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INTRODUCTION 

Interest in Zr^SbgZ compounds was sparked by reports that revealed 

an extensive interstitial chemistry for phases with the Mn^Sig 

structure.^"9 Much of the work on Mn^Sig-type compounds was done in the 

late 50s or early 60s, and often only qualitative information was 

reported. It is unclear whether many compounds described as binary 

phases, are in fact ternary compounds. 

Recent experience has demonstrated that materials previously formu

lated as binary compounds, had actually been interstitial stabilized 

ternary phases.10"12 it seemed possible that many Mn^Si^-type compounds 

would prove to be interstitial stabilized as well, but had gone unde

tected as such. 

Initial attention was drawn to Zr^Sb^ because of this possibility, 

but ZrgSbgZ compounds were investigated for additional reasons outlined 

in the introduction to Part II. This work is divided into two parts 

because, as experiments with the ternary interstitial compounds Zr^Sb^Z 

and the binary compound Zr^Sbg progressed, it became clear that published 

reports of the zirconium-antimony binary system were incomplete or 

inaccurate. In order to provide a firm basis for investigating the 

ternary systems, the zirconium-antimony binary system was re-examined, 

and the results described and discussed in Part I. 
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EXPERIMENTAL 

Materials 

Most reaction starting materials consisted of the elements them

selves or binary compounds which had been synthesized from the elemental 

components. A list of these elements, which were used as received is 

given in Table 1. Reactor-grade zirconium metal was obtained at the Ames 

Laboratory from F. Schmidt in the form of a crystal bar that had been 

cold-rolled to a thickness of about 20 mil. The metal was cleaned in a 

solution of 45% HNO^, 10% Hf, and 45% H^O, rinsed In water, dried, cut 

into pieces of suitable size for use in the arc-melter, and finally given 

a last rinse with acetone to remove any residue left from handling. When 

Zr powder was required, it was synthesized by placing Zr strips in a 

molybdenum boat which was subsequently put in a fused silica tube 

equipped with a stopcock, and attached to a hydrogen line. The tempera

ture of the metal was raised under an atmosphere of until no further 

hydrogen uptake was observed (~650''C). The ZrHj^ so formed was ground 

with a mortar and pestle in a dry box, and passed through a 100 mesh 

sieve. This powder was replaced in the molybdenum boat, and reattached 

to a vacuum line. The temperature was raised slowly, maintaining a 10"5 

torr vacuum, to 700°C. This decomposes ZrH^ to Zr metal, and the 

evolved hydrogen is pumped away. The temperature must be raised slowly 

to prevent a vigorous evolution of that blows the powder out of the 

boat. This procedure results in lattice parameters for the Zr powder 

which are within 3a of literature values.^3 
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Table 1. Ternary components 

Element Source Purity 

Na J. T. Baker Chem. Purified 

K J. T. Baker Chem. Purified 

Mg J. T. Baker Chem. Purified 

Ca Ames Lab Disti1 led 

B Robert Shelton, Physics 99.9+% 

C Union Carbide Spectroscopic Grade 

A1 United Mineral & Chemical High Purity 

Si Ames Lab Zone refined 

P J. T. Baker Chem. Technical Grade 

S Alfa Products 99.999% 

Cr A. D. MacKay 

Mn A. D. MacKay 99.9% 

Fe Plastic Metals 99.9% 

Co Alfa Products 99.5% 

Ni J. T. Baker Chem. 99,9% 

Cu J. T. Baker Chem. 99.99% 

Zn^ Fisher Scientific 99.99% 

6e Johnson Mathey 99.999% 

Ge Ames Lab Zone refined 

As Alfa Products 99.9999% 

Se American Smelting & Refining Co. 99.999% 

Ag G. Frederick Smith Chem. Reagent 

Cd Cominco Products 99.999% 

In Cominco Products 

Ru Engelhard 99.5% 

Bi^ Oak Ridge National Lab. Reactor Grade 

^Filtered through a glass frit. 
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Most reactions used reagent grade antimony from Allied Chemical and 

Dye Corporation, which produced no dross upon fusion. A few reactions 

used 99.999% Sb from Johnson Matthey, Inc., and no difference in reaction 

products was observed. Comminution of antimony is easily achieved by 

direct grinding of the element. The powders of both Sb and Zr were only 

handled under dry box or vacuum conditions. 

The binary compounds ZrC and ZrN were obtained from Cerac and used 

as received. Zirconium dioxide was graciously donated by Steve Chen. It 

had been made by precipitating the hydrous oxide from an aqueous solution 

of ZrOClg'SHgO through the addition of aqueous ammonia. The ZrOg 

was washed with water to remove any residual chloride material and 

dehydrated at 400°C. 

Synthesis Techniques 

A variety of synthetic techniques were employed, each with certain 

advantages and disadvantages vis-a-vis the others. The preparation 

method selected must be based on a knowledge of the limitations of each 

technique, and how they will influence the experimental objectives of the 

preparatory reactions. The methods used fall under four general 

headings: arc-melting, chemical vapor transport, metal flux, and powder 

sintering. 

Arc-melting 

The highest reaction temperatures were obtained in arc-melting reac

tions. These were carried out in a Centorr 55A single arc furnace. 
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starting with pieces of the elements which were melted on a water-cooled 

copper hearth. The reaction proceeded under argon that had been gettered 

by previously melting zirconium, and the pressure maintained slightly 

greater than atmospheric. The advantage of this technique derives from 

the very high temperatures that can be achieved, ~3000°C, which tend to 

overcome kinetic barriers endemic in solid state experiments, and lead to 

complete reaction in very short reaction times of less than one minute. 

The importance of single crystals suitable for X-ray structure determina

tion in exploratory solid state synthesis must be emphasized, and it is 

often possible to obtain such, from the products of arc-melted reactions. 

This is another important advantage to this technique. 

Just as the advantages of arc-melting arise from the high reaction 

temperature, paradoxically, the disadvantages are derived from the same 

source. The water-cooled copper hearth prevents any reaction between the 

sample and the container, but it also results in a sharp temperature 

gradient, which may lead to compositional gradients between the top of 

the molten reaction mixture at 3000°C and the bottom at < 100°C. This 

problem was minimized by turning over the button and remelting it at 

least three times. Further homogenization can be achieved by annealing 

the products. This was accomplished by placing the solidified ingots in 

open Ta crucibles which were then sealed in fused silica containers under 

an atmosphere of Ar and heated in a vacuum induction or resistance fur

nace depending on the temperature. Annealing is important for a second 

reason; it is possible that peritectic compounds may not have time to 

form when samples are quenched by turning off the arc. The annealing 
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periods were on the order of several days and obviously nullified the 

advantage gained by the rapid initial reaction. 

A further more serious complicating factor results from the high arc 

temperature. Many of the elements which were used as reactants, have 

high vapor pressures at the reaction temperature in the arc furnace. 

Although the suitability of this technique is actually determined by the 

equilibrium vapor pressure of the species above the product compound, not 

the reactants, some mass loss is inevitably incurred during initial 

heating. Furthermore, mass loss may still occur at a much reduced but 

still significant rate even after the initial 2-3 seconds. If only one 

component is volatile then the problem can be overcome by employing an 

excess of that species, and a product composition can be easily deter

mined from the final weight. When two or more components are vaporized, 

then all synthetic control is lost. 

Chemical vapor transport 

Chemical vapor transport should allow for a more controlled syn

thesis since it can occur in a closed system. One would also expect to 

obtain better quality single crystals than by arc-melting. These reac

tions were carried out by allowing iodine, added as a binary iodide, to 

react with either a mixture of elemental powders, or a ground arc-melted 

pellet to give gaseous iodide species which under the proper thermo

dynamic conditions will undergo a reverse reaction to yield the desired 

intermetallic product, and regenerate the iodine or iodide. This is 

usually accomplished through a temperature gradient such that the forward 

reaction is favored at T^, and the reverse reaction is favored at T^, but 
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transport may still occur at a single temperature where the rates of the 

two reactions are comparable. Isothermal reactions were carried out in 

welded Ta tubes which were either sealed in evacuated silica containers 

and heated in air, or heated in vacuum furnaces. 

Single crystals are sometimes difficult to grow by vapor transport 

unless a temperature gradient is applied. Obtaining such a temperature 

gradient with the intermetallic systems of interest, is experimentally 

difficult. Gaseous iodide species can be easily produced at low tempera

ture (300°C) for most reaction components, but this ease of formation is 

equally applicable to, and precluded the use of, metal containers. The 

formation of metal iodides is a very exothermic process so that the 

reverse reaction to produce the intermetallic compound will only occur at 

high temperature (1300°C), therefore precluding the use of a fused silica 

container. This dilemma can be resolved by using a hot wire apparatus in 

which a Ta wire is sealed in a Pyrex container via glass-to-metal seals 

that allow an electric current to be passed through the wire to heat it 

to ~1300°C. The starting material along with a small amount of a trans

porting agent is also sealed in the Pyrex container, which is maintained 

at SOO'C in a furnace. Crystals of the product grow on the Ta wire. 

Unfortunately the composition of the product is very dependent on the 

wire temperature which is constantly changing as the material deposited 

on it changes the electrical resistance. This leads to an inhomogeneous 

product and the method is generally unacceptable, but does demonstrate 

the feasibility of transport reactions if the experimental difficulties 

can be overcome. 
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Metal flux 

Good quality single crystals can often be grown by precipitation 

from a solution. In a manner analogous to dissolving salt-like materials 

in fused salts, intermetallic compounds may be dissolved by molten 

metals. Crystals of the product can be grown by causing superstaturation 

of the solution either through lowering the temperature, or evaporation 

of the solvent. Good control of nucleation and subsequent growth has 

p r o d u c e d  c r y s t a l s  o f  s o m e  o x i d e  m a t e r i a l s  o n  t h e  c e n t i m e t e r  s c a l e . I t  

can be seen that this technique has the potential of producing crystals 

which could be used for physical property measurements. Problems arose 

in the systems of interest that prevented this. 

If supersaturation is induced by a lowering of the temperature, then 

the product can only be recovered by dissolving the solidified metal 

matrix. This seemed a rather brutal procedure which had a good chance of 

dissolving any new interesting compounds as well. The problem can be 

circumvented if the solvent is a low boiling point metal, and it is 

allowed to evaporate. The only metals which meet this requirement and 

dissolve significant amounts of zirconium, are Zn and Bi. These were 

used in several reactions with either an alumina or molybdenum container 

to give X-ray sized single crystals in several systems, but it was found 

that the products were contaminated by the solvent. With a more inert 

solvent and more controlled experimental conditions, the potential of 

growing large single crystals may yet be realized. 
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Powder sintering 

The final synthetic technique employed, utilized the sintering of 

powders. This method has the advantage of good control over the final 

composition and can then yield a correlation between lattice parameters 

and composition. The disadvantages are the inability to produce single 

crystals, and the need for frequent regrinding and pressing of a pellet. 

Depending on the scale of the reaction, equilibrium may be difficult to 

achieve. The sintering reactions were carried out in both open and 

sealed Ta containers and with powders simply ground together or ground 

and pelletized at 8 kbar. A high temperature furnace (>1100''C) became 

available in the latter stages of this investigation, and greatly facili

tated sintering reactions. 

Characterization Techniques 

X-ray diffraction 

Guinier powder diffraction was used as the primary method of charac

terization. The diffraction patterns were obtained with NBS Si as an 

internal standard and monochromatic Cu Ka^, radiation. The 2© values of 

the diffraction lines from the standard were fit to a quadratic in line 

position, and lattice constants of the sample were calculated by a least-

squares fit to indexed 20 values. Lattice parameters for NBS a-Al^Og 

obtained by this method differed from the reference values by 0.8 and 2.5 

parts in lO**. The identification of structure type was accomplished by 

comparing line position and intensity in the experimental pattern with 

the distribution calculated for a known structure by the program 
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POWD 5.^^ Some unknown powder patterns were indexed by the program 

TRE0R16 as were several superstructures. 

Single crystal X-ray work was carried out in all cases with the 

sample mounted in a sealed thin walled capillary of 0.2, 0.3 or 0.5 mm 

diameter. Some phases, especially antimony-rich compounds of the binary 

Zr-Sb system, were air stable and could be mounted in air, but in most 

cases the crystals were placed into the capillary within a dry box 

equipped with a microscope. The open end of these was temporarily closed 

with grease, removed from the dry box, and sealed by fusing the glass 

with a torch. Oscillation photographs were utilized to determine if a 

crystal was indeed single, and zero and first layer Weissenberg photo

graphs were also obtained if the crystal was so found. These also 

allowed the determination of unknown unit cells and indicated the pres

ence or absence of superstructures. 

Two four-circle diffractometers were used to collect data for struc

ture determination during the course of this investigation; a commercial 

SYNTEX P2j and an Ames Laboratory instrument (DATEX). Both diffractome

ters employed monochromatic Mo Ka radiation, and checked standard reflec

tions every 50-75 reflections to determine instrumental stability and 

extent of any crystal decay. No decay was ever observed. All data were 

collected by using a to scan. 

Absorption corrections for the data sets were calculated using a 

u-scan and correction factors for a cylinder or sphere as appli-

cable.^"^»^® The absorption-corrected data were reduced by DATRD^^ 

using a 3a criterion to determine observed reflections after correction 
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for Lorentz-polan'zation effects. The data were averaged with FDATA^o 

and reflections with structure factors that differed by more than 6a were 

eliminated. The program ALLS^i was used for full-matrix least-squares 

refinement. Structure factor calculations used neutral atom scattering 

factors corrected for anomalous dispersion effects. All refinements 

included a secondary extinction correction. Fourier electron density and 

difference maps were calculated with FOUR.22 All 0RTEP23 drawings have 

thermal ellipsoids at a 95% probability level. The crystallographic 

calculations and drawings were done with the aid of a VAX 11/780 

computer. 

Magnetic susceptibility 

Magnetic susceptibility measurements were made in collaboration with 

Professor Robert Shelton of the Physics Department on a Superconducting 

Quantum Interference Device (SQUID) from Quantum Designs equipped with an 

HP85B computer. Most samples consisted of pieces, circa 20 mg in weight, 

from arc-melted ingots, and these were attached to a metal suspension rod 

outside the detection zone by a length of dental floss (unflavored) tied 

around the sample. The dental floss was found to give a negligible 

signal. Air-sensitive or powdered samples were placed in 3 mm diameter 

fused silica tubes which were glued to a plastic connector with GE 7030 

glue. The connector was in turn attached to the metal suspension rod. 

The susceptibility was normally measured by lowering the temperature to 

the starting point, usually 2 K, with the magnetic field at zero. Once 

the temperature had stabilized, the field was turned on and also allowed 

to stabilize at the chosen strength before the temperature was raised and 
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the susceptibility measured at preselected temperatures. Data above 

400 K were collected on a Faraday balance. 

Photoelectron spectroscopy 

UPS and XPS experiments were conducted on an AEI-200B spectrometer 

using He (I) (21.2 eV) and A1 Ka (1486.6 eV) radiation, respectively. 

Samples were ground in an agate mortar and pestle in a dry box attached 

directly to the spectrometer, and mounted on an indium substrate. The 

binding energy of peaks in the XPS spectra was determined by using adven

titious carbon as an internal standard (285.0 eV). 

The spectra were obtained by multiple scans and signal averaging 

using a Nicolet 1180 computer system. 

Extended-Huckel calculations 

The programs used for the calculations have been previously 

described.2^jhe atomic energy levels used were either included in 

the program, or obtained from the 1iterature.26,27 in the case of 

ZrgSbgFe this gave unreasonable results for iron, so a self-consistent 

charge calculation was carried out. Double zeta expansions were used for 

the radial distribution of transition metal d orbitals,28 and single zeta 

functions used for all others.29 The atomic orbital parameters are 

listed in Appendix A. 

Resistivity 

Single crystal resistivity measurements were made by a four-probe 

alternating current technique using Professor Shelton's equipment. The 
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crystal was mounted on a glass frit to which 2 mil Pt wires had been 

epoxied. Electrical contact between the crystal and the Pt wires was 

assured through silver epoxy. The four Pt wires were soldered to four 

posts on a copper plate, and electrical connection of the resistivity 

cryostat was made to the measuring equipment outside the helium dewar. 

The low frequency (22 Hz) ac resistivity measurements were made with the 

aid of a lock-in amplifier which determined the current through two end 

leads, and the resulting voltage across the other two. The data were 

taken as the cryostat in the vacuum can was allowed to cool slowly via a 

small pressure of helium exchange gas. The temperatures above 30K were 

measured by a Pt thermometer, and below by a carbon glass thermometer. 
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PART I. ZIRCONIUM-ANTIMONY BINARY SYSTEM 
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INTRODUCTION 

In the course of investigation of Zr^Sb^Z systems it became obvious 

that published accounts of the Zr-Sb binary system were incomplete or 

erroneous. Early work on Zr-Sb alloys over the range 0-40 at.% antimony 

indicated that ZrgSb was the most zirconium-rich binary alloy and that 

its powder and single crystal diffraction photographs could be indexed on 

the basis of a hexagonal cell (a = 8.4, c = 5.6 A).3° The solubility of 

antimony in zirconium could not be determined in this study because of 

both the high oxygen and nitrogen content of the starting zirconium, and 

additional contamination by carbon that occurred during the alloying 

reactions in a graphite crucible. Results of this investigation were, 

therefore considered very suspect, and this led to a re-examination of 

the phase diagrams in the 0-5 at.% antimony region.The purity of the 

zirconium metal used in this second study was 99.95%, and the reactions 

were carried out by arc-melting the elements and annealing the products, 

a process which eliminates any container contribution to contamination. 

