25  

Substitution of Ba by Na in BaTi2Sb2O corresponds to a “hole” (p-type) doping of 

the Ti2Sb2O layers.  As shown in Figure 5.4, the CDW or SDW transition temperature Ts 

decreases with increasing Na content (x), from 54 K (x = 0) to 30 K (x = 0.25).  Also, Ts 

does not extrapolate to zero up to a Na solubility limit of ~33%, although the size of the 

humplike anomaly does significantly decrease with x.  More importantly, the sharp drop 

of the resistivity to zero indicated the emergence of superconductivity at lower 

temperatures.  The superconductivity in the Ba1-xNaxTi2Sb2O is coexisting with the SDW 

or CDW transition similar to the FeAs-based superconductors.
31-34
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Figure 5.4 Normalized resistance of Ba1-xNaxTi2Sb2O near the CDW/SDW transition 

5.3.2.3 Magnetic Susceptibility Measurement on Ba1-xNaxTi2Sb2O 

The superconducting state of Ba1-xNaxTi2Sb2O was confirmed by a diamagnetic 

signal whose onset was used to define the superconducting critical temperature Tc.  

Figure 5.5 shows the zero field-cooled (ZFC) and field-cooled (FC) magnetization data 

for selected Na-doped samples measured at 10 Oe.  Tc increased rapidly between x = 0.05 

and 0.15 and reached a plateau at higher x values.  The diamagnetic signal also increased, 

reaching its maximum at x = 0.15 (Figure 5.6).  High field FC magnetization 

measurements for x = 0.15 (Figure 5.6 inset) revealed the suppression of Tc with 

increasing magnetic field.     
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Figure 5.5 Low-temperature magnetic susceptibility of Ba1-xNaxTi2Sb2O for selected 

values of x.  Open and closed symbols refer to FC and ZFC data, respectively.   

 

 

 

 

 

 

 

 

 

Figure 5.6 Magnetic susceptibility of Ba0.85Na0.15Ti2Sb2O shows superconductivity 

below Tc = 5.5 K.  Inset shows the field dependence of the magnetization for x = 0.15 

under FC conductions.   
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5.3.2.4 The Superconducting Phase Diagram 

The superconducting phase diagram, together with the CDW or SDW transition 

line, is summarized in the Figure 5.7.  The phase diagram shows that the SDW state is 

suppressed and superconductivity arises upon Na doping similar to the phase diagram of 

LaO1-xFxFeAs
31

 or Sr1-xKxFe2As2.
32

  The superconductivity in the Ba1-xNaxTi2Sb2O is 

coexisting with the SDW or CDW transition.  After reaching the maximum Tc = 5.5 K (x 

= 0.15), the Tc and Ts values remain almost constant (x ˃ 0.15) to form half of a parabolic 

curve.  The shape of the phase diagram distinguishes the KxSr1-xTi2Sb2O from the FeAs-

based the high-Tc cuprate superconductors which have a dome-shaped parabolic Tc 

dependent on the carrier density.
31-32

  In addition, the SDW and superconductivity 

transition, in Sr1-xKxFe2As2 system,
32

 only coexist between x = 0.17 and 0.30; the SDW 

transition is completely suppressed at maximum Tc = 37 K.   

 

Figure 5.7 The phase diagram derived from resistivity and magnetization measurements 

of Ba1-xNaxTi2Sb2O with x = 0.00-0.33.   
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5.3.2.5 Upper Critical Field (Hc2) of the Superconducting State 

Since the dependence of superconducting properties on external magnetic fields is 

an indispensable property to determine the performance of superconducting devices in 

magnets, it is necessary to determine the temperature dependence of Hc2 for the complete 

series of Ba1-xNaxTi2Sb2O.  For type-II superconductors, the upper critical field (Hc2) is a 

characteristic quantity that can be determined or extrapolated in high-field measurements.  