These experiments revealed that the a-S transition of zirconium was 

raised by about lO'C at 0.5 at.% antimony, the limit of solubility in 

a-Zr. 

In addition to these preliminary studies on the phase relationships 

in the system, there are several reports of the synthesis of binary com

pounds. The first well-identified phase was Zr^SbgSz.ss with the hexa

gonal MngSig structure. From the reported lattice parameters (a = 8.46, 

c = 5.80 A32 and a = 8.53, c = 5.84 it seems likely that this was 

the actual composition of the "ZrgSb" phase previously postulated. 
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Notwithstanding the previous assertion that this "Zr^Sb" compound was the 

most zirconium-rich phase, a Zr^Sb compound with the Fe^P structure 

(a = 11.35, c = 5.67 A) was subsequently synthesized.Unfortunately, 

the experimental details could not be ascertained since the results were 

presented simply as a list of compounds, structure types, and lattice 

parameter data. 

A later, more thorough report confirmed the existence of Zr^Sb and 

also described a ZrgSb phase with apparently two structural modifica

tions.An unidentified powder pattern was observed when a Zr^Sb com

position obtained by arc-melting was annealed at 1150°C, while the dif

fraction lines could be indexed on the basis of a primitive tetragonal 

cell if the sample was annealed at lOOO'C. A slightly more antimony-rich 

composition (Zr^^^Sb^) resulted in a second unidentified phase as well 

as ZrgSbg. Since the unit cell of Zr^Sbg was about 4.5% larger than the 

value interpolated from then-assigned phases, the compound was postulated 

to be, not a true binary compound but rather an oxygen-stabilized ternary 

phase. The zirconium employed as a starting material was reactor grade, 

but the purity of the antimony was not described. One further compound 

was discovered in this work, and identified as ZrSb^. Its powder pattern 

could be indexed on the basis of a primitive orthorhombic cell (a = 

14.98, b = 9.94, c = 3.86 A). The crystal structure of this phase was 

later twice determined by single crystal X-ray diffraction, and the 

actual composition was shown to be ZrSb^.^G.s? 
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RESULTS 

The binary compounds found in the Zr-Sb system are outlined in 

Table 2; a representative list of reaction methods, conditions and 

results is given in Table 3; structure-type information and lattice 

parameters for the phases so identified are listed in Table 4. The par

enthetical numbers following alloy compositions discussed in the text 

identify the reaction numbers in Tables 3 and 4. The reader should note 

that three nominal compositions each yield a pair of structure types 

depending on composition or temperature, namely Zr^Sb^, ZrSb, and ZrSb^. 

z^sb 

Zirconium-rich samples are easy to prepare by arc-melting the 

elements since very little antimony volatilization occurs at these com

positions. Conversely reactions in which powders are sintered do not 

give good results presumably because of the lower diffusion rate of the 

higher melting Zr as compared with Sb; therefore, products near the Zr^Sb 

stoichiometry were always prepared by arc-melting. 

A sample of overall composition 2rg_gjSbg_jg (1) was annealed 

for 2 days at 1100°C, and an additional 2 days at 850°C subsequent to 

are-melting, and yielded a mixture of a-Zr and Zr^Sb. It is evident 

from the position of the lines in the Guinier powder pattern that there 

is a very limited solubility of Sb in a-Zr at 850°C. An as-cast sample 

of a more antimony-rich composition Zrg.^gSbfZrQ.ggSbQ.gg) (2-1) 

exhibits the pattern of ZrgSb plus a component with many weak lines. 

This second phase is presumably the one which had been previously 
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Table 2. Compounds in the zirconium-antimony system^ 

Phases 
Phase Reference 
Composition 

Structures 
Structure Space Group Reference 

Type 

Zr,Sb 35 14 35 

ZrgSb 35 LagSb I4/mmm 38 

X (-Zr^Sb) 35 unknown primitive 38 
orthorhombic 

ZrgSb; 

ZrgSbg 

ZrSb 

ZrSb 

38 

33,34 

38 

38 

YsBis 

MngSig 

FeSi 

ZrSb 

Pnma 

Pôg/mcm 

P2i3 

Cmcm 

38 

33,34 

38 

38 

Zr,Sb, 

ZrSb. 

38 

38 

unknown 

PbCl. 

primitive 
tetragonal 

Pnma 

38 

38 

ZrSb, 36,37 ZrSb, Pnnm 36,37 

^See text regarding stoichiometric differences between pairs of 
ZrgSbg, ZrSb and ZrSbg types. The first listed in each is antimony 
poorer. 
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Table 3. Summary of zirconium-antimony reaction types and products 

Reaction® Product Synthesis Products^ 

composition method^ conditions 
(atomic) temp(°C) time (d) 

1 
« 1 9  

AM 1000 
850 

2 
2 Zr, Zr^Sb 

2-1 
' 6 8 ^ * ^ 0  * 3 2  

AM as-cast Zr-jSb, Zr^Sbj 

2-2 
' 6 8 ^ ^ 0  - 3 2  

AM 950 2 Zr Sb (Zr Sb) 
2 3  

3 Zr Sb 
0 . 7 2  0 ' 2 8  

AM 950 1 Zr Sb, Zr Sb 
3 2 

4 
^ ^ 0 . 6 6 ^ ^ 0 ' 3 4  

AM 1200 0.6 X." Zr,Sb, 

5 
^ * " 0  . 6 5 ^ ^ 0  ' 3 5  

AM 950 2 Zr^Sb, Zr^Sb^+x 

6  
^ * " 0  . 6 2 6 ^ ' ^ 0  ' 3 7 4  

AM as-cast Zr^Sbj, Zr^Sbgtx 

7 
. 6 0 ^ ^ 0  ' 4 0  

AM 1100 
750 

4 
1 ^ * " 5  ̂ ^ 3 + X  

8 ^ • " o  ' S G ^ b o  .44 AM 900 5 ^ ^ 5 ^ ^ 3 + x »  ZrSbi_x 

9-1 unknown V 1000 1 ZrSb, ZrgSbg 

9-2 unknown V loco 2 ZrSb^_x, ZrSb 

10 
^ " " o  . 5 0 ^ * ^ 0  ' 5 0  

VT 950 21 ZrSb 

11 
^ * ^ 0  . 4 0 0 ^ ^ 0  ' 6 0 0  

PP 900 6 Zr,Sb, 

12 Zr + excess Sb MF 1100 0.5 ZrSbg, Sb 

13 
^ ^ 0 . 2 5 0 ^ ^ 0 ' 7 5 0  

P 850 
550 

1 
1 ZrSb , Sb 

14 
^ " " o  . 2 5 ^ ^ 0  ' 7 5  

VT 700 7 

^Referenced in text with parenthetical numbers. 
^Abbreviations: AM - arc-melted, conditions refer to annealing; 

V - vaporization of Sb from ZrSbg in vacuum; VT - vapor transport; PP -
pressed pellet of ground powders; MF - Sb metal flux; P - ground mixture 
of powders. 

Clhe groups Zr^Sb^, Zr.Sbg+x; ZrSb^.^, ZrSb; ZrSbg.* 
(x_~ 0.04), ZrSbg each involved a pair of different structure types. 

dsee text. 
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Table 4. Structure types and lattice parameters for zirconium-antimony 
reactions. Table 2 

Reaction Product Structure type® Lattice parameters (A)b 
(space group) 

1 ZrgSb FeoP 
(14) 

a = 11.351(1) 
c = 5.671(1) 

2-1 ZrgSb FegP a = 11.337(3) 
b = 5.669(2) 

2-1 ZrgSbg Y5BI3 
(Pnma) 

a = 7.468(1) 
b = 8.787(3) 
c = 10.865(3) 

2-2 ZrgSb LagSb 

(I4/mmm) 

a = 4.1154(5) 
c = 15.786(3) 

3 ZrgSb FeaP a = 11.3386(6) 
c = 5.6692(3) 

3 ZrgSb LagSb a = 4.1172(6) 
c = 15.771(3) 

4 ZrgSbg YgBi, a = 7.465(1) 
b= 8.801(1) 
c = 10.865(2) 

4 X (-ZrgSb) orthorhombic 
(P) 

a = 14.652(5) 
b = 9.058(4) 
c = 7.756(3) 

5 ZrgSb LagSb a = 4.1156(4) 
c = 15.774(3) 

5 MngSi 2 

(PSg/mcm) 

a = 8.4175(6) 
c = 5.7678(6) 

6 YgBi, a = 7.467(1) 
b = 8.797 1) 
c = 10.872(2) 

^Reference 39. 
"Based on indexed lines in Guinier pattern. 
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Reaction Product Structure type® 
(space group) 

Lattice parameters (A)^ 

6 

7 

8 

8 

9-1 

9-1 

9-2 

9-2 

11 

14 

13 

ZrSb. i-x 

ZrSb. i-x 

ZrSb 

ZrSb 

ZrgSbg 

ZraSbs 

ZrSb 
2 - X  

ZrSb, 

Mn;Si, 

Mn^Si, 

Mn,Si, 

FeSi 
(P2i3) 

FeSi 

ZrSb 
(Cmcm) 

ZrSb 

tetragonal 
(P) 

tetragonal 

PbClg 
(Pnma) 

ZrSbg 
(Pnnm) 

a = 
c = 

a = 
c = 

a = 
c = 

8.468(1) 
5.800(1) 

8.518(1) 
5.844(1) 

8.573(1) 
5.872(1) 

a = 5.6358(4) 

a = 5.6355(3) 

a = 3.809(1) 
b = 10.421(1) 
c = 14.045(2) 

a = 3.808(4) 
b = 10.410(8) 
c = 14.059(6) 

a = 9.567(2) 
c = 5.294(1) 

a 
c 

a 
b 
c 

a 
b 
c 

9.565(1) 
5.288(1) 

7.393(1) 
3.9870(7) 
9.581(1) 

14.963(3) 
9.963(2) 
3.8779(7) 
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observed but remained unidentified,35 and it will be shown (below) to 

be a new structure for ZrgSbg. A powder pattern of a third sample, 

^'^^.72^^0.28 (3), ^at was annealed at 950°C for one day revealed a 

mixture of Zr^Sb and ZrgSb appropriate to the composition. 

The Fe^P structure for Zr^Sb was confirmed by powder patterns. The 

essential invariance of the lattice parameters over a wide composition 

range and thermal treatment conditions (see Tables 2 and 3) implies a 

small range of nonstoichiometry as a function of these thermodynamic 

parameters. The formation of Zr^Sb is not dependent on post-casting 

thermal treatment, but the thermal history is important in determining 

the adjacent phase. On the zirconium rich side of Zr^Sb, Zr is always 

found as the second product but on the antimony-richer side, either 

Zr^Sb, HT-Zr^Sb, or Zr^Sb^ will form in the two phase region depending on 

the material's thermal history (discussed below). 

Zr^Sb 

This compound had been obtained in two structural modifications.35 

The transition temperature reportedly lay between 1000°C and 1150°C. In 

order to verify this, a sample of composition Zr^^gSbg (2-2) was 

prepared by arc-melting and annealed at 950°C for 2 days. A trace of 

Zr^Sb could be detected in the powder pattern of the product. The 

remainder was presumably the low temperature modification of ZrgSb pre

viously indexed on the basis of a primitive tetragonal cell (a = 6.52, c 

= 7.90 Â) but for an unidentified structure.35 Although the observed 

powder pattern can be poorly described with this previous cell, the dif

fraction pattern is more properly indexed^^ on the basis of a body-
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centered tetragonal cell (a = 4.1154(5), c = 15.786(3) A). More impor

tantly, the observed intensity distribution demonstrates that the 

compound in question possesses the La^SbSS structure type. A comparison 

of observed and calculated intensities is given in Table 5. In this 

structure the positional parameters of one zirconium atom are fixed by 

symmetry, but those of a second zirconium and the antimony atoms have 

variable z values. The calculated powder pattern was based on the posi

tional parameters of these atoms in LagSb and is, therefore, only an 

approximation. 

This structure of ZrgSb contains an empty site, at the center of a 

zirconium octahedron, which in other compounds thought to be binary 

phases has later proved to contain an impurity atom, e.g., CagSb was 

determined to actually to Ca^SbgO.^o This type of impurity stabilization 

can be ruled out by reproducible quantitative yields of Zr^Sb in a number 

of reactions which included preparation by both arc-melting and powder 

sintering. The lattice parameters of ZrgSb in equilibrium with Zr^Sb or 

ZTgSbg are experimentally identical (see reactions 3 and 5, Table 4), 

indicating that Zr^Sb is a line compound. 

In an attempt to produce the higher temperature modification of 

Zr^Sb, a product of composition ZrQ.ggSb^ (Zr^^^Sb) (4) was 

prepared by arc-melting, and was annealed at 1200°C for 15 hours in an 

induction furnace. The power to the induction coil was turned off and 

the sample cooled to 700°C within one minute. The powder pattern of this 

alloy contained lines which could be attributed to Zr^Sb^ (YgBig-type) 

and a second phase x which is assumed to be the high temperature form of 
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Table 5. Observed and calculated powder patterns for ZrgSb (LagSb-type) 

d(obs), Â d(calc), A h k & I(obs)® I(calc)* 

7.94 7.89 0 0 2 2 2 

3.985 3.982 1 0 1 5 12 

3.952 3.947 0 0 4 3 3 

2.912 2.910 1 1 0 25 26 

2.729 2.730 1 1 2 80 90 

2.630 2.631 0 0 6 50 37 

2.504 2.505 1 0 5 20 34 

2.340 2.342 1 1 4 100 100 

1.9744 1.9777 0 0 8 15 20 

1.6210, 1.6209 2 0 6 20 37 

1.5903 1.5900 2 1 5 10 19 

1.4554 1.4550 2 2 0 15 25 

1.4253 1.4259 2 1 7 10 16 

1.3877 1.3876 1 1 10 7 11 

1.3551 1.3551 1 0 11 9 20 

1.2846 1.2841 3 1 2 10 23 

1.2734 1.2733 2 2 6 12 20 

1.2353 1.2359 3 1 4 20 37 

®Cu Koj radiation. 
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Zr^Sb. The formulation of this compound as HT-Zr^Sb is simply a matter 

of convenience for lack of a better label. The actual composition of 

this phase is, of course, dependent on the yield of Zr^Sb^, which is 

difficult to estimate accurately from the powder pattern. The limits of 

the Zr^Sbg yield can be placed between 10% and 20% to give limits for the 

composition of the unknown phase as Zr„ „^Sb and Zr, ,^Sb. 2 * U b  2 * 3 5  

An attempt was made to index the powder pattern of "HT-ZrgSb" on the 

structural basis of other known compounds near the 2:1 stoichiometry in 

the twelve binary systems of transition metal group IV and main group V 

elements (excluding nitrogen). Some of these compounds included HfgAs, 

ZrgASg, TiyP^ and Zr^^Pg, but the attempt was unsuccessful. These lines 

instead were indexed^® (Table 6) on the basis of the primitive ortho-

rhombic cell listed in Table 4. 

The number of atoms in this unit cell (V = 1029 A') can be estimated 

from the average atomic volume found for other binary Zr-Sb compounds 

(Table 7). The most likely value would be 46 atoms/unit cell to give 

22.4 A^/atom. The range of reasonable limits would span 44 to 48 atoms/ 

cell where the atomic volumes would range from 23.4 to 21.4 A'/atom. 

These data were used to search Pearson's Handbook's which lists structure 

types according to Laue symmetry, whether the cell is centered or primi

tive, and finally the number of atoms per unit cell. Orthorhombic struc

tures, both primitive and C-centered with from 44 to 48 atoms/unit cell 

were checked, but not found compatible with the unknown ZrgSb based on 

chemical grounds, or lattice parameters. 
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Table 6. Indexed Powder Data for Structurally Undetermined Zr—Sb Phases® 

X (-ZrgSb) Zr,Sb, 

d (A) h k 2 ^obs d (A) h k £ ^obs 

3.877 0 0 2 10 3.380 2 2 0 2 
3.850 2 2 0 5 2.849 2 2 1 100 
3.779 1 2 1 5 2.727 3 0 1 100 
3.393 4 10 10 2.647 0 0 2 100 
2,741 5 0 1 20 2.392 4 0 0 50 
2.731 2 2 2 20 2.371 2 3 1 50 
2.554 4 1 2 20 2.248 2 1 2 10 
2.543 10 3 20 2.118 1 4 1 10 
2.521 3 2 2 50 2.084 2 2 2 75 
2.484 0 1 3 100 1.9089 3 4 0 5 
2.436 2 0 3 10 1.8718 3 2 2 2 
2.382 0 3 2 5 1.7054 1 1 3 50 
2.363 6 1 0 5 1.6109 4 4 1 10 
2.335 5 0 2 20 1.5685 3 5 1 10 
2.280 3 0 3 2 1.5125 6 2 0 35 
2.264 2 3 2 2 1.5049 1 6 1 10 
2.245 0 2 3 75 1.4739 5 2 2 10 
2.231 4 3 1 75 1.4373 4 5 1 5 
2.174 0 4 1 50 1.4238 4 4 2 2 
2.156 1 4 1 5 1.3768 3 6 1 50 
2.013 6 1 2 10 1.3214 0 0 4 10 
1.9342 5 0 3 75 1.3131 2 6 2 10 
1.8366 2 1 4 10 1.2846 5 1 3 15 
1.8159 3 4 2 2 1.2508 2 5 3 5 
1.7709 12 4 5 1.2322 2 2 4 10 
1.5934 9 0 1 10 1.2243 6 5 0 10 
1.4402 6 2 4 5 
1.3312 8 0 4 2 
1.3056 0 6 3 10 
1.2437 0 2 6 2 

^Guinier data, Cu Ka^ radiation; cell constants in Table 4. 
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Table 7. Atomic volume in Zr-Sb binary compounds 

Compound Unit Cell Volume (A^) Z A^/Atom® 

Zr^Sb 728.85 8 22.8 

ZrgSb (LT) 267.35 4 22.3 

ZrgSb, (YgBis) 713.82 4 22.3 

ZrgSbg (MngSig) 360.18 2 22.5 

ZrSb (ZrSb) 557.32 12 23.2 

ZrSbg (ZrSbg) 578.10 • 8 24.1 

ZrSbj.,, (PbCl,) 282.41 4 23.9 

^Average volume per Zr atom = 21.1 A^, average volume per Sb 
atom = 25.0 . 
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Experience has shown that unit cells determined solely on the basis 

of indexed d-spacings without corroboration from single crystal data or 

by identification of the structure type, as in this instance, must be 

regarded as only tentative. There is also no conclusive evidence for 

describing this compound as Zr^Sb but the composition must be near this 

stoichiometry. It can, however, be stated with certainty that this phase 

has a thermal stability range bounded by ~1000 — 1100°C and the effective 

quenching temperature of an arc-melted preparation (~1400°C). 

Zr,Sb, 

The first reports of a binary Zr-Sb phase^" and first structure type 

identified32,33 were of Zr^Sb^ and as such one would suppose it to be 

the best characterized compound of the system. But at the start of this 

work it was not even clear whether this was a true binary or an impurity 

stabilized ternary phase.^5 This question was addressed by a series of 

reactions near the ideal 5:3 stoichiometric ratio. The results from 

these reactions indicated that the question cannot be cast so simply, for 

there are actually two Zr^Sb^ phases. One, which is better formulated as 

Zr^Sbg+x, does indeed have a Mn^Sig-type structure and will be referred 

to as Zr^Sbg-M. The second compound is a stoichiometric Zr^Sb^ with the 

YgBig-type structure, denoted as Zr^Sb^-Y. 

ZrsSba-Y 

When samples of composition Zr^Sbg were prepared by arc-melting, the 

powder patterns of as-cast samples always contained a two-phase mixture. 

One phase could be identified as Zr^Sb^ with the Mn^Sig structure, but 
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exhibiting significantly larger lattice parameters than obtained after 

some annealing reactions (5 and 6, Table 4). The second phase was also 

observed in a 50:50 mixture with Zr^Sb in the powder pattern of an 

as-cast sample with an overall composition of Zr^Sb. The assumption 

was, therefore made that this unknown phase was antimony poorer than 

ZrgSbg. A single crystal of the material (from reaction 4) was indexed 

on the diffractometer, and refined lattice parameters were then obtained 

from powder data. The unit cell information allowed the structure of the 

unknown phase to be identified as either of the Y^Big^i or the Yb^Sbg^z 

type. These two structures are very similar. 

In order to determine which structural modification was actually 

adopted, and because it was thought that this phase was antimony defi

cient Zr^Sbg.^, a single crystal structural investigation was carried 

out. The experimental details of data collection are listed in Table 8. 

Both Y^Big and Yb^Sb^ occur in the space group Pnma, but the a and c axes 

are interchanged. 

If Zr Sb -Y possessed the Yb Sb structure then the unit cell 
5  3  5  3  

parameters in the standard setting would have been a = 10.865, b = 8.801, 

c = 7.465 A. This setting was used to collect the data, but after aver

aging, the systematic extinctions were found to place it in a nonstandard 

setting, space group Pcmn. The a and c axes were interchanged, and the h 

and X. parameters adjusted accordingly to give the standard space group 

Pnma. This indicated that the structural modification of Zr^Sb^-Y was of 

the YgBig-type. 
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Table 8. Crystal!ographic data for single crystals 

Compound Zr,Sb,-Y Zr;Sb,.M ZrSb 

Space group Pnma P5g/mcm Cm cm Pnma 

Lattice Parameters^ (A) 
a 7.465(1) 8.4267(5) 3.827(1) 7.393(1) 
b 8.801(1) 8.4267(5) 10.426(3) 3.9870(7) 
c 10.865(2) 5.7856(6) 14.007(5) 9.581(1) 
V, A3 713.9(2) 355.79(6) 558.9(4) 282.42(7) 

Crystal size (mm) 0.22 0.25 0.27 0.30 
0.07 0.04 0.18 0.08 
0.05 0.04 0.05 0.05 

20(max), deg 55 55 55 55 

Reflections 

checked 1892 2057 762 775 
observed^ 1179 1312 644 664 
independent 657 144 327 345 

R(ave) 0.022 0.047 0.015 0.039 

RC 0.028 0.027 0.037 0.032 

0.029 0.034 0.045 0.039 

Secondary ext. coeff. 0.018 0.030 0.018 0.055 

Absorption coeff. 180 181 196 223 
(cm"i) 

No. of variables 50 17 - 22 22 

data. ®From refined Guinier powder 
Reflections with Fq^s ^ 

observed. 
= IIIFoI - |Fcl|/î|Fol-

•"Rw = [w(|Fol - |FcIP/I"|FOF1'" 

"̂<1 lobs > were considered 
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The structure refinement was initiated using parameters from YgBi^ 

and proceeded smoothly. In the final three cycles all variables except 

the Zr{l) multiplicity were simultaneously refined. The resulting site 

occupancy yielded the formula unit as Zr^ so that the 

compound was not substoichiometric in antimony as initially assumed. The 

possibility that the Y^Big structure of Zr^Sb^-Y was stabilized by an 

impurity was eliminated by a final Fourier map which contained no 

residual electron density greater than 0.5 e/A^. 

The refined variables and resulting interatomic distances are listed 

in Table 9. A projection of the structure onto (010) is shown in Figure 

1, where shadings of the atoms represent the fractional y coordinate such 

that an atom at y = 1/4 is one-fourth shaded. The atoms that are half 

filled are near y = 1/2 and at y = 0 but these atoms, Zr(3) and Sb(l), do 

not have y parameters fixed by symmetry, and are actually displaced from 

the planes by 0.44 and 0.07 A, respectively. These displacements are the 

features that distinguished the Y^Big and Yb^Sbg structures. 

The Zr atoms at y = 3/4 have been connected in such a way as to help 

visualization of the structure, but these lines do not represent actual 

bonds. The net formed by the Zr atoms is composed of triangles and dis

torted hexagons. This same net, slightly displaced, is repeated by the 

Zr atoms at y = 1/4. The Sb(2) atoms at y = 1/4 and 3/4 are slightly 

displaced from the centers of the hexagons towards opposite edges. The 

Zr triangles compose opposite faces of trigonal prisms which are centered 

by the Sb(l) atoms at y = 0, 1/2. These prisms are stacked end-to-end to 

form an infinite chain of confacial prisms along the b axis, these chains 
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Table 9. Refined parameters and interatomic distances Zr^Sb^-Y 

Atom Site X y z Bii 

Sb(l) 8(d) 0.0709(1) -0.0078(1) 0.1756(1) 0.85(3) 

Sb(2) 4(c) 0.0779(1) 1/4 0.4566(1) 0.72(4) 

Zr(l) 4(c) 0.4699(2) 1/4 0.4898(1) 0.72(6) 

Zr(2) 4(c) 0.3075(2) 1/4 0.2249(1) 0.90(6) 

Zr(3) 8( d )  0.1998(1) 0.5543(1) 0.4425(1) 0.86(4) 

Zr(4) 4(c) 0.1475(2) 1/4 0.7130(1) 0.86(6) 

Interatomic Distances (A)^ 

Sb{l) - Zr(2) 2.927(1) Sb(2) - Zr(2) 2.824(2) 
Sb(l) - Zr(4) 2.945(1) Sb(2) - 2Zr(3) 2.833(1) 

Sb(l) - Zr(l) 2.951(1) Sb(2) - Zr(4) 2.835(2) 
Sb(l) - Zr(l) 2.992(1) Sb(2) - 2Zr(3) 2.912(1) 
Sb(l) - Zr(4) 3.023(1) Sb(2) - Zr(l) 2.951(2) 
Sb(l) - Zr(3) 3.083(1) Sb(2) - Zr(2) 3.048(2) 
Sb(l) - Zr(3) 3.085(1) Sb(2) - 2Zr(l) 3.806(1) 
Sb(l) - Zr(3) 3.106(1) 
Sb(l) - Zr(2) 3.193(1) Zr(l) - 2Sb(l) 2.951(1) 
Sb(l) - Sb(2) 3.806(1) Zr(l) - Sb(2) 2.951(2) 
Sb(l) - Sb(l) 3.963(1) Zr(l) - 2Sb(l) 2.992(1) Sb(l) - Sb(l) 

Zr(l) - 2Zr(3) 3.099(2) 
Zr(l) - Zr(2) 3.125(2) 
Zr(l) - 2Zr(3) 3.393(1) 
Zr(l) - Zr(4) 3.419(2) 
Zr(l) - Zr(2) 3.437(2) 
Zr(l) - Zr(4) 3.491(2) 

^Distances less than 4 A. 
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^22 B33 B i2 Bl3 B23 

0.53(3) 0.70(3) 0.02(2) -0.04(2) -0.02(2) 

0.65(4) 0.66(4) 0 -0.02(3) 0 

0.69(5) 0.65(6) 0 0.03(4) 0 

1.13(6) 0.64(6) 0 0.03(5) 0 

0.63(4) 0.85(4) -0.02(3) 0.12(3) 0.00(3) 

0.78(6) 0.61(6) 0 0.02(4) 0 

Zr(2) - Sb(2 2.824(2) Zr(3) - Zr(3) 3.375(2) 
Zr(2) - 2Sb(l 2.927(1) Zr(3) - Zr(l) 3.393(1) 
Zr(2) - Sb(2 3.048(2) Zr(3) - Zr(3) 3.445(2) 
Zr(2) - Zr(l 3.125(2) Zr(3) - Zr(2) 3.519(2) 
Zr(2) - 2Sb(l 3.193(1) Zr(3) - Zr(4) 3.544(2) 
Zr(2) - Zr(l 3.437(2) Zr(3) - Zr(2) 3.663(1) 
Zr(2) - 2Zr(3 3.519(2) Zr(3) - Zr(4) 3.996(1) 
Zr(2) - 2Zr(3 3.663(1) 
Zr(2) - 2Zr(2 3.777(1) Zr(4) - Sb(2) 2.835(2) 

Zr(4) - 2Sb(l) 2.945(1) 
Zr(3) - Sb(2 2.833(1) Zr(4) - 2Sb(l) 3.023(1) 
Zr(3) - Sb(2 2.912(1) Zr(4) - Zr(3) 3.239(2) 
Zr(3) - Sb(l 3.083(2) Zr(4) - Zr(l) 3.419(2) 
Zr(3) - Sb(l 3.085(1) Zr(4) - Zr(l) 3.491(2) 
Zr(3) - Zr(l 3.099(2) Zr(4) - 2Zr(3) 3.544(2) 
Zr(3) - Sb(l 3.106(1) Zr(4) - 2Zr(4) 3.822(1) 
Zr(3) - Zr(4 3.239(2) Zr(4) - 2Zr(3) 3.996(1) 
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Zr4 
Zrî Zrî 

Sb2 

3trr 

Zr2 Zr3 Zr3 

Zr3 Zr2 Zr4' 
Zrî 

Sbl 
Sbl 

Zrî 
Zr4 

Zr3 

Zr3 Zr3 2r2 

Zr4 

Zr3 Zr3 

Zr3 Zr2 
Zr4 zn Sb2^ 

Sbl 
Sbl 

Zrt Zf4 

Zr3 Zr3 

Figure 1. Projection of Zr^Sb^-Y onto (010). The shadings of the 
atom indicate their y coordinate. Half-filled atoms are 
at y = 1/2. The ellipsoids are arbitrary. The triangular-
hexagonal net of zirconium atoms at z = 3/4 has been 
emphasized 
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share edges to form hexagonal channels. The channels in addition to 

Sb(2) atoms, also contain Zr(3) atoms at y ~ 0, 1/2 which serve to cap 

the three rectangular faces of the trigonal prisms. 

The nets at y = 1/4, 3/4 are almost identical in the Yb^Sb^ struc

ture but the layers at y = 0, 1/2 are buckled differently. The 

difference can be seen in Figures 2a and 2b where only Sb(l) and Zr(3) 

from the Y^Bi^ structure and the equivalent atoms from Yb^Sb^ are 

projected onto the planes indicated. This slight perturbation of the two 

structures is not easily distinguished in a powder pattern. 

The single crystal refinement of Zr^Sb^-Y resulted in a stoichiome-

try of 5:3 within experimental error, and powder diffraction data indi

cated that the composition does not vary significantly from this ratio. 

The lattice parameters of ZrgSbg-Y in equilibrium with Zr^Sb (2-1, Table 

4) or with Zr^Sbg-M (6, Table 4) were essentially identical. Likewise, 

as-cast or annealed samples did not show any variations in lattice 

parameters. 

There is a definite temperature dependence, however, in the forma

tion of ZrgSbg-Y. It is only observed in reactions that have been pre

pared by arc-melting. When stoichiometric amounts of Zr and Sb powders 

are sintered (T _< 1100*C) only Zr^Sbg-M is formed. The Zr^Sb^-Y phase 

is, therefore, presumed to be a high temperature modification but the 

transformation temperature is not known since annealing reactions have 

yielded inconsistent results. As an example, a sample of Zr^Sb^ ^ 

composition obtained by arc-melting was annealed at llOCC for 1 week 

with no change in the observed Zr^Sbg-Y and Zr^Sbg-M proportions, but a 
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sample of composition Zr^Sbg ^ annealed at 950°C for 2 days yielded 

only ZrgSbg-M along with ZrgSb. It is possible that the transformation 

rate is very dependent on the size, and amount of contact between the 

grains of the different phase in the solidified button. These factors 

depend on the cooling rate of the sample after the arc is extinguished, 

which in turn is affected by the amount of material and phases present in 

the sample. The transformation is sluggish and must apparently overcome 

high kinetic barriers. The reverse reaction, Zr^Sbg-M to Zr^Sbg-Y, must 

take place above 1100°C. 

Zr^Sbg-M 

The Mn^Sig-type Zr^Sbg can be synthesized by sintering powders, 

vapor phase transport or arc-melting. The vapor transport reactions are 

difficult experiments because of the high temperature required to form 

Zr^Sbg from the gaseous iodide species. Hot wire reactions were only 

partially successful. They were carried out by sealing a stoichiometric 

amount of Zr and Sb powder and a small quantity (~25 mg) of iodide added 

in the form of Sbig in a Pyrex tube. The Pyrex vessel contained a Ta 

wire with external connections through which a current could be passed. 

The entire apparatus was placed in a furnace at 300°C and the wire heated 

to ~1300°C. This succeeded in producing Zr^Sb^, unfortunately the 

composition of the material deposited on the hot wire is very dependent 

on temperature and is independent of the starting composition. The wire 

temperature, is constantly varying as material, and hence electrical 

resistance, is deposited on it. If the wire temperature dropped too low, 

then ZrSb^_x or even ZrSb also formed. 
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Isothermal iodide transport reactions at 1300°C were also investi

gated. Stoichiometric amounts of Zr and Sb, and a small quantity of Sbig 

(~5 mg) were sealed in Ta tubes, and heated in an evacuated mullite tube. 

Unfortunately, the vacuum {10"5 torr) was not adequate to maintain com

positional integrity during the two-week reaction time span. Some 

zirconium oxide, with consistent lattice parameters, was always observed 

(~10%). No X-ray size single crystals of Zr^Sbg were obtained. 

Preparations by arc-melting were generally satisfactory for composi

tions between Zr^Sb^^g and Zr^Sb^, with sharp diffraction lines seen 

for both as-cast and annealed (1000-1100°C, 3 days) products. When the 

composition of the product was closer to Zr^Sb^, then Zr^Sb^-Y was also 

observed in as-cast samples. Annealing the multi-phase products yielded 

inconsistent results (discussed above). In preparations of Zr^Sb^ by 

sintering (T £ 1100°C) or vapor transport, Zr^Sbg-Y is never seen. 