Hc2 limits the stability range of the superconducting state.  Low-temperature resistivity in 

different magnetic fields up to 5 T was measured for Ba1-xNaxTi2Sb2O with x = 0.00 – 

0.33.  Selected data for x = 0.05, 0.10 are shown in Figure 5.8, and x = 0.15 is shown in 

Figure 5.6 insets.  Tc at different fields was determined from the midpoint of the 

resistivity drop.  Resistivity measurements for x = 0.05, 0.10 (Figure 5.8) also revealed 

the suppression of Tc with increasing magnetic field up to 4000 Oe for x = 0.05, and to 

14000 Oe for x = 0.10.    Figure 5.9 shows the temperature dependence of Hc2 for Ba1-

xNaxTi2Sb2O with x = 0.05 - 0.25 as a function of Tc.  The figure shows the fit to the 

Ginzburg-Landau formula [Hc2(t) = Hc2(0) (1-t
2
)/(1+t

2
); t = T/Tc]According to the plot 

from Figure 5.9, the superconductivity transition temperatures decrease when the Hc2 

values increase non-linearly.       
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Figure 5.8 Low-temperature resistivity at different magnetic fields of (top) 

Ba0.95Na0.05Ti2Sb2O, and (bottom) Ba0.90Na0.10Ti2Sb2O. 
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Figure 5.9 Upper critical fields as derived from resistivity data of Ba(1-x)NaxTi2Sb2O with 

x= 0.05-0.25.   

5.3.2.6 Heat Capacity (Cp) 

The bulk nature of the superconducting transition in Ba(1-x)NaxTi2Sb2O was 

confirmed by a distinct anomaly in the constant pressure heat capacity (Cp), as shown in 

Figure 5.10 for x = 0.15.  The superconducting contribution, defined as the difference 

between the superconducting and normal sate Cp values [i.e., ΔCp(H) = Cp(H) – Cp(30 

kOe)], was clearly resolved by subtracting the Cp data measured in magnetic fields above 

Hc2 (Figure 5.10 inset).  The Cp peak shifted to lower temperatures with increasing field, 

as expected for a superconducting transition.  The shifting of the Cp peak is consistent 

with the decrease of the superconducting transition temperature when the upper critical 

field is increased.  The jump in the heat capacity, ΔCp/Tc = 8 mJ mol
-1

K
-2

, is comparable 

to values reported for doped iron arsenide.
28

   

 The heat capacity and magnetization data with a large diamagnetic signal provide 

convincing evidence that a bulk superconducting state is achieved in BaTi2Sb2O with Na 

substitution.  Thus, we have found a new layered Ti-based pnictide oxide wherein a 
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superconducting state arises from a magnetically ordered state when properly doped, akin 

to the high-Tc cuprates and iron pnictides.      

 

Figure 5.10 Low-temperature heat capacity of Ba0.85Na0.15Ti2Sb2O.  The inset showed 

the difference between the heat capacities of the superconducting and normal states. 

5.3.2.7 Thermoelectric Power (The Seebeck Coefficient S(T))  

The Seebeck coefficient is sensitive to the electronic band structure which makes 

it a perfect probe in detecting changes in the density of states and the Fermi surface.  The 

Seebeck coefficient, S(T), of Ba1-xNaxTi2Sb2O with x = 0.00, 0.10, 0.15 are shown in 

Figure 5.11.  For x = 0.00, S is strongly negative at room temperature, indicates of n-type 

(electron) carriers; S(T) shows a sharp decrease at SDW transition.  The large negative 

values of S(T) reveal significant difference with respect to Na2Ti2Pn2O.
35

  Upon Na 

doping, S(T) become less negative.  The sharp drop of S(T) decreases dramatically when 

the doping content is increased.   
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Figure 5.11 Thermoelectric powers of BaTi2Sb2O, Ba0.90Na0.10Ti2Sb2O, and 

Ba0.85Na0.15Ti2Sb2O.   