It was difficult to achieve equilibrium in sintered powder reac

tions, and the samples had to be reground and pressed into a pellet two 

or three times and maintained at temperature (1000-1100°C) a total of one 

to two weeks. Most samples were, therefore, prepared by arc-melting and 

annealing (1000°C, 3 days'). 

The ZrgSbg-M phase was once thought to be an impurity-stabilized 

compound on the basis of an observed atomic volume that was about 4.5% 

larger than the value interpolated between phases as then assigned. The 

fact that Zr^Sbg-M is a true binary compound can be established from the 

observation of reproducible and quantitative yields in many different 

reactions using different synthetic techniques. This investigation has 
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led to the determination that Zr^Sb^-M exhibits a substantial homogeneity 

range which may account for the abnormally high atomic volume previously 

observed. 

The homogeneity range is shown graphically in Figure 3 where the 

data are plotted with a least-squares linear fit. The data points were 

obtained from products of annealed arc-melted reactions in which the 

final compositions Zr^Sbg^.^ were estimated by attributing all weight 

loss to antimony volatilization. The single phase data can be seen to 

intersect the antimony-poor, two-phase limit at a Zr^Sb* composition 

where x = 2.97. It seems likely that the substoichiometric limit is not 

real but an artifact of the small systematic error introduced by 

attributing all weight loss to antimony. This consideration is presumed 

to apply to the other phase limit as well. The uncorrected linear least-

squares fit of lattice parameters yielded the following equations, 

a = 0.31455(x) + 7.4864 (correlation factor 0.9998) 

c = 0.24465(x) + 5.04131 (correlation factor 0.9998) 

The equations were then used to calculate x values from measured 

lattice parameters of products in which the precise composition was not 

known. These were transport reactions employing either hot wire or iso

thermal conditions. Using the linear equation for the a-axis, a composi

tion X was calculated, paired with the c-axis value of the same sample, 

and plotted. The data points for the a-axis were arrived at in the same 

manner by employing the c-axis fit. The scatter of the data points is a 

measure of the internal consistency of the two least-squares fits. The 

plotted points, Figure 4, can be seen to deviate from the previously 
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Figure 3. Lattice parameters vs composition plot for Zr^Sb*. There 
are additional data points in the two-phase regions that are 
outside the range plotted, but were used in fixing the 
horizonal lines 
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calculated least-squares line. This is especially true of the data 

plotted along the a-axis line, which implies that the c-axis equation 

used to calculate the composition of these points is not strictly appli

cable. Nevertheless, the deviations are small and the lattice parameters 

essentially show a linear dependence on composition. 

Having established the existence of a homogeneity range for 

Zr^Sbg-M, from approximately Zr^Sb^^ to Zr^Sb^ the question of 

composition formulation now arises. The composition may as easily be 

represented by Zr^.^Sb^, as by Zr^Sb^^^. The latter was chosen for 

compelling reasons. 

The occupation by Sb of the interstitial site seems more likely than 

Zr vacancies. This supposition is based on the examples of Ti^Ga^^s and 

Zr Sn which have 'filled" Mn Si structures, where the fourth main 
5  4  5  3  

groups metal atom-is found in the so-called interstitial site, viz., 

ZrgSbgGa and Zr^Sn^Sn. Similar behavior with antimony is reasonable and 

this circumstance was confirmed by a single crystal structural investi

gation. 

The single crystal was obtained from an as-cast arc-melted prepara

tion of overall composition Zr^Sb^ g, where the powder pattern con

tained a mixture of Zr^Sbg-Y and Zr^Sbg-M diffraction lines. The experi

mental details of data collection are outlined in Table 8. The data 

exhibited systematic absences consistent with the space group of the 

Mn^Sig structure, P6g/mcm. Initial least-squares refinement was carried 

out on approximate positional parameters based on Mn^Sig. The refinement 

proceeded in a well behaved manner, and after several cycles the 
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Figure 4. Plot of composition vs. lattice parameters for Zr^Sb* phases 
of unknown composition. The crosses indicate composition 
calculated from least-squares fit of c-axis data. The tri
angles indicate composition calculated from least-squares fit 
of a-axis data. The scatter of the data points is a measure 
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convergence of the variable positional parameters, anisotropic thermal 

parameters and secondary extinction correction factor yielded an R of 

0.071. At this point a Fourier map revealed an electron density peak at 

the origin of the unit cell of approximately 7 e/A^. The electron 

density was assumed to be a random partial occupancy by antimony of the 

interstitial site and was refined as such. The distance of the sur

rounding Zr atoms to this site is 2.53 A which excludes the possibility 

of occupancy by an oxygen atom. The final agreement factors converged at 

R = 0.027 and R^ = 0.034 with all variables except that for Zr(l) 

occupancy, varied simultaneously. The formula as determined by the 

refinement was Zr^Zr, of all refined 

parameters and resulting interatomic distances is given in Table 10. 

The crystal structure confirms the supposition that the range of 

homogeneity observed by powder diffraction is due to insertion of anti

mony into the interstitial site. The refined antimony composition.of 

3.161(7) can bé compared with the composition calculated from the previ

ously derived linear least-squares fit, and the powder pattern lattice 

constants. The values calculated are Xg = 3.14 and = 3.13 which 

are slightly lower than the single crystal result. This discrepancy can 

be accounted for if allowance is made for the systematic error introduced 

when deriving the equations (discussed above). 

A projection of the Zr^Sb^-M structure down the c-axis is drawn in 

Figure 5. All atoms are located in special positions with fixed z 

parameters represented by the shading of the atoms. Filled circles are 

at z = 0 and 1/2, and z = 1/4 or z = 3/4 atoms are fractionally shaded 
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Figure 5. Projection of the ZrgSbg-M structure onto (001). The thermal ellipsoid sizes are 
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represents the height along the c-axis. Filled small circles are at both z = 0 and 
1/2 



www.manaraa.com

Table 10. Refined parameters and interatomic distances for Zr Sb . 
(Mn^Sig) 

Atom Site Occupancy X y z 

Sb(l) 6(g) 1.003(7) 0.6083(1) 0 1/4 

Zr(l) 4(d) 1 1/3 2/3 0 

Zr(2) 6(g) 1.000(7) 0.2466(3) 0 1/4 

Sb(2) 2(b) 0.081(4) 0 0 0 

Interatomic Distances (A) 

Sb(l) - 2Zr(2) 2.890(1) 
Sb(l) - 4Zr(l) 2.974(1) 
Sb(l) - Zr(2) 3.048(2) 
Sb(l) - 2Zr(2) 3.141(1) 
Sb(l) - 2Sb(l) 3.421(1) 
Zr(l) - 2Zr(l) 2.893(1) 
Zr(l) - 6Sb(l) 2.974(1) 
Zr(l) - 6Zr(2) 3.545(1) 

Zr(2) - 2Sb(2) 2.532(2) 
Zr(2) - 2Sb(l) 2.890(1) 
Zr(2) - Sb(l) 3.048(2) 
Zr(2) - 2Sb(l) 3.141(1) 
Zr(2) - 4Zr(l) 3.545(1) 
Zr(2) - 4Zr(2) 3.562(1) 
Zr(2) - 2Zr(2) 3.599(4) 
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accordingly. The structure can be described as being composed of two 

chains which extend along the c-axis (see Figure 6). The Zr(l) atoms 

form a linear chain with an extremely short Zr-Zr interatomic distance of 

2.893(1) A compared to 3.2 A in hep a-Zr.is This linear chain of very 

closely spaced transition metals is a notable feature of the Mn^Si^ 

structure type and is very similar to the linear transition metal chains 

found in the A15 compounds. A significant difference can be found in the 

fact that in Mn^Sig the chains extend only in one direction, not the 

three found in the cubic A15 phases. The Zr(l) atoms of these chains are 

coordinated by six Sb(l) atoms at a distance of 2.974(1) A, which is 

typical of Zr-Sb spacings in other binary compounds. The surrounding 

polyhedron is somewhat unusual in that the six-fold coordination cannot 

described as trigonal prismatic or trigonal antiprismatic but intermedi

ate between these two extremes. 

The second structural feature is formed by the Zr(2) atoms and can 

be viewed as an infinite stack of confacial octahedra, more properly 

trigonal antiprisms. The interstitial site is located at the center of 

these octahedra. In contrast to the Zr(l) atoms, the Zr(2)-Zr(2) inter

atomic distances are very long at 3.56 and 3.60 A. In fact, the 

Zr(l)-Zr(2) distance of 3.55 A is even shorter. The Sb(l) atoms are 

located above pairs of available faces of the shared octahedra in the 

manner of the well-known MgXg clusters. Each of the Zr(2) atoms is 

shared between two octahedra, resulting in Zr^^^. Two of the eight faces 

of the octahedron are unaccessible to Sb because of cluster condensation 

and the antimony bridging each of the remaining six faces is shared by 
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Figure 6. A view of the condensed octahedral Zr(2) chain (a), and the linear Zr(l) chain (b). 
The thermal ellipsoids are arbitrary. Filled circles denote the interstitial site. 
Note that Zr(l) and the interstitial site occur at the same height along c and have the 
same interatomic spacing 



www.manaraa.com

49 

two octahedra resulting also in Sb . The stoichiometry of the chain is 

then ZrgSbg. The same structural feature can be found in the condensed 

MgXg cluster compound KMo^S^.'+s The two crystal structures are actually 

very similar; the difference comes about when each potassium is replaced 

by a pair of Zr atoms, forming the linear metal chain. 

The Zr^Sbg-M structure is not as anisotropic as the above discussion 

of the structural features would seem to indicate. This is because each 

Zr atom in the two chains discussed is strongly bonded to the Sb(l) atoms 

which are shared between Zr(l) and Zr(2), and serve to couple the struc

ture in three dimensions. 

The ideal solid solution behavior of Zr^Sb^+x is manifested in thé 

linear increase of lattice parameters with increasing Sb composition 

(Vegard's law). The possibility that some of these phases may have an 

ordered structure (superstructure) was considered. Superstructure forma

tion with the MngSig structure has been observed with rare-earth metal 

silicides in which carbon is added as a ternary component and occupies 

the interstitial site.46,47,48 Unlike Zr^Sbg-M, in RE^SigC* (RE 

= Gd, Ho, Er) x could be varied from 0.0 to 1.0 and a superstructure of a 

= /3a was observed at x = 0.5 for all three metals, plus an additional 

tripling of the c-axis at x = 1.0 for Er and Ho. The plot of lattice 

parameters versus composition for Gd^Si^C* varied markedly from 

linearity.48 Despite the obvious differences between Zr^Sb^+x and 

REgSigC^, the possibility of superstructure formation was 

investigated. 
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The powder patterns of 23 reactions that yielded a single phase 

ZrgSbg-M product were examined, and 17 showed no evidence of super

structure lines. These were prepared by a variety of techniques and 

included arc-melted, as-cast and annealed (T = 1000-1100°C) products, and 

sintered powders (T = 1000-1100°C) with and without a transport agent 

added. The remaining six reactions did exhibit weak diffraction lines 

indicative of a superstructure. 

These six reactions were from a series designed to produce lattice 

parameter vs composition data. They had been loaded with a ground mix

ture of Zr^Sbg^ prepared by arc-melting and Sb, and were sealed in Ta 

containers. The containers were placed in a vacuum furnace (10"6 torr) 

and the materials allowed to react at 1300°C for 3 days. The series of 

compounds Zr^Sb^, (x = 3.50, 3.40, 3.35, 3.30, 3.25, 3.20, 3.15) was 

supposed to have been produced by these reactions, but the lattice 

parameters for all the products were virtually identical, and within 

experimental error the same as the values for the antimony-rich limit 

ZrgSbg.ijo (Figure 3). The reactions originally loaded with the com

positions ZrgSbg.g dpd Z^gSb^.^ also contained in the powder patterns 

the strongest lines of ZrSb^.^ (two and one lines, respectively). The 

other reactions may also have produced this phase, but below the detec

tion limit of Guinier powder diffraction (-5%). In addition, most of the 

powder patterns contained the same 3 or 4 very weak extra lines that 

could be indexed on a larger hexagonal cell where a = /3a; the same one 

found for RE,Si,C„ This does not constitute proof of a super 
5  3  0 * 5  
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Structure for Zr^Sb^-M because it is not certain that the powder patterns 

are of the binary compound. 

The formation of products with identical lattice parameters from 

reactions loaded to yield different compositions can be explained by loss 

of Zr from the starting material to form ZrO^. If enough oxygen were 

present, the Zr^Sb^-M product would shift to more and more antimony-rich 

compositions until the Zr^Sb^^^ limit was reached. In fact, the two or 

three most intense lines of monoclinic ZrOg can be seen as very weak 

lines in all of the powder patterns. The amount of oxygen required to 

shift the composition in the worst case, from Zr^Sb^ to Zr^Sb^^^g, 

would be very small. Only 3 mg of Zr reacting to produce ZrOg would give 

this result. Such a small amount of oxygen could have easily come from 

the vacuum atmosphere and diffused through the Ta container, or been 

present in the zirconium powder starting material. 

It is likely that the superstructure lines may indeed arise from an 

ordering of Sb in the interstitial site which occurs at 1300°C, but is 

not observed at lower temperatures because the kinetic barriers of Sb 

mobility have not been overcome. The great difficulty encountered in 

achieving equilibrium at 1000-1100°C with sintered powders is testimony 

to the fact that mobility of atoms is very low. No preparations of 

Zr^Sbg.^ by sintering of powders was attempted, and arc-melted samples-

were annealed for only 3 days. These factors may account for the absence 

of superstructure lines in all but the six reactions discussed. However, 

it is less likely, but also possible that the superstucture observed was 

caused by an ordering of antimony and oxygen atoms and that this accounts 
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for the absence of superstructure lines in reactions run under more inert 

conditions. 

There is a temperature dependence to the formation of Zr^Sb^-Y or 

Zr^Sbg^-M. The YgBig structure is found only as a metastable phase 

from high temperature preparations. The lattice constants of Zr^Sbg-M 

found with Zr^Sb^-Y in as-cast preparations are consistent with, and 

equal to those measured for Zr^Sb^ This implies that the 

transformation from the Y^Big structure to the Mn^Sig modification is an 

incongruent process. There is also a compositional dependence since 

Zr^Sbg-Y has an extremely narrow homogeneity range and Zr^Sbg-M has an 

extensive one. An excess of antimony will thus favor the formation of 

the MngSig structure type. 

The same two structural modifications have been observed for RE^Bi^ 

phases as well. The compounds Gd^Big and TbgBig were found to be 

dimorphic.49 The Y^Bi^ structure was observed from melted alloys (i.e., 

high temperature) with a more zirconium-rich composition. The phases 

were written as RE^Bi^ for the Mn^Si^ structure and RE^+^Big for the 

YgBig modification. A subsequent crystal structure refinement of the 

compound Y^Bi^ established that it was a stoichiometric phase with no 

excess rare-earth metals, and so the Mn^Sig polymorphs were now described 

as RE _ Bi The results of the present investigation of Zr Sb seem 5 X 3  3 0  

to indicate that the MngSig structure for GdgBig and TbgBig should once 

again be rewritten, now as REgBig+x' 

The structural relationship between the Y^Bi^ and Mn^Si^ types 

described for the RE^Bi^ phases^i is equally applicable to Zr^Sb^. A 
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structural feature common to both structure types is shown in Figures 1 

and 7. A chain of opposite facing Zr trigonal prisms centered by Sb 

atoms runs parallel to the [101] direction in Zr^Sb^-Y (Fig. 1). 

Bisecting the trigonal prisms is a network of Zr and Sb atoms forming 

diamonds and pentagons. A similar chain of opposite facing Zr trigonal 

prisms can also be found in Zr^Sbg-M along the [COl] direction, but it is 

now linear and not buckled as in Zr^Sb^-Y (Fig. 7). The network of Zr 

and Sb atoms bisecting the prisms forms a ribbon of triangles sharing 

edges. The distortion that resulted in the buckling of the prism chain 

also caused this regular network of triangles to form the pentagons and 

diamonds observed in the YgBig structure. 

The differences between the two structures cannot be attributed 

solely to the simple distortion of the prism chains. In Zr^Sb^-Y the 

prisms share their trigonal faces to form planes composed of trigonal 

columns. These planes are connected by sharing the remaining edges to 

constitute the three dimensional structure and give the large hexagonal 

channels. The connectivity of the trigonal prisms in Zr^Sbg-M is very 

different. The prisms do not share either the trigonal faces or the 

remaining third edge (see Figure 7). A considerable rearrangement of the 

structure would be required to convert the Y^Big into the Mn^Sig struc

ture, and could account for the large kinetic barriers found for the 

interconverion. 

The interstitial site which is at the center of a Zr octahedron in 

Zr^Sbg-M can have a counterpart in Zr^Sb^-Y; it is, however, a tetra-

hedral site with a distance of -2.1 A to the neighboring Zr atoms. This 
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Figure 7. Trigonal prism chain of zirconium in Zr^Sb^ (Mn^Sig). In the interest of clarity only 
the atoms in the trigonal prism chain are drawn in the projection (a). The thermal 
ellipsoids are arbitrary; large circles are antimony, smaller circles are zirconium. 
One unit cell has been outlined. Fraction shading of the atoms represents the height 
along the c-axis. Filled circles are at both z = 0 and 1/2. Mote that the antimony-
centered trigonal prims face in alternate directions. This is better seen in (b) 
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is an extremely small hole for any excess Sb atoms, requiring a very 

large distortion. Extra Sb atoms can be much more easily accommodated in 

the interstitial site of Zr^Sb^-M and are likely to cause adoption of the 

Mn^Sig structure for ZrgSbg+x compositions. 