5.3.2.8 Pressure-induced Shift of Tc in Ba0.85Na0.15Ti2Sb2O System (measured by 

Melissa Gooch) 

  Ba0.85Na0.15Ti2Sb2O compound has been found superconducting while applying 

pressure, and it is also interesting that the Tc decrease continuously with further 

increasing pressure, Figure 5.12 and Table 5.3.  The Tc decreasing pressure effect of 

Ba0.85Na0.15Ti2Sb2O is different compare to the increasing in Tc upon applying pressure in 

the LaO1-xFxFeAs superconductivity compound.
31

  Unlike most of the FeAs-based 

compounds, the superconductivity transition temperature does not increase by 

compressing the unit cell.  There superconductivity does not occur when replacing Sb by 

As, resulting in Ba(1-x)NaxTi2As2O system.  This result is reasonable since replacing Sb 

by As causes a decreasing in the unit cell.  Moreover, the un-doped BaTi2As2O does not 

exhibit superconductivity transition.                 
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Figure 5.12 Resistivity measurements of Ba0.85Na0.15Ti2Sb2O at high pressures show 

decreasing in Tc with the increasing of pressure.   

 

Table 5.3 Pressure-induced shifts of Tc in 

Ba0.85Na0.15Ti2Sb2O  

Pressure (kbar) Tc (K) 

Ambient 5.2 

 5.31 4.8 

8.41 4.6 

12.50 4.3 

15.85 4.17 
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5.3.3 Raman-scattering Study of Ba1-xNaxTi2Sb2O with x = 0.00, 0.10, and 0.30  

BaTi2Sb2O crystallizes in the tetragonal CeCr2Si2C-type structure with space 

group P4/mmm (No. 123) (D4h).  From symmetry considerations,
36

 we expect 2 Raman-

active phonons: A1g and Eg.  Table 5.4 show Wyckoff positions, cite symmetry, and 

irreducible representation for nonequivalent atomic sites in the P4/mmm structure of 

BaTi2Sb2O, where calculated and experimental frequencies (in cm
-1

) of optical vibrations 

BaTi2Sb2O and their assignment are listed in Table 5.5.   

Table 5.4 Wyckoff positions, cite symmetry, and irreducible 

representations for nonequivalent atomic sites in BaTi2Sb2O.    

Atom Wyckoff 

position 

Cite 

symmetry 

Irreducible representation 

Ba 1d 4/mmm A2u + Eu 

Ti 2f mmm A2u + B2u + 2Eu 

Sb 2g 4mm A1g + A2u + Eg + Eu 

O 1c 4/mmm A2u + Eu 

   

Mode classification 

 ΓAcoustic = A2u + Eu 

 ΓRaman = A1g + Eg 

 ΓIR = 3A2u + 4Eu 
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Table 5.5 Calculated and experimental frequencies (in cm
-1

) 

of optical vibrations BaTi2Sb2O and their assignment. 

Mode Frequency 

(Cal) 

Frequency 

(Exp) 

Assignment 

Ag 158 152 Sb-z axis 

Eg 110 126 Sb-xy plane 

Au(1) 82  Ba-z axis 

Au(2) 226  O+Ti-z axis 

Au(3) 290  O-Ti-z axis 

Eu(1) 72  Ba-(Ti+O)-xy plane 

Eu(2) 146  (Ti+O)-Sb-xy plane 

Eu(3) 263  Ti-xy plane 

Eu(4) 446  O-xy plane 

B2u 221 silent Ti-z axis 

 

Raman scattering spectra of Ba1-xNaxTi2Sb2O (Figure 5.13) were obtained at 

room temperature with λlas = 514.5 nm excitation (solid point) and their decomposition 

into two Lorentzian lines (green for Eg mode, and blue for Ag mode).  Spectra are shifted 

vertically for clarity.  The vertical dotted line marks the position of the low energy 

phonon mode for the parent compound x = 0.  Note a shift of this mode upon doping, as 

shown in Figure 5.13.  The calculated displacement patterns for both modes are shown: 

lower frequency Eg and higher frequency Ag.  Figure 5.14 indicates the position of the 

modes in the Raman scattering spectra as a function of doping.  At high frequencies, the 

phonon mode which corresponds to the vibration of Sb along the c-axis slightly decreases 

upon doping.  The lower frequency phonon mode which corresponds to the vibration of 

Sb along the a-axis strongly increases up to 15% Na doping.  The behavior of the Raman 

shift at 110 cm
-1

 correlates to the unexpected decrease in lattice parameter along c-axis at 

15% Na doping, with a maximum Tc of 5.5 K.  For x ≤ 0.15, the unit cell shrinkage leads 
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to stronger vibrations of Sb along a-axis.  There is no significant change for the vibration 

of Sb along the c-axis due to the strong Ti—Sb bond along the c-axis within the 

[Ti2Sb2O]
2-

 layers.  For x ≥ 0.15, the unit cell contracts along the ab-plane but expands 

along the c-axis resulting in a decrease of the Sb vibrational frequencies along the a-axis.  

Since c/a ratio increases upon Na doping, the increase in c is more significant than the 

decrease in a.     

Raman-scattering studies of Ba1-xNaxTi2Sb2O with x = 0.00, 0.10 and 0.30 

provides helpful information for the between-layer and inter-layer interaction of Sb…Sb.  

Notice that, there is no superconducting transition for Na2Ti2Sb2O.  Even though both 

compounds share the common features of [Ti2Sb2O]
2-

 layers, the arrangement of these 

stacking layers change when Ba was completely replaced by Na.  The “Sb….Sb” 

interactions are removed and arranged obliquely in a body center tetragonal in the 

Na2Ti2Sb2O structure.  
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Figure 5.13 (left) Raman scattering spectra of Ba1-xNaxTi2Sb2O with x = 0.00, 0.10, 0.15, 

and 0.30 as obtained at room temperature with λlas = 514.5 nm excitation (solid point) and 

their decomposition into two Lorentzians lines: low frequency as green line, and high 

frequency as blue line.  The vertical dotted line marks the position of the low-energy 

phonon mode for the parent compound x = 0.  Note a non-monotonous shift of this mode 

upon doping.  (right)     
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Figure 5.14 The position of the modes in the Raman scattering spectra of Ba1-

xNaxTi2Sb2O with x = 0.00 - 0.30 as a function of doping.  Calculated displacement 

patterns for both modes are shown in the right part of the figure (low frequency Eg mode 

on the right and higher frequency Ag mode ion the left) 
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5.4  Conclusion 

Although the superconducting transition temperatures in the Na-doped BaTi2Sb2O 

are relatively low, there are significant and striking similarities with the cuprates and iron 

pnictide superconductors.  The Ti2O square nets in BaTi2Sb2O are the inverse to the 

CuO2 planes in the cuprates.  Moreover, Ti is formally trivalent with a d
1
 configuration, 

analogous to the “hole” d
9
 configuration of Cu in the cuprates.  In addition, the Sb atoms 

bonded to Ti atoms above and below the Ti2O planes are contributed significantly to the 

magnetic superexchange between the Ti spins,
19

 which resembles the electronic situation 

in the superconducting iron pnictides.  The existence of a nesting property of the Fermi 

surface of un-doped pnictide oxide compounds
19

 and the associated CDW/SDW 

instability accompanied by a structural distortion
22

 is another feature that has been 

observed in the iron pnictides.  More importantly, superconductivity transition 

temperature increase upon doping, and the CDW/SDW transition temperature Ts is 

suppressed to lower temperatures.  However, in contrast to the iron pnictides, the 

CDW/SDW state survives at relatively higher doping levels.  Unfortunately, the 

solubility of Na in BaTi2Sb2O was limited at ~33%, and the phase diagram could not be 

extended beyond this limit.  The softening of the resistivity anomaly at Ts with higher Na 

content may also indicate an abrupt disappearance of the CDW/SDW phase above a 

critical doping level, similar to the phase diagram of LaO1-xFxFeAs.
29

 