A small nonmetal (B, C, N) atom would be more likely to fit in this 

site. Investigations of these Zr^Sb^Z systems (described in part II) 

showed that even the small nonmetal atoms prefer the octahedral hole in 

the Mn^Sig modification. 

ZrSb 

There were no reports of a compound with an equiatomic composition 

in the Zr-Sb system but during the course of this investigation two 

phases with a stoichiometry near 1:1 were observed. One of these forms 

with the FeSi structure,so and the second is found in a unique structure 

type that will be denoted as ZrSb . 

FeSi 

When determining the antimony-rich limit of stoichiometry for 

Zr^Sbg+x, the second phase in the two phase mixture gave only a few 

lines in the powder pattern. These lines were not weak, and clearly not 

due to the expected ZrSbg. The two-phase mixture was obtained repro-

ducibly for arc-melted products, both annealed and as-cast, of many 

reactions. The diffraction pattern of the unknown phase was indexediG on 

the basis of a primitive cubic unit cell, a = 5.6358(4), from a sample of 

composition Zr^.^gSbg(8) prepared by arc-melting and annealed for 

5 days at 900°C. 
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Once the unit cell was determined, an estimate of the number of 

atoms in the cell could be made from an estimate of the volume per atom 

(Table 7). The atomic volume, of the compound nearest in composition, 

used to make the calculation is 23.2 A^/atom which gives 7.7 atoms/unit 

cell. This number was rounded off to 8 atoms/unit cell and together with 

the symmetry information derived from the powder pattern, a search of 

known structure types in Pearson^s was made. Calculated powder patterns 

for all cp8 (cubic, primitive, 8 atoms/unit cell) structure types were 

compared with the experimentally observed one, and the unknown compound 

was identified as ZrSb in the FeSi structure.so A comparison of observed 

and calculated intensities is given in Table 11. 

An atomic volume of 22.4 A^/atom calculated on the basis of 8 

atoms/unit cell is smaller than was expected for 4 Zr and 4 Sb atoms. 

This value is closer to those of the more zirconium-rich phases Zr^Sbg, 

ZrgSb, and Zr^Sb. As the proportion of antimony with respect to 

zirconium increases, the average atomic volume of the compounds should 

increase because of the larger size of Sb. Two conclusions can be drawn 

from the anomalously low atomic volume of ZrSb in the FeSi structure; the 

compound has a very well-packed structure, or it contains less than 8 

atoms/unit cell and is substoichiometric in Zr or Sb. A second ZrSb 

phase was found to be a stoichiometric compound with a composition 

ZrSbj,gg(^) according to a single crystal structural refinement 

(see below). This second modification is never found in equilibrium with 

Zr Sb and is only found to coexist with the FeSi-type when the 
5  3  ̂  



www.manaraa.com

57 

Table 11. Observed and calculated powder patterns for ZrSb^_x 
(FeSi-type) 

d(obs), A d(calc), A h k £ I(obs)^ I(calc)^ 

3.983 3.985 1 1 0 1 0.1 

3.253 3.254 1 1 1 15 13 

2.818 2.818 0 0 2 10 9 

2.520 2.521 0 2 1 100 100 

2.300 2.301 1 1 2 50 56 

1.992 1.993 2 2 0 1 0.8 

1.879 1.879 0 0 3 7 7 

1.782 1.782 3 10 4 2 

1.700 1.699 1 1 3 9 13 

1.5630 1.5630 2 0 3 5 5 

1.5064 1.5063 3  1 2 .  35 40 

1.4088 1.4091 0 0 4 6 11 

1.3670 1.3670 4 0 1 6 8 

1.3284 1.3285 1 1 4 5 5 

1.2931 1.2930 3 13 8 15 

1.2606 1.2603 2 0 4 4 2 

1.2302 1.2299 4 2 1 17 22 

1.2013 1.2016 3 3 2 4 4 

^Cu Kttj radiation. 
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lines disappear from the powder pattern, which leads to the 

conclusion that the FeSi modification is substoichiometric in antimony. 

Reactions of sintered powders were carried out with the same results 

as observed in arc-melting experiments, ruling out temperature as the 

driving force in structure determination. A further proof of this was 

obtained in an experiment where ZrSbg was heated in an alumina crucible 

in a dynamic vacuum of lO"^ torr. A powder pattern of the material was 

obtained after one day at 1000°C (9-1) which contained the lines of ZrSb 

(ZrSb-type) and a phase richer in antimony. After an additional day at 

1000°C (9-2) and further antimony vaporization, the powder pattern showed 

the formation of ZrSb (FeSi) along with some remaining ZrSb (ZrSb). The 

FeSi modification is, therefore, better formulated as ZrSb^_^. 

A rough estimate of x can be obtained from the unit cell volume and 

an estimated atomic volume of 22.9 A^/atom (the median of the Zr^Sbg-M 

and ZrSb values). This results in an x of 0.1 to give ZrSb^ g. 

The average atomic volume is, of course, dependent to a great extent 

on the packing efficiency of a particular structure type as well as rela

tive sizes of the constituent atoms. In Figure 8 the average atom is 

volume is plotted as a function of antimony content and except for Zr^Sb, 

the data points lie along a straight line. This demonstrates that the 

packing of the various structure type (excluding Zr^Sb) has only a mini

mal effect on the average atomic volume. 

The individual average atomic volume of zirconium and antimony can 

be calculated from the data in Table 7 (excluding Zr^Sb) as 

= 21.1 and Vs^ = 25.0 . If these numbers are used to 
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Figure 8. Plot of average atomic volume as a function of antimony content in the binary 
compounds, except for Zr^Sb, a linear increase in average atomic volume with 
antimony content can be seen 
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estimate the composition of the FeSi phase then the formula is also 

calculated as ZrSbg^g. This ZrSb^^g composition is only a very rough 

estimate and too much should not be made of it. It is interesting to 

note that at a slightly lower antimony composition, 0.8 Sb atoms would 

have 4 valence electrons and could satisfy the octet rule with the four 

valence electrons of Zr. This result in more intriguing when the range 

of homogeneity for ZrSb^_x is explored. 

The ZrSbj_x phase exhibits line compound behavior as witnesses by 

the experimentally identical lattice parameters of the compound in equi

librium with Zr^Sbg+x or ZrSb (see Table 4 reactions 8 and 9). Such 

behavior is unusual for a nonstoichiometric compound. No superstructure 

lines were observed in the powder patterns indicating that the vacancies 

are not ordering. 

A single crystal structural refinement was desirable in order to 

confirm the postulated antimony deficiency. Towards this end, crystals 

were grown by vapor transport in a hot wire apparatus and also in a flux 

of Bi which was slowly evaporated. These techniques yield large (0.2 = 

0.5 mm) size gem-like crystals. Oscillation photographs of these indi

cated that they were single and crystals were mounted on the diffractome-

ter. The expected cubic unit cell was obtained from BLINDAI but, unfor

tunately, these crystals were always twinned. Repeated attempts resulted 

in data sets which could not be averaged with cubic symmetry. 

ZrSb 

This second ZrSb modification was first observed in a reaction 

designed to produce Zr^Sb^C. The elemental powders were sealed in a Ta 
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tube with a small amount of Zrl^ as a transporting agent, and heated at 

950°C for 2 weeks. The powder pattern of the products contained the 

lines of ZrC, and a second phase that could not be identified as any 

known Zr-Sb binary compound. It was, therefore, presumed to be a carbon-

stabilized ternary compound and the structure determined. 

Oscillation and Weissenberg photographs of a rectangular plate indi

cated that this compound crystallizes with C-centered orthorhombic sym

metry. The approximate lattice parameters so obtained allowed the powder 

pattern to be indexed and provided the refined values listed in Table 4. 

Experimental details of data collection are given in Table 8. The 

averaged data exhibited systematic absences consistent with the space 

group Cmcm. Initial determination of the positional parameters for two 

antimony atoms was accomplished by the use of MULTAN 8052 and a Fourier 

map following refinement of these positions revealed the location of two 

zirconium atoms. Full-matrix, least-squares refinements with anisotropic 

thermal parameters proceeded smoothly. In the latter stages of the 

refinement, the multiplicity of three out of the four atoms was allowed 

to vary with the result that all positions were found to be fully 

occupied (refined formula ZrSb^ The final refinement cycle 

converged at R = 0.037 and = 0.058. Because weaker reflections were 

observed to have larger values of WA^ (A = [FqI - |Fcl), the data set 

was reweighted in six overlapping groups sorted according to FQ SO that 

WA2 values for all the groups were equal. The residuals were now R = 

0.037, R^ =' 0.045. A final electron density difference map revealed no 

residual peak greater than 1 e/A^ ruling out this compound as a carbon-
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Stabilized ternary phase. The refined positional and thermal parameters 

and important interatomic distances are listed in Table 12. 

The principal bonding in ZrSb appears to be heteroatomic, although 

layers of antimony(2) are also present. The Zr-Sb distances range from 

2.84 - 3.11 A (Table 12) and as such probably represent strong bonding 

interactions when compared to 2.9 - 3.1 A found in the other binary com

pounds. On the other hand, the Zr-Zr distances are fairly long at 3.40 

A, and only weak interactions between the transition metal atoms are 

expected. The Sb(2) - Sb{2) separations of 3.25 A are intermediate both 

in distance and most likely in orbital overlap based on 2.91 A and 3.36 A 

found in the element.53 

In order to simplify the conceptualization of the structure, the 

Sb(2) - Sb(2) and Zr-Zr interactions have been emphasized at the expense 

of the stronger Sb-Zr bonds in the projection shown in Figure 9. The 

antimony(2) atoms from a puckered layer centered about {002} that is 

actually a slightly distorted version of the layers found in elemental 

a n t i m o n y ,  a l b e i t  w i t h  l a r g e r  i n t e r a t o m i c  d i s t a n c e s  ( 3 . 2 5  A  v s  2 . 9 1  A ) .  A  

clearer view of this layer is given in Figure 10. Between these layers 

lie columns composed of confacial trigonal prisms of zirconium atoms with 

the pseudo three-fold axis parallel to [100], that are centered by anti-

mony(l) atoms. Pairs of these columns displaced by a/2 are linked with 

3.02 A Zr(2) - Sb(l) contacts as well as more numerous Zr(l) - Zr(2) 

interactions at 3.40 A. The shortest Zr-Zr separations of 3.39 A are 

actually between the columns and across the antimony(2) layer. The 
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Table 12. Refined parameters for and distances in ZrSb 

Atom Site X  y z 

Zr(l) 8(f) 0 0.0714 (1) 0.1088 (1) 

Zr(2) 4(c) 0 0.3798 (2) 1/4 

Sb(l) 4(c) 0 0.6694 (1) 1/4 

Sb(2) 8(f) 0 0.6415 (1) 0.5477 (1) 

Interatomic distances, (A)^ 

Sb(l) - 2 Zr(2) 2.913(2) Zr(l) - 2 Sb(l) 2.934(1) 

Sb(l) - 4 Zr(l) 2.934(1) Zr(l) - 2 Sb(2) 2.998(1) 

Sb(l) - 1 Zr(2) 3.019(2) Zr(l) - 2 Sb(2) 3.054(1) 

Zr(l) - 1 Sb(2) 3.113(2) 
Sb(2)  - 1 Zr(2) 2.835(1) 

3.385(2) 
- 1 Zr(2) 

Zr( l )  - 1 Zr(l) 3.385(2) 
Sb(2)  - 2 Zr(l) 2.998(1) 

Zr(l) - 2 Zr(2) 3.399(1) 
Sb(2) - 2 Zr(l) 3.054(1) 

Sb(2) - 1 Zr(l) 3.113(2) Zr(2) - 2 Sb(2) 2.835(1) 

Sb(2) - 1 Sb(2) 3.238(2) Zr(2) - 2 Sb(l) 2.913(2) 

Sb(2)  - 2 Sb(2) 3.251(1) Zr(2) - 1 Sb(l) 3.019(2) 

Zr(2) - 4 Zr(l) 3.399(1) 

^Distances <3.5 A. 
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Figure 9. Projection of the orthorhombic crystal structure of ZrSb along the short a-axis 
emphasizing Zr-Zr and Sb-Sb relationships. Shaded atoms are at x = 1/2, open atoms 
are at x = 0. Many shorter Zr-Sb contacts have been omitted in the interest of 
clarity 
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Sb2 

3-238 

Figure 10. Antimony(2) atoms in ZrSb form a layer that is distorted but 
very reminiscent of that found in elemental antimony. (95% 
probability thermal ellipsoids) 
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resulting coordination involving only Zr-Sb bonding is shown in Figure 11 

for all the atoms. 

Once it was determined from the crystal structure that this new ZrSb 

binary compound was not stabilized by carbon, experimental verification 

was obtained by its synthesis in quantitative yields with vapor transport 

reactions in sealed Ta tubes at 950°C as well as by arc-melting or via 

pressed pellet reactions. Crystals of ZrSb can also be grown in a hot 

wire apparatus employing a Ta wire at 950°C and a Pyrex vessel at 300°C 

with Ig as a transporting agent. Because the temperature of the wire is 

difficult to control ZrSb^,* often grows on the wire as well. 

The ZrSb phase will lose antimony when heated to 1000°C under a 

dynamic vacuum of 10"5 torr to yield the substoichiometric ZrSb^_x 

which is accompanied by a structural transformation to the FeSi 

structure. 

The structure type found for ZrSb has not been reported for any 

other compound, but HfSb gives a powder pattern that can be indexed on 

the basis of an orthorhombic unit cell (a = 3.78, b = 10.36, c = 13.87 

A)3b very similar to that of the zirconium phase. 

In order to verify that there were no more phases between ZrSb and 

ZrSbg, powders of Zr and Sb in the stoichiometric ratio of 2:3 were 

heated at 900°C for 6 days (11). This reaction failed to verify the lack 

of compounds between ZrSb and ZrSbg since it yielded yet another unknown 

phase. The powder pattern can be indexed^® on the basis of a primitive 

tetragonal cell a = 9.565(1), c = 5.288(1) A, indicating a single phase 
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Figure 11. Primary heteroatom coordination spheres of the four 
independent atoms in the ZrSb structure. Atom ellipsoids 
are drawn at the 95% probability level 
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product with a composition at or very near ZrgSbg. The compound can also 

be prepared by arc-melting, but the preparation is difficult due to copi

ous amounts of antimony volatilization. In fact, Sb is lost from ZrgSb^ 

even at 1000°C and a vacuum of 10"5 torr (see 9-1 and 9-2, Table 3). 

The structure type of this compound could not be identified, in part 

because no reasonable value for the number of atoms per unit cell could 

be obtained. If there are four formula units per unit cell, the 20 atoms 

would have an average volume of 24.7 A^/atom. This number seems 

unreasonably large when compared to other values found in the binary 

system (Table 7). A more reasonable volume of 23.7 A/atom would mandate 

an unlikely 20.8 atoms per unit cell. 

Attempts to obtain single crystals of this compound by arc-melting 

to verify the unit cell failed. Experience has shown that unit cells 

determined solely on the basis of d-spacings and indexing without cor

roboration from single crystal data or by identification of the structure 

type must be regarded as only tentative. That is even truer in this 

case, and the tetragonal cell described above should be regarded with 

some suspicion. 

ZrSbg 

The most antimony-rich compound reported and verified by this study 

is ZrSbg, the structure of which has been previously described.2^,25 

Large rod crystals, about one centimeter in length, of this phase can be 

formed by dissolving zirconium powder in a large excess of antimony and 

allowing the solvent to evaporate slowly. This was accomplished at 

lOOO'C in an AlgO^ crucible under 100 torr of argon. The compound can 
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also be synthesized by sintering. A reaction in which a 1-3 stoichio

metric ratio of the elemental powders was allowed to react at 850°C for 

one day followed by one day at 550°C (13) confirmed that Sb is in equi

librium with ZrSbg in the two phase region. 

The structure of this compound was verified in this work by powder 

diffraction but, as the case with Zr^Sbg and ZrSb, a second structural 

modification has been observed. 

B-ZrSbg 

In an attempt to grow single crystals of ZrgSbg, a stoichiometric 

mixture of Zr and Sb powders was sealed in a silica container under 

vacuum, with Cdig as a transport agent. The reactants were heated at 

700°C while the opposite end of the tube was maintained at 650°C for 9 

days (14). It was evident upon removal of the reaction from the furnace 

that the fused silica had been attacked by zirconium and that an 

antimony-richer product should be expected. Some material had trans

ported to the cool end of the reaction container but most (75%) remained 

in the hot end. The two products were visually identical and in the form 

of rod crystals about 1.0 mm x 0.1 mm x 0.1 mm. The powder patterns 

confirmed that the two products were identical, but different from the 

expected ZrSbg. 