 In view of the unsuccessful attempts to induce superconductivity in BaTi2As2O
25

 

and the relatively low Na content (5%) needed to induce the superconducting state in 

BaTi2Sb2O, a question arises about the major differences between doping in BaTi2As2O 

and in BaTi2Sb2O.  One significant difference between the two parent compounds in the 
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much lower energy scale of the CDW/SDW phase in BaTi2Sb2O, which results in the 

lowest transition temperature (Ts = 54 K) among all Ti-based pnictide oxides.  Since the 

competition between magnetic order and superconductivity is a crucial element in 

unconventional superconductivity, it is conceivable that this lower energy scale is the key 

to making superconductivity transition temperature increase up to 5.5 K upon doping 

with Na in BaTi2Sb2O.  Further work will focus on exploring the detailed phase diagram 

of the new superconductors, the nature of the CDW/SDW phase, and the emerging 

superconductivity in BaTi2Sb2O.  Exploratory syntheses of other layered Ti-based 

pnictide oxide families of unconventional superconductors.   

 Besides the Ba1-xNaxTi2Sb2O system, a “hole” (p-type) doping, we also tried to 

induce the n-type doping of the Ti2Sb2O layers, Na2-xBaxTi2Sb2O.  The attempt was 

unsuccessful with the appearance of both phases, Na2Ti2Sb2O and BaTi2Sb2O at 5% Ba 

doping content.  For Na2-xBaxTi2Sb2O with Ba doping content below 5% has not yet been 

done.  Moreover, replacing alkaline earth metal by a rare earth metal such as La to make 

Ba1-xLaxTi2Sb2O was carried out.  The X-ray powder diffraction contains LaO as well as 

BaTi2Sb2O.        
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Chapter 6 

Summary and Future Works 

Ce3Si2Ox with varying amounts of oxygen (x) were synthesized at high 

temperatures by arc melting stoichiometric amounts of the pure elements under 

controlled oxygen atmosphere conditions. The transitions observed in the magnetic 

susceptibility measurements indicate that introducing oxygen into the interstitial sites 

leads to the loss of long-rang magnetic order at low temperatures.  This behavior was 

explained and confirmed by investigating the unit cell parameter, bonding distance and 

band structure calculation.  The inter-growth structure of Ce8Si5O0.52 has brought up the 

potential for searching new inter-growth structures with different stacking layers of 

Ce3O2Ox and Ce5Si3.      

   A layered alkaline-earth-metal pnictide oxide, BaTi2Sb2O, was synthesized by high-

temperature solid-state reactions within inert containers.  The crystal structure was 

determined using X-ray powder diffraction and Rietveld refinement.  BaTi2Sb2O 

crystallizes in the filled-CeMg2Si2 structure type or the CeCr2Si2C-type in space group 

P4/mmm (No. 123), which is related to an inverse perovskite structure.  These structures 

feature [Ti2Pn2O]
2-

 layers separated by layers of Ba atoms.  The [Ti2Pn2O]
2-

 layers may 

be described as being formed from O-centered square nets of Ti atoms, Ti2O, inverse to 

the CuO2 layers in the superconducting cuprates. The Ti2O sheets are then capped by Sb 

atoms above and below the sheet to form a nominal network of Ti4Sb2 octahedral units 

bridged by oxygen.   Magnetic measurements on BaTi2Sb2O shows magnetic (SDW) 

transitions at Tc = 54K, reminiscent of the un-doped phases of the FeAs-based high-Tc 



 