A single crystal allowed the unit cell dimensions to be approximated 

by oscillation and Weissenberg techniques, and the precise lattice 

parameters given in Table 4 were then obtained by a least-squares fit to 

indexed Guinier powder diffraction data. The cell was found to be primi

tive orthorhombic. The small unit cell and especially the short b-axis 
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indicated that this was most likely a previously unreported Zr-Sb binary 

compound, and a structural determination was deemed appropriate. 

The averaged diffraction data exhibited multiplicities and system

atic extinctions consistent with the space group Pnma. Because of the 

synthetic route used, the composition of the sample was not known, but 

MULTAN 8052 rendered atomic positions and relative electron densities, 

from which it became evident that the structure was composed of three 

independent atoms, each with a four-fold multiplicity, and that the stoi-

chiometry was ZrSb^. A shift of the origin revealed that the structure 

was actually the anti-COgSi^s or PbClg type which is also known for 

ZrPgS^ and ZrASg.ss 

Full-matrix, least-squares refinement proceeded smoothly, and in the 

final cycle all positional, thermal and occupancy parameters except the 

Zr multiplicity were allowed to vary. This revealed a slight deficiency 

of Sb(l) and an overall composition of ZrSb^^gg^^). Since there 

was attack of the glass during the synthesis of this compound, the possi

bility that it was interstitially stabilized by either silicon or oxygen 

was considered, but a final electron density difference map did not 

contain any residual peaks greater than 0.5 e/A^. 

The refined parameters are presented in Table 13. It should be 

noted that this phase appears to be substoichiometric in antimony, namely 

ZrSbi.955(1^), as revealed by the nonunity value for the refined 

multiplicity of antimony(l). Such a property is also reminiscent of the 

pair of compounds at the equiatomic composition, viz., ZrSb^_^ (FeSi) 

and ZrSb (ZrSb). Unfortunately, the compositional dependence of the free 
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Table 13. Refined parameters for and distances in ZrSb^.ggg(^) (g) 

Atom Site Multipl. x y 2 

Zr 4(c) 1.0 0.2606(1) 1/4 0.1622(1) 

Sb(l) 4(c) 0.956(4) 0.8713(1) 1/4 0.04495(7) 

Sb(2)  4(c) 1.0 0.9311(1) 1/4 0.64586(7) 

Interatomic Distances, A® 

Zr - 1 Sb(l) 2.923(1) Sb(l) - 2 Sb(l) 2.890(1) 

Zr - 2 Sb(l) 2.976(1) Sb(l) _ 1 Zr 2.923(1) 

Zr - 2 Sb(2) 3.032(1) Sb(l) _ 2 Zr 2.976(1) 

Zr - 2 Sb(2) 3.060(1) Sb(l) _ 1 Zr 3.091(1) 

Zr - 1 Sb(l) 3.091(1) Sb(l) _ 2 Sb(2) 3.146(1) 

Zr - 1 Sb(2) 3.209(1) Sb(l) _ 1 Sb(2) 3.731(1) 

Zr — 2 Zr 3.987(1) Sb(l) _ 1 Sb(2) 3.849(1) 

Sb(2) - 2 Zr 3.032(1) Sb(l) _ 2 Sb(2) 3.859(1) 

Sb(2) - 2 Zr 3.060(1) Sb(l) - 2 Sb(l) 3.987(1) 

Sb(2) - 2 Sb(l) 3.146(1) 

Sb(2) - 1 Zr 3.209(1) 

Sb(2) - 2 Sb(2) 3.581(1) 

Sb(2) - 1 Sb(l) 3.731(1) 

Sb(2) - 1 Sb(l) 3.849(1) 

Sb(2) - 2 Sb(l) 3.859(1) 

Sb(2) - 2 Sb(2) 3.989(1) 

3Distances < 4.0 Â. 
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energy of formation is not as well established in the present case since 

attempts to synthesize ZrSb^ by sintering powders have produced only 

ZrSbg with the previously reported structure.36,3? 

A projection of ZrSb^ down the short b axis is shown in Figure 

12 with the shorter Sb-Sb contacts emphasized. This structure allows 

close Sb(l) - Sb(l) contacts of 2.89 A (Table 13) along an infinite 

zig-zag chain parallel to the b-axis, with each atom in this chain also 

coordinated further to two antimony(2) atoms at 3.15 Â, Figure 13. The 

antimony atoms also differ from above in their coordination to zirconium; 

antimony(l) is bonded to four zirconium atoms in a tetrahedral environ

ment while antimony(2) is bonded to five zirconium atoms in a square 

pyramidal manner. The zirconium atom is nine-coordinate, as would be 

expected in this structure, but one Zr-Sb{2) distance at 3.21 A is sig

nificantly longer than the average of the other eight, 3.02 A. The 

implications of some of these distances will be discussed below as well 

as the simplistic view of the structure as Zr^+Sb^'Sb". 

Comparable views of both the unit cell projection and ribbon of 

antimony atoms for the previously known ZrSb^ structure36,37 gpg shown 

in Figures 14 and 15 (space group Pnnm, a = 14.9684(8) A, b = 9.9672(6) 

A, c = 3.8813(3) A). It should be noted that the a-type structure con

tains twice as many formula units per unit cell as the 3 (PbClg) form. 

Here there are isolated pairs of Sb(4) - Sb(4) atoms in addition to short 

(2.88 A) Sb(l) - Sb(l) separations within the antimony ribbon. The 

zirconium atoms are coordinated by eight antimony atoms in a bicapped 

trigonal prism in much the same manner as found for ZrSb^.gg with the 
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Figure 12, Projection of the B-ZrSbg (PbCl,) structure along the short 
b-axis. All atoms are at y = 1/4 (open circles) or y = 3/4 
(filled circles). Antimony-antimony contacts have been 
emphasized 
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Figure 14. Projection of the «-ZrSbg structure along the short c axis. All atoms are at z = 0 
(open circles) or z = 1/2 (filled circles). Antimony-antimony contacts have been 
emphasized 
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Figure 15. The ribbon formed by three of four antimony atoms in a-ZrSbg 
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ninth atom now at a longer 3.4 Â. The coordination of the antimony 

atoms by zirconium and antimony near neighbors has also changed. With 

reference to Figure 14, Sb(l) and Sb(2) have three zirconium neighbors, 

Sb(3) four, and Sb(4) six, compared with four and five atom coordination 

spheres observed in ZrSb^.gg. The increased Sb-Zr interaction by 

antimony(4) is compensated by a drop in Sb-Sb bonding so that it has only 

one antimony near neighbor (Figure 14). The antimony atoms that are 

tetrahedrally bonded to four zirconium atoms are bonded to four Sb atoms 

in a square planar manner in both compounds (Sb(l) in ZrSb^^gg, Sb(3) 

in ZrSbg). The remaining two antimony atoms in a-ZrSbg are both coordi

nated to three zirconium atoms but antimony(l) is bound to three antimony 

atoms while antimony(2) is bound to two. 

The atomic numbering schemes used in the structural illustrations 

are also used in the presentation of the following calculational results. 

Extended-Huckel calculations 

Three-dimensional, extended-Huckel band calculations were carried 

out on the two ZrSbg structural modifications using the atom positional 

parameters derived from single crystal structural investigations. 

The program utilized was developed and modified by Hoffmann and 

coworkers.24,25 The parameters utilized are listed in Appendix A. The 

H-j- j  values for zirconium 4d, 5s and 5p orbital s were obtained by a 

linear interpolation between the parameters for Mo^G and Y,57 whereas the 

antimony 5s and 5p values were included in the program package. The 

exponents and coefficients of the double-zeta expansion for zirconium 4d 

and single-zeta expansion for all other orbital s used to calculate the 
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radial distribution function were as t a b u l a t e d . 28,29 All overlap inte

grals were evaluated to a distance of 9.1 A beyond which they were set 

equal to zero. The density-of-states (DOS) curves were calculated by 

using 125 and 27 evenly spaced, symmetry-weighted k points in the three-

dimensional Brillioun zone for the PbCl^-type and ZrSb^ structures, 

respectively, and were smoothed with a Gaussian function of 0.1 eV half-

width at half maximum. 

The nonstoichiometry of ZrSb^ cannot be explicitly addressed by 

these calculations but a rigid band approximation was applied in which 

the DOS curve calculated on the basis of ZrSbg was filled with 55 valence 

electrons for the (ZrSb^^g)^ unit cell composition. 

The density-of-states curve for ZrSbj^gg is shown in Figure 16 

with the shaded areas under the curve representing the individual atom 

contributions of the three independent atoms in the structure to the 

total. Two broad bands appear below the Fermi energy (-8.7 eV). The 

lower one from -23 to -16 eV is mainly antimony s orbital in character 

with a very small zirconium contribution. The second band from -16 to 

-8.7 eV has a significant contribution from all three atoms. The large 

degree of zirconium character in this band represents the extent of 

covalent interaction between antimony and zirconium since the Zr-Zr 

separations are all quite long. Located immediately above Ep is an 

empty band with a high density-of-states that is almost wholly zirconium 

in character. These three bands would be much narrower and have a great 

deal less mixing of the atomic states in any ionic description. 
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Figure 16. DOS curve for e-ZrSb^ gg. The shaded areas under the curve represent the atomic 
orbital projections as indicated in the legend 
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More insight into the bonding in B-ZrSbg can be obtained from 

Figure 17 where the DOS curve has been overlap-weighted for various pairs 

of atoms such that a bonding interaction is positive and an antibonding 

one is negative. These crystal orbital overlap population (COOP) curves 

give a good representation of the bonding or antibonding effects for 

various atom pair interactions.Thus the Zr-Sb(l) and Zr-Sb(2) inter

actions can be seen to be strongly bonding up to the Fermi energy with 

the largest bonding component located in the upper valence band where 

there is significant zirconium mixing. It is also evident that there is 

not much to differentiate the two types of Zr-Sb interactions, and that 

the two antimony atoms interact in energetically nearly equivalent ways 

with the metal atom. The COOP curves for the Sb-Sb interactions in 

Figure 14 show that here there is a clear difference in the two atoms. 

The short Sb(l) - Sb(l) separation corresponds to strongly bonding 

components in both occupied bands of the DOS, but these are limited to 

the lower part of the higher band, the remainder of the antimony orbitals 

being used for bonding to zirconium. The same can be said for Sb(l) — 

Sb(2) interactions in the energy regions where Sb(l) - Sb(l) is bonding 

but now at a somewhat reduced levels However, above -13 eV there is a 

large antibonding component in the Sb(l) - Sb(2) COOP curve that is not 

seen for Sb(l) - Sb(l). This means weaker Sb(l) - Sb(2) interaction 

although a significant net positive overlap remains. 

The results of the calculations for the other («) ZrSbg modifi

cation are plotted in Figures 18 and 19 in the same manner as above. In 

the interest of clarity, and because the projections of the atomic 
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Figure 17. COOP curves for g-ZrSb^_gg. The positive values on 
the curves represent bonding interactions while negative 
values denote an antibonding character for the atom pairs 
as indicated 
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Figure 18. DOS curve for a-ZrSbg. The shaded areas under the curve represent the atomic 
orbital projections as indicated in the legend. In the interest of clarity all the 
antimony projections have been summed and plotted as one 
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Figure 19. COOP curves for a-ZrSbg. The positive values on the curves 
represent bonding interactions while negative values denote 
an antibonding character for the atom pairs as indicated. 
Because the curves for Zr—Sb are very similar only the sum 
is plotted 
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contributions to the DOS curve are essentially the same for the antimony 

atoms, only the total is plotted in Figure 18. Likewise, the sum of 

Zr(l) - Sb and Zr(2) - Sb interactions are plotted in Figure 19. A com

parison of the DOS curves for a-ZrSbg (Figure 18) and ZrSb^^g (Figure 

16) shows that they are very similar. An antimony s-band between -23 and 

-16 eV, the antimony p-band admixed with a large amount of zirconium 

states between -16 and -8.5 eV, and the empty zirconium-dominated band 

just above the Fermi energy are all reproduced. The fact that the two 

compounds do not differ in major detail is not unexpected since subtle 

energy differences often determine which of a pair of structure is 

adopted. 

The DOS curves for both structures would indicate that each should 

exhibit metal-like behavior. This is more certain in ZrSb^,gg but 

since the Fermi level for ZrSbg falls just short of what appears to be a 

nonzero minimum, this finite density-of-states could be either an arti

fact of the Gaussian smoothing or the result of small errors in the 

calculations. In order to confirm a metallic behavior, the resistivity 

of ZrSbg was measured by a single crystal four-probe technique along the 

antimony ribbon direction (c axis. Figure 15). The results are plotted 

in Figure 20. The compound is indeed metallic, confirming a qualitative 

conclusion published by Hulliger.^s The room temperature resistivity of 

1.2 X 10-4 ohm-cm is an order of magnitude greater than the metal 

zirconium or the semimetal antimony. 

Comparison of the COOP curves for the two diantimony compounds 

(Figures 17 and 19) reveals that the Zr-Sb interactions are very similar. 
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Figure 20. Plot of the resistivity of a-ZrSbg along the antimony sheet (c) direction as a 
function of temperature 
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as suggested by the DOS curves. The observation is not as valid when 

comparing the interantimony interactions. There is a large narrow anti-

bonding component one eV below Ep in the result for the a-ZrSbg struc

ture, from the more distant Sb(4) - Sb(4) pair, that has no counterpart 

in the PbClg-type structure. In addition, the character of the other 

antimony interactions are weakly antibonding in the two eV region below 

the Ep for a-ZrSbg structure but only the Sb(l) - Sb(2) curve of 

the g structure exhibits this behavior; the short and stronger Sb(l) -

Sb(l) interaction in the latter is nonbonding in this region. The 

differences manifested in the Sb-Sb COOP curves are not surprising since 

the essential difference between the two structures involves Sb-Sb 

coordination. 



www.manaraa.com

89 

DISCUSSION 

The numerous compounds in the zirconium - antimony system can be 

categorized as intermetallic, but this classification does not provide 

much insight into the electronic nature of the phases since many inter

metallic compounds have strong ionic and covalent contribution to the 

bonding energy. The Zintl valence compounds^o provide good examples of 

the latter. A good understanding of the zirconium-antimony compounds 

will require further study since even such basic knowledge as the number 

and structure of the phases is not complete. Obviously, very little is 

known of the physical characteristics of these compounds. Some pre

liminary conclusions can be drawn from these synthetic and structural 

investigations, however. 

Deducing the electronic nature of a compound solely from the crystal 

structure can be fraught with peril. The NaCl structure is found for 

such chemically diverse compounds as the alkali metal halides and transi

tion metal carbides. This structure type is stable for different mate

rials for different reasons. This is not always the case, however, since 

the diamond structure is found only for compounds with a strong covalent 

character to the interatomic bonding. In this manner, unique structure 

types found for Zr-Sb phases may provide insight beyond the "inter-

metal lie" classification. 

ZrSb^ phases 

The determination that a composition near ZrSbg can be found in the 

PbClg structure is not in and of itself enlightening since ZrSb^ and 
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PbClg are sufficiently chemically dissimilar to surmise that diverse 

factors determine the adoption of this structure. An examination of the 

resulting interatomic distances does provide further insight. 

It is possible as a very crude approximation to describe g-ZrSbg as 

Zr4*Sb3"Sbi". If the Zintl concept is then applied, Sb^" would have a 

complete octet of electrons and not form any covalent bonds to other 

antimony atoms, while Sb^~ would only need to be bonded to two other Sb 

atoms in order to satisfy the octet rule. This behavior for the nominal 

Sbi- is observed in CaSbg where a zig-zag chain analogous to that in 

elemental tellurium is formed.6i This chain is very similar to that 

formed by antimony(l) in ZrSb^.gg (d(Sb-Sb) = 2.915 A in CaSbg vs 2.890 

Â in ZrSbg) with the important difference here that each antimony(l) atom 

is also a neighbor to two antimony(2) atoms at a longer but not insig

nificant 3.15 A distance. The antimony(III) atoms which would be 

isolated from other antimony atoms in the Zr^^SbS'Sbi" formulation are in 

fact not, and the simple strictly ionic view of the compound breaks down. 

Since zirconium is less electropositive than calcium, the extent of elec

tron transfer or ionicity is also reduced. If there is incomplete trans

fer of electrons and a significant mixing of antimony p with zirconium d 

states, the antimony ions do not formally complete their octets and, as 

is the case when there is an electron deficiency, electron delocalization 

and metallic bonding also occur. Neglecting one long Zr-Sb contact at 

3.21 A, the bonding distances average at 3.02 A, very typical of Zr-Sb 

interatomic separations in other binary compounds in this system. There 

are no significant Zr-Zr interactions, and so it can be stated that the 
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lattice energy of ZrSb^ in the PbCl^ structure is derived mainly from 

Zr-Sb bonding but that a quite significant portion can be attributed to 

Sb-Sb contacts and that these main group metal interactions are critical 

in the adoption of this structure. 

The results of the extended-Huckel calculations for ZrSb, can 
1  • 9 5  

be compared to the Zr^+SbS'Sbi" formulation. The immediate breakdown of 

the ionic limit can be seen in the broad bands that contain significant 

amounts of Zr - Sb orbital mixing. A more quantitative measure of the 

extent of charge transfer is obtained by integrating under the atomic 

projections in the DOS up to the Fermi level for each element. This 

gives a rough indication of the amount of electrons "owned" by each 

element, although the method characteristically often overestimates the 

polarity developed. These numbers listed in Table 14 for both ZrSb^ 

and ZrSbg verify the limited polarity of these compounds. Despite the 

large difference in the magnitude of the assigned charges, Zr^^SbS'Sbi" 

vs ZrO'4^^bO'4-SbO, the Zintl concept is still applicable in the very 

broad sense that the antimony atom with fewer valence electrons compen

sates with more and stronger covalent interactions, especially within the 

antimony(l) chain (Figure 13). 

When the structure goes from PbClg to ZrSb^-type, Zr-Sb interactions 

remain virtually identical as far as the zirconium is concerned since an 

appropriate coordination sphere of bicapped trigonal prisms can be found 

in both cases. However, since the connectivity of these trigonal prisms 

is different, the coordination of antimony by zirconium does not remain 

the same. The Sb-Sb interactions are also different in the two 
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Table 14. Electron transfer as estimated by extended-Huckel means 

Atom e/atom Oxidation State 

Zr 3.59 +0.41 

Sb(l) 4.77% -0.02 

Sb(2) 5.39 -0.39 

ZrSbg Zr{l) 3.59 +0.41 

Zr(2) 3.84 +0.16 

Sb(l) 5.05 -0.05 

Sb(2)  5.28 -0.28 

Sb(3) 4.75 +0.24 

Sb(4) 5.48 -0.48 

^Sb(l) is substoichiometric and the calculations correspond to 
95% occupancy (96% observed). 
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structures. When the g (PbClg) structure is compared with that of 

a-ZrSbg, the average number of Zr-Sb bonds from each antimony changes 

from 4.5 to 4.0 with the average overlap population (integrated COOP 

curve) for each Zr-Sb bond increasing from 0.32 to 0.35 (Table 15). 

There are an average of three Sb-Sb interactions in the ribbon of 

antimony in both structures but the average overlap changes from 0.27 to 

0.30. This increase of antimony bonding in the ribbon structure is 

compensated by the isolated Sb(4) - Sb(4) pair in the latter with an 

average overlap of only 0.18. In total, a small amount of Zr-Sb bonding 

is lost and a small amount of Sb-Sb bonding is gained when the structure 

type is changed from PbClg to ZrSbg type. 

With the exception of TiAs^, the transition metal group IV diar-

senides and diphosphides are found in the PbCl^-type structure.39 Since 

the orbitals of phosphorus and arsenic have a smaller radial distribution 

function compared with those for antimony and bismuth, the a-ZrSbg 

structure which sacrifices heteroatomic bonding in favor of homoatomic 

interactions would not be favored for the former. The exception occurs 

at TiASg where the smaller sizes of both elements compensate. The larger 

and more metallic antimony and bismuth tend to favor the cx-ZrSb^ struc

ture, and this is found for all zirconium and hafnium diantimonides and 

dibismuthides. The small size of Ti apparently renders both structures 

unstable, the compound TiSb^ has the Al^Cu^® structure, and no TiBi^ 

phase has been found. 

The observed interatomic distances and the calculations based there

on lead to the conclusion that the upper valence bands of both ZrSbg 
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Table 15. Average pair-wise overlap populations in ZrSb^ phases 

g-ZrSbg a-ZrSbg 

Sb(l) -Sb(l) 0.43 Sb(l) -Sb(l) 0.51 

Sb(l) - Sb(2) 0.17 Sb(l) - Sb(3) 0.21 

Zr - Sb(l) 0.30 Sb(2) - Sb(3) 0.29 

Zr - Sb(2) 0.33 Sb(4) - Sb(4) 0.18 

Zr(l) - Sb(2) 0.37 

Zr(l) - Sb(l), Sb(3) 0.37 

Zr{l) - Sb(3), Sb(4) 0.26 

Zr(2) - Sb(l) 0.41 

Zr(2) - Sb(2), Sb(3) 0.33 

Zr(2) - Sb(4) 0.40 
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phases contain a considerable contribution from the antimony atoms. 

There is some charge transfer from the zirconium to antimony but to a 

much smaller extent than occurs in alkali or alkaline earth metal — 

antimony compounds. The Zintl phase concept is applicable only in the 

broadest sense in that the more covalently bonded antimony atoms carry a 

lesser amount of charge. 

ZrSb 

The exclusive ZrSb structure type may also occur for one more 

example, HfSb. Unreported powder pattern data for the compound have been 

indexed on the basis of an orthorhombic unit cell (a = 3.78, b = 10.36, 

c = 13.87 A)35 which is dimensionally quite similar to that of ZrSb. 

In ZrSb there are no longer any short Sb-Sb distances, but the Zr-Zr 

distances are not significantly shorter either. It can therefore be 

surmised that Sb-Sb orbital overlap provides much less of a contribution 

to the stability of this compound and that Zr-Zr interactions are not 

significantly increased when compared to ZrSbg. The greatest part of the 

lattice energy must be provided by Zr-Sb bonding. It seems likely that 

the states near the Fermi energy are weakly bonding Zr-Zr or Sb-Sb 

states. Despite the small contribution of these interactions to the 

total lattice energy they must play a critical role in the formation of 

this unique structure. 

The second phase near the equiatomic composition is evidently sub-

stoichiometric and in the much more widely adopted FeSi structure-type.39 

This structural modification is not found exclusively for antimony com

pounds or even limited to those involving the phosphorus family. The 
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majority of the 45 phases known to have this structure are similar to 

FeSi, viz., compounds of 3d transition metals with Si, Ge, Sn, but com

pounds such as MgPt and AuBe also adopt this structure. This would indi

cate that formation of the FeSi structure is not determined exclusively 

by electronic factors. It is interesting to note that even though this 

form is substoichiometric, IrSh^.*, it exhibits characteristics of a 

line compound. A very narrow range of lattice constants and composi

tional stability implies an inability of a structure to tolerate a 

varying electron count, which would seem to contradict the previous 

assertion that the FeSi structure is not rigidly controlled by electronic 

factors. This raises the intriguing concidence for ZrSb^ ^ which is 

isoelectronic with HfSn,62 a compound known to have the FeSi structure. 

A noteworthy feature is the determinative effect of a small compositional 

variation on the formation of the FeSi or ZrSb structural modification. 

The dependence of these two as a function of other thermodynamic vari

ables should yield interesting results, and these together with further 

physical characterization will provide a more quantitative insight than 

simple structural comparisons. 

The neighboring Zr^Sb^+x phase is remarkable not for the unique 

nature of its structure, but rather for the widespread nature of its 

Mn^Sig-type structure.- There are 294 phases, either binary or ternary, 

known to adopt it.39 This situation is analogous to the NaCl structure 

in which categorically contrasting tnteratomic interactions are accom

modated by a single structure. The interstitial site probably plays a 
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large role in the stability of this structure for many systems where a 

ternary (Z) atom may go undetected. The wide compositional stability 

range for Zr^Sb^+x implies that the electronic states near the Fermi 

level are nonbonding and in a wide band, and as such are able to tolerate 

a varying electron count. Such features are evident in the formation of 

a considerable variety of Zr^Sb^Z phases (discussed in Part II). 

In contrast, a second Zr^Sb^ modification exhibits line compound 

behavior. This phase is found only in arc-melted samples and becomes 

metastable at low temperatures (<1100°C). Its Y^Bi^ structure-type is 

not distinguished in Pearson from the Yb^Sb^ structure but the differ

ences, albeit subtle, have been discussed.The number of compounds 

found with either of these structures is not large, 19, and they are so 

far exclusively adopted by compounds of the arsenic family with either 

the heavier rare earth metals or the early transition metals.39 The 

structure type and small range of nonstoichiometry imply a strong elec

tronic factor in the structure's stability. 

ZrgSb 

An empty octahedral site reminiscent of that in the Mn^Sig structure 

can also be found in Zr^Sb. The analogy can be extended further since 

some compounds with the LagSb structure which had been thought to be 

binary phases were later shown to be impurity-stabilized ternary com

pounds, e.g., CagSb^s was determined to actually be Ca^SbgO.^o However, 

the reproducible quantitative synthesis of Zr^Sb indicates that such a 

stabilization is not required in the zirconium-antimony system. It seems 

certain that Zr-Zr interactions play the critical role in the formation 
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of this structure that Sb-Sb interactions do in ZrSbg. It also seems 

certain that the majority of the lattice energy arises from Zr-Sb 

bonding. These same considerations also apply to the most zirconium-rich 

phase, ZrgSb. 
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FUTURE WORK 

The present study has revealed that a total of 10 compounds exist in 

the zirconium-antimony binary system. Two of these compounds, HT-Zr^Sb 

and ZrgSbg, have not had their structures elucidated and should be a 

focus of further investigations. Crystals of Zr^Sb^ can probably be 

grown from the melt under more propitious conditions than arc-melting. 

The melting point of Zr^Sb^ is most likely less than 1500°C. A stoi

chiometric mixture of the elements could be reacted at this temperature 

for a short length of time and the temperature lowered slowly to 1200°C 

to produce X-ray size crystals. The zirconium activity in the antimony-

rich melt may be low enough to allow the use of alumina or graphite 

crucibles which would have to be sealed in Ta containers to prevent Sb 

loss. 

The formation of HT-ZrgSb crystals will be a more formidable task 

because of the limited thermal stability range. The best route to 

growing these crystals is by repeating the reaction conditions listed in 

Table 3, but maintaining the sample at 1200°C for a longer period of time 

to allow for solid diffusion and grain enlargement. It would be inter

esting to see whether this compound is in truth ZrgSb, thereby resulting 

in four- nominal compositions of the system found in two structural modi

fications, or simply a compound near this stoichiometry. 

The nonstoichiometry of ZrSb^.* should be further explored. 

The line compound property implies a rigid electronic control and a 

ZrSbg g composition can be formulated as a valence compound. This 

could be explored through further attempts to obtain single crystals. 
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These crystals though possibly of use in a structural investigation would 

be more likely to yield fruitful results in resistivity measurements. 

The nonstoichiometry could be further explored by microprobe. Rietfeld 

refinement of powder diffraction data is an additional tool that can be 

applied to the nonstoichiometry problem. The Zr-Sb compounds are chemi

cally intermediate between the Zintl phases and alloys of transition 

metals. It would be interesting to see how the physical properties 

varied from ZrSbg, dominated at the Fermi energy by Sb-Sb interactions, 

to Zr^Sb which would be expected to have extensive Zr-Zr interactions and 

a transition metal-like character. 

The present investigation has also shown that a system that had been 

previously investigated may yet possess golden nuggets that wait to be 

unearthed. Many of the transition metal-main group metal systems were 

examined in the late 50s and early 60s, and impure starting materials or 

inadequate synthetic techniques may have led to erroneous conclusions as 

in the Zr-Sb system. Investigations of these other systems may yield as 

many fruitful results. 

In addition to the structural work, the physical properties of the 

other compounds could be examined. 
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PART II. ZrgSbgZ-TERNARY COMPOUNDS 



www.manaraa.com

102 

INTRODUCTION 

The first part of this work dealt with the zirconium-antimony system 

and the binary compounds found therein. The structure-type of one of 

those phase, Zr^Sbg (Mn^Sig-type), is widely adopted in other systems 

with 294 compounds, either binary or ternary, reported.39 The Mn^Si^ 

structure contains an octahedral (more correctly trigonal antiprismatic) 

hole and in many (approximately 60) cases,a small nonmetal 

impurity is found or is thought to fill this site and stabilize the 

structure. 

Interest in these interstitial systems was derived from previous 

work with zirconium halides, where compounds initially thought to be 

binary later proved to be ternary phases. These were compounds in which 

a small nonmetallic element that occupied an interstitial octahedral hole 

had gone undetected.lo-i? This circumstance is paralleled by compounds 

with the Mn^Sig structure where much of the work, frequently very quali

tative, characterizing these intermetallic phases was done in the late 

50s or early 60s. It is entirely possible that compounds reported as 

binary are in fact ternary phases. The Zr^Sb^Z systems were investigated 

in part for the reason. 

The stability of the Zr^Sb^ as a binary phase had been questioned, 

and it was not clear whether oxygen is a required interstitial com

ponent.^5 In addition to this point of contention, there was a report 

that three other ternary compounds ZrgSbgZ (Z = Ni, Cu, Zn) could be 

synthesized.64 The supposition that a 3d transition metal could be made 

to occupy the same interstitial site of a compound as oxygen, seemed 
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chemically counterinituitive. An environment that can be occupied by a 

small electronegative oxygen atom should not be favored by such an elec

tropositive element as In. For all four reported ternary phases, the 

compounds had been prepared by sintering stoichiometric mixtures in 

evacuated silica tubes at 800°C. This seems an extraordinarily low 

temperature even if the eight week reaction time is taken into account. 

No mention of yield was made and the phases were identified by intensity 

comparison of calculated and observed powder patterns. The intensity 

differences between Zr^Sb^^g and, e.g., Zr^Sb^Cu are slight, and are 

also mimicked by Zr^Sb^+x- No single crystal work was done to verify 

and provide quantitative data for the phases postulated. 

The lattice parameters reported for the compounds were also a source 

of doubt (Table 16). The variation of the lattice parameters with 

different interstitial elements was much smaller than expected based on 

experience in the zirconium halide systems. The purported existence of 

these Zr^SbgZ phases was very much open to question and was the impetus 

for investigation of these systems. 

The matter of Zr^Sb^ forming as a true binary compound led to a 

re-examination of the entire Zr-Sb system which is described in detail in 

the first part of this work. The conclusion drawn there is that Zr^Sbj 

is indeed a binary compound but one which exhibits a stoichiometric range 

encompassing Zr^Sbg.g to Zr^Sb^,^. The additional antimony was found 

to occupy the interstitial site. 

This second section deals with the Zr^Sb^Z systems. The synthesis 

of the previously reported ternary phases was contrary to expectations 
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Table 16. Lattice parameters of reported Zr^Sb^Z phases 

Compound a c Reference 

ZrgSbgO 8.53 5.85 35 

ZrgSbgNi 8.530(5) 5.773(5) 66 

ZrgSbgCu 8.526(7) 5.786(5) 64 

ZrgSbgZn 8.555(7) 5.820(5) 64 

reproduced, but more amazingly, an additional 14 elements were also 

successfully incorporated into the interstitial site. Single crystal 

studies on several compounds provided confirmation of their formulation 

and also quantitative interatomic distance data. 

The results of the synthetic investigation, initially spurred by the 

dichotomous situation in which oxygen and zinc could occupy the same 

crystallographic site in Zr^Sbg, uncovered the fact that many different, 

and chemically very diverse elements (e.g., Z = 0, Zn, Se, Ag, Fe, Al, 

etc.) could be accommodated as well. In an attempt to understand this 

unprecedented situation, extended Huckel calculations were made. The 

results of these calculations allowed the stability of the various 

ZrgSbgZ phases to be rationalized in a meaningful manner. 

The ability of Zr^Sb^Z to incorporate many different elements allows 

the systematic examination of physical properties of these compounds as 
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Z, and hence, the nature of the band structure near the Fermi level, is 

varied. The good possibility exists that this will not be limited to 

ZrgSbgZ, but that other Mn^Sig-type phases will also exhibit such 

behavior. This raises almost unlimited possibilities for the synthetic 

chemist since one can envision not only substitution or mixing of the Z 

element, but also the replacement of antimony in various amounts with 

other main group metals or zirconium with other transition metals or even 

a combination of all of these. Some of these other systems were 

investigated as well. 
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RESULTS 

The ZrgSbg structure was described in part I of this work, and 

reference can be made to the methods, discussion and figures presented 

there. The structural description is equally applicable to the ternary 

ZrgSbgZ systems in which Z occupies the interstitial site. Experimental 

details of single crystal structural studies are listed in Table 17, and 

general crystallographic parameters for the Zr^Sb^Z structure in Table 

18. Lattice parameters obtained from Guinier powder data are presented 

in Table 19. 

Second Period Nonmetal Interstitial Compounds 

Zr,Sb,0 

Synthesis of Zr^Sb^O was attempted by sintering a stoichiometric 

mixture of ZrO^, Zr, and Sb at 1300°C for 3 days. This resulted in an 

incomplete reaction; ZrOg, Zr^Sb^,^ and ZrSb^.^ all being observed in 

the powder pattern. However, the diffraction pattern of a Zr^Sb^Z phase 

with a small unit cell was also present. Because the indexed lines of 

this phase yielded lattice parameters which are smaller than those of 

Zr^Sbg Q by a highly significant amount (8.3017(6) vs 8.4177(7) A and 

5.7126(7) vs 5.766(1) A, Table 19) this phase is presumed to be Zr^SbgO*. 