151 
 

superconductors.  Chemical substitution experiments were performed for the purpose of 

suppressing the magnetic transition and possibly inducing a superconducting state.  In 

this regard a series of p-doped phases, Ba(1-x)NaxTi2Sb2O with x = 0.00 to 0.33 were 

prepared.  Structural parameters show a systematic change, associated with an elongation 

of the c-axis and contraction of the a-axis, with the increasing of Na content.  A 

systematic lowering of the magnetic transition temperature is observed with the 

increasing Na content. More importantly, superconducting transitions are also observed 

with Na content, x = 0.05-0.33. The superconducting transition temperature Tc increases 

from 2.8K (Na = 5%) to 6K (Na = 15%).  Bulk superconductivity is observed through dc 

magnetization, resistivity, and heat capacity measurements.  Elemental chemical analysis, 

using ICP-MS, confirm the stoichiometric of the doped phases with regard to Ba and Na 

content.  Similar substitutions in BaTi2P2O and BaTi2As2O both resulted in the 

suppression of the magnetic (SDW) transitions, but did not result in a superconducting 

behavior.  

  In view of the unsuccessful attempts to induce superconductivity in BaTi2As2O, 

and the relatively low Na content (5%) needed to induce the superconducting state in 

BaTi2Sb2O, a question arises about the major differences between doping in BaTi2As2O 

and in BaTi2Sb2O.  The difference between the BaTi2Sb2O and the As analog is the much 

lower energy scale of the CDW/SDW phase in BaTi2Sb2O, which results in the lowest 

transition temperature (Ts = 54 K) among all Ti-based pnictide oxides.  Since the 

competition between magnetic order and superconductivity is a crucial element in 

unconventional superconductivity, it is conceivable that this lower energy scale is the key 

to making superconductivity emerge upon doping with Na in BaTi2Sb2O.  Further work 
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will focus on exploring the detailed phase diagram of the new superconductors, the nature 

of the CDW/SDW phase, and the emerging superconductivity in BaTi2Sb2O.  

Exploratory syntheses of other layered Ti-based pnictide oxide families of 

unconventional superconductors.   

 Besides the Ba1-xNaxTi2Sb2O system with a “hole” (p-type) doping, we also tried 

to introduce n-type doping of the Ti2Sb2O layers, as in “Na2-xBaxTi2Sb2O”.  The attempts 

were unsuccessful, resulting in the appearance of both phases, Na2Ti2Sb2O and 

BaTi2Sb2O at 5% Ba doping content.  For Na2-xBaxTi2Sb2O with Ba doping content 

below 5% has not yet been done.  Moreover, replacing alkaline earth metal by a rare earth 

metal such as La to make Ba1-xLaxTi2Sb2O was carried out.  The X-ray powder 

diffraction contains La2O3 as well as BaTi2Sb2O.        

The series BaTi2Sb2O(1-x)Fx, with x = 0.00-0.30,  and Na2Ti2Sb2O(1-x)Fx  with x = 

0.00-0.50 were synthesized in order to suppress the SDW transition in the parent 

compounds, and induce superconductivity.  The synthesis of BaTi2Sb2O(1-x)Fx with x = 

0.00-0.30  were unsuccessful.  However for the Na2Ti2Sb2O(1-x)Fx compound, the SDW 

transition temperature is reduced upon F doping.  There is no superconducting transition 

observed. 

 Other neighboring elements of oxygen on the periodic table are carbon and 

nitrogen.   Attempts to induced superconductivity by use elements other than F were 

carried out.  The synthesis was unsuccessful due to the stabilization of nitrogen and high 

melting point of carbon.     

Attempts to synthesize other analogs of BaTi2Sb2O and Na2Ti2Sb2O were carried 

out for potassium, calcium, and strontium.  Their X-ray powder patterns were refined to 
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the tetragonal unit cells which were similar to the unit cell of BaTi2Sb2O and 

Na2Ti2Sb2O.  Although, the results are not yet conclusive due to unidentified impurities 

phases, the formation of the Sb analogs for K, Ca, and Sr are promising.   Additional 

work will be carried out to determine the structure or composition for these compounds.  

The As analog with other alkaline and alkaline earth metals have not been studied.  The 

attempts to synthesize the Bi and P analogs were unsuccessful due to the formation of 

other more stable phases.  From the X-ray powder patterns of P samples, the refinements 

result in an orthorhombic unit cell.  These results are still under investigation.       

 