As a result of the incomplete reaction it is not certain that x = 1, but 

the large decrease of the lattice parameters and comparison with the 

parameters of Zr^Sb^C (Table 19) imply the interstitial site is 

substantially filled. The sharp lines of the powder pattern indicate 

that the range of x in this phase is very narrow. 
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Table 17. Crystallographic data for Zr^Sb^Z single crystals 

1 A1 Si S Fe 

Lattice Parameters* (A) 
a, 
c 

8.522(3) 
5.846(2) 

8.5686(7) 
5.7934(8) 

8.435(1) 
5.859(3) 

8.580(1) 
5.836(1) 

Crystal size (mm) 0.06 
0.06 
0.10 

0.13 
0.13 
0.33 

0.07 
0.07 
0.33 

0.13 
0.10 
0.14 

20(max)b, deg 55 55 55 55 

Reflections 

checked 
observed 
independent 

992 
823 
176 

870 
789 
176 

968 
• 830 

185 

977 
757 
162 

R(ave) 0.023 0.045 0.035 0.040 

R 0.017 0.021 0.040 0.021 

Rw 0.025 0.030 0.043 0.037 

Secondary ext. coeff.(a ) 0.0269(5) 0.050(1) 0.26(5) 0.022(3) 

Absorption coeff. 
(cm-i) (Mo Ka) 

176 177 181 192 

No. of variables 17 17 17 17 

®From refined Guinier powder data. 
^Octants checked in each case were ±h, +k, +i. 
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Zn 

8.6074(7) 
5.8362(8) 

0.06 
0 .06 
0.30 

55 

1022 
799 
172 

0.025 

0.013 

0.013 

0.013(2) 

204 

FCg/S1^1/3 

8.642(1) 
5.872(1) 

0.07 
0.07 
0.33 

55 

1022 
839 
180 

.0.023 

0.015 

0.016 

0.23(1) 

195 

17 17 
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Table 18. Cristallographie parameters for Zr^Sb^Z (Mn^Si^) structure 

Space Group PGg/mcm 

Atom Site Position Thermal Parameters 

Sb 6(g)  X 0 1/4 Bu C
M
 C
M
 

C
Û
 

B33 1/26,2 0 0  

Zr(l) 4(d) 1/3 2/3 0 B i i  Bu C
O
 C
O
 

C
Û
 

I/2B11 0 0  

Zr(2) 6(g)  X 0 1/4 Bu C
M
 C
M
 

C
Û
 

D
O
 

C
O
 

C
O
 1/2B,,  0 0  

Z 2(b) 0 0  0  Bu Bu B33 l /ZB i i  0  0  
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Table 19. Lattice parameters® for Zr^Sb^Z phases^ 

Synthetic 
z technique^ a (A) c (A) V (A3) 

c S 8.3017(6) 5.7126(7) 340.95(7) 

0 S 8.3146(6) 5.6954(4) 340.99(6) 

A1 R 8.5802(6) 5.8465(8) 372.76(8) 

Si S 8.5409(5) 5.8248(7) 367.97(6) 

P S 8.462(1) 5.813(1) 360.4(1) 

S S 8.4265(4) 5.8999(6) 362.80(5) 

Fe VT 8.551(1) 5.853(1) 370.5(1) 

Co S 8.6138(8) 5.852(1) 376.0(1) 

Ni VT 8.6004(6) 5.828(7) 373.33(7) 

Cu S 8.5999(4) 5.8293(5) 373.36(5) 

Zn F 8.6074(7) 5.8362(8) 374.46(8) 

Ga S 8.6358(4) 5.8398(6) 377.15(5) 

Ge S 8.5593(5) 5.8286(6) 369.80(6) 

As S 8.5007(5) 5.8490(7) 366.03(6) 

Se S 8.4824(4) 5.9046(6) 368.08(5) 

Ru S 8.634(1) 5.855(2) 378.0(2) 

Ag VT 8.6235(3) 5.8808(5) 378.74(4) 

Feg/aln^/g F 8.642(1) 5.872(1) 379.8(1) 

2-^5^^3.0 S 8.4177(7) 5.766(1) 353.81(9) 

AM 8.5694(6) 5.8727(7) 373.48(7) 

^Space group P6g/mcm. 
^Least-squares fit to lines in Guinier powder diffraction data. 
•^Abbreviations: S - sintered powder; R - reduction of AII3 by 

lithium; VT - isothermal vapor transport; F - flux growth; AM - arc 
melting. 



www.manaraa.com

Ill  

The lattice parameters for Zr Sb^O as previously reported (Table 16) 

are much larger than those observed in the present investigation and are 

actually within the range of Zr^Sb^+x Parameters. The conclusion 

reached is that the compound reported as Zr^Sb^OSS was in fact Zr^Sbg+x 

but that as demonstrated above, Zr^SbgO can indeed be synthesized. 

In an attempt to obtain complete reaction, the product from the 

reaction sintered at 1300°C was ground, pressed into a pellet and arc-

melted. A 3% weight loss occurred, and the powder pattern of the as-cast 

material contained broad lines many of which were weak and unidentified. 

There was also a Zr^Sb^Z-type diffraction pattern but of a much larger 

cell than observed in the sintered product. 

The poor quality of the pattern prevented a quantitative measure of 

the lattice dimensions but qualitatively it can be said that they are in 

the range of those for Zr^Sb^+x- Apparently Zr^Sb^O is not stable at 

the high temperature reached in the arc-furnace, and as-cast samples were 

cooled too rapidly to allow for its formation. Judging from the incom

plete reaction at 1300°C, attempts to reach equilibrium by annealing 

arc-melted products will have to be at T > 1300°C in order to achieve the 

requisite mobility. 

ZrsSb^C 

The phase Zr^SbgC reportedly could not be synthesized,6 but a reac

tion of a stoichiometric mixture of Zr, Sb and graphite sintered at 

1300°C for 3 days yielded a single phase product with a characteristic 

Zr^SbgZ diffraction pattern. The unit cell volume of this phase is 

almost identical to that of Zr^Sb^O but the axial lengths of the carbide 
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differ by -15a and +2la ,  respectively where the oxide has a longer a-axis 

but  a  smal ler  c  parameter  (see Table 19) .  

Preparation of the carbide by arc-melting gave ambiguous results. 

These reactions, which employed Zr, ZrC, and Sb as the starting mate

rials, always contained ZrC as a product. They also produced a Zr^SbgZ-

type phase but with the lattice parameters larger (a = 8.3828(8), 

c = 5.7616(9) A) than measured for Zr^Sb^C and approaching those of 

Zr^Sbg Q. This phase may or may not be a substoichiometric Zr^Sb^C^ 

compound. When a sample of composition Zr^Sb^C^^^ was arc-melted, the 

lines of ZrC in the powder pattern were proportionally much less intense, 

but the lattice parameters of the supposed Zr^Sb^C^ phase remained the 

same as for x = 1 arc-melted sample. A reaction mixture designed to 

produce Zr Sb C did not exhibit any lines of ZrC in the powder 
5  3  0 * 0 8  

pattern but did give two Zr^SbgZ type patterns of larger lattice dimen

sions than previously observed. These results imply that a Zr^Sb^C* 

phase, 0.08 < x < 0.5, is formed in as-cast samples, but because of 

uncontrollable and differing amounts of antimony volatilization in the 

reactions, this conclusion must be regarded as only tentative. 

The oxide phase is not stable at arc-furnace reaction conditions and 

apparently neither is Zr^Sb^C^^g but, despite previous assertions to 

the contrary, Zr^Sb^C can be synthesized at lower temperatures. 

ZrgSbaB 

Reactions designed to produce Zr^Sb^B were not extensively pursued. 

A stoichiometric mixture of the elements that were arc-melted produced 

ZrBg and a Mn^Sig-type compound. The lattice parameters of the latter 
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phase are a = 8.4045(6) and c = 5.7768(7) A, much larger than either the 

oxide or carbide but arguably different than the values for Zr^Sb^ ^ 

(14a and 9a, see Table 19). The compound may be a Zr^Sb^B^ phase 

analogous to the postulated Zr^Sb^C^. It is clear that Zr^Sb^B is not 

stable at high temperature (~>1400°C) but by analogy with Zr^Sb^C and 

ZrsSbgO, it may be possible to synthesize it by sintering powders at 

1300°C. Results for Zr^Sb^N were analogous to the boride. 

Third Period Interstitial Compounds 

ZrgSbgAl 

A stoichiometric amount of Zr and A1 were arc-melted with a slight 

excess of Sb in order to produce Zr^Sb^Al. The final composition was 

Zr^Sbg^^Al based on solely loss of Sb. This as-cast sample contained 

only one phase but the lines in the powder pattern were broader than 

normally encountered in Zr^Sb^Z systems. The high standard deviations of 

the measured lattice parameters (a = 8.563(2), c = 5.844(1) A) are a 

reflection of this fact. 

A crystal of the material, obtained by crushing the solidified 

button, was mounted in an X-ray capillary for a structural investigation. 

The experimental details of data collection are listed in Table 17. The 

systematic absences in the data set were consistent with the space group 

PSg/mcm as expected. Initial least-squares refinement was carried out on 

approximate positional parameters based on Mn^Sig, but an aluminum atom 

at the interstitial site was also included. After convergence of all 

variable positional parameters, the residuals were R = 0.12 and R^ = 
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0.18. When next the thermal parameters were varied isotropically, the 

aluminum value repeatedly refined as less than zero. The thermal parame

ter, for A1 was then held fixed at B = 1.0 while the other thermal 

parameters and A1 multiplicity were varied. Convergence was attained, 

and the aluminum multiplier refined to almost double the value for full 

occupancy with the resulting agreement factors at R = 0.051, = 

0.077. The thermal parameters of the Zr and Sb atoms were then allowed 

to vary anisotropically, after which the A1 multiplier was held constant 

while its thermal parameters was refined isotropically, yielding R = 

0.029 and R^ = 0.053. At this point the Sb and Zr(2) multipliers were 

also allowed to vary with a result that indicated the Zr(2) position was 

fully occupied but that the Sb position was not. Lastly, the aluminum 

thermal parameters were allowed to vary anisotropically and the final 

residuals R = 0.017 and R^ = 0.025 were obtained. The refined posi

tional and thermal parameters and resulting interatomic distances are 

given in Table 20. A final electron density difference map revealed no 

residual electron density greater than 0.5 e/A^. It is of course physi

cally impossible for 1.8 (see Table 20) aluminum atoms to occupy one 

site. Based on the observation in the binary system, that antimony may 

partially fill this position, the assumption was made that the 23.4 elec

tron peak was a statistical result of occupation by 72% A1 and 28% Sb. 

On the other hand, the partial occupancy of the antimony lattice site can 

be explained if some aluminum is substituted for antimony. The refined 

electron density is accounted for by 87% Sb and 13% A1 filling the 6(g) 

crystallographic site. 
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Table 20. Parameters and interatomic distances for Zr^Sb^Al® 

Atom Site^ Occupancy B 11 B 
22 

B 
3 3  

Sb 

Zr(l) 

Zr(2) 

A1 

6(g)  

4(d) 

6(g)  

2(b) 

0.900(4) 

1 

0.984(8) 

1 .82(1)  

0.61194(7) 

1/3 

0.2664(1) 

0 

0.66(3) 

0.56(3) 

1.98(3) 

0.42(7) 

0.47(3) 

Bii 

0.64(4) 

Bii 

0.86(3) 

0.54(4) 

1.99(4) 

0.65(9) 

Interatomic Distances^ (A) 

Sb - 2Zr(2) 2.930(1) Zr(2l - 2A1 2.700(1) 
Sb - lZr(2) 2.944(2) Zr(2) - 2Sb 2.930(1) 
Sb - 4Zr(l) 3.016(1) Zr(2) - ISb 2.944(2) 
Sb - 2Zr(2) 3.101(1) Zr(2) - 2Sb 3.101(1) 
Sb - 2Sb 3.491(1) Zr(2) - 4Zr(l) 3.485(1) 
Sb - 2A1 3.616(1) Zr(2) - 4Zr(2) 3.701(1) 

Zr(2) - 2Zr(2) 3.933(2) 
Zr(l) - 2Zr(l) 2.923(1) 
Zr(l) - 6Sb 3.016(1) A1 - 6Zr(2) 2.700(1) 
Zr(l) - 6Zr(2) 3.486(1) A1 - 2A1 2.923(1) 

A1 - 6Sb 3.616(1) 

^Refined formula = Zr^Sbg^gAlg^^ (Alo.ySbg.s)' 
Space group F^^/mcm. 

""Distances less than 4 A. 
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The partial replacement of Sb by A1 is reasonable since the Mn^Sig-

type compound Zr^AlgSS exists. Solid solution behavior between Zr^Sb^ 

and Zr^Alg at the high temperature encountered in the arc-furnace is not 

surprising. In fact, solid solution behavior between Zr^Al^ and ZrgSbg 

has been investigated,66 but interstitial site occupancy was not taken 

into account. Additionally, the alloys were prepared by melting in boron 

nitride crucibles, and annealed in silica tubes at 1000°C, which likely 

resulted in contamination. In the present investigation the very good 

agreement factors obtained in the structural refinement imply that the 

crystal was of high quality. The broad lines in the powder pattern are, 

therefore, due not to poor crystallinity but to a range of compositions 

in the product as a result of solid solution behavior. Presumably, the 

rapid quenching of the sample did not allow for low temperature phase 

separation to occur. 

An arc-melted sample of overall composition Zr^Sb^.^^Al was 

annealed at lOOO'C for 3 days in an attempt to achieve equilibrium. The 

powder pattern was essentially the same as that observed for the as-cast 

product. A third reaction was designed to prevent the initial solid 

solution formation. The compound Zr^Sb^.g was prepared by arc-melting, 

ground into a fine powder, and reacted with three equivalents of Li in a 

Ta tube. The material of overall composition Zr^Sb^Li^ was then ground 

again and sealed in a Ta tube with one equivalent of Allg. The hope was 

that reduction of gaseous All^ by lithium would produce finely divided 

aluminum which would react with the finely ground Zr^Sbg. The tempera

ture of the reaction was slowly raised to 1100°C and maintained there for 
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Six days after which the Li I was separated from Zr^Sb^Al by vacuum 

sublimation. The powder pattern again indicated only a single phase was 

present, but the lines were now sharp. The lattice parameters of 

ZrgSbgAl produced by this method were larger than those of the arc-melted 

sample and are listed in Table 19. This increase in size was expected on 

the basis of the larger parameters seen for the Mn^Sig framework of 

Zr^Sbg compared to Zr^Al^GS (8.4177 vs 8.184 A, and 5.766 vs 5.702 A, 

respectively). This implies that at lower temperature (1100°C) the solid 

solution composition range is very much smaller or nonexistent. 

Zr;Sb,Si 

The solid solution behavior evidenced by the broad powder pattern 

lines of arc-melted Zr^Sb^Al preparations was also observed in Zr^Sb^Si 

syntheses. If the Sb to Zr ratio dropped below 3:5, the lines were 

especially broad. A Mn^Si^-type Zr^Si^ phase has been reported as 

impurity stabilized with B, C, N or 067-69 solid solutions charac

teristics are not unexpected. Attempts to improve the situation by 

annealing at 950-1000°C were not successful. A better approach was to 

sinter (1300°C, 3 days) an appropriate mixture of Zr^Sb^.^ and Si 

powders. This produced a single phase product with very sharp lines and 

the lattice parameters listed in Table 19. 

In addition to the powder information, single crystal data was 

sought in order to provide a quantitative basis for comparison to 

ZrgSbgAl. Crystals of Zr^Sb^Si were obtained through the use of a flux 

reaction in which a stoichiometric mixture of Zr, Sb, and Si was dis

solved in a Zn solvent at 900°C using an AlgOg crucible. The crucible 
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had been sealed in a silica tube under an atmosphere of argon. After 

seven days all the Zn had evaporated from the crucible and condensed in a 

cooler part of the glass tube. A 100% yield of single phase rod crystals 

were obtained. The lattice parameters of this product (a = 8.5686(7), c 

= 5.7934(6) A)> were larger than those measured for the sintered Zr^Sb^Si 

sample but smaller than Zr^Sb^Zn (Table 19). One of these crystals was 

employed for the structural refinement. 

Experimental details of data collection are outlined in Table 17. 

The systematic absences in the data set were consistent with the space 

group Pôg/mcm as expected. Initial least-squares refinement was carried 

out on approximate positional parameters based on Mn^Si^ with the inclu

sion of a Si atom at the interstitial site. The refinement proceeded 

smoothly and final parameters and interatomic distances are listed in 

Table 21. 

The calculated occupancy of the interstitial atom again appears to 

be greater than unity but much less significantly so than in Zr^Sb^Al. 

In this case it is presumably due to partial substitution of Si by Zn. 

The refined occupancy of 15.8 can be accounted for by a statistical dis

tribution of 89% Si and 11% Zn. The deviation from unity is only 6.5a so 

too much cannot be made of this observation, but the comparison of 

lattice parameters as discussed above is consistent with this supposi

tion. The Sb position is also only partially occupied as it was in the 

ZrsSbgAl refinement but again the deviation from unity is only 7a and 

this site may or may not be partially filled with Si. 
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Table 21. Parameters and interatomic distances for Zr^Sb^Si^ 

Atom Site Occupancy B 
11 

B 
22  

B 
3 3  

Sb 

Zr(l)  

Zr(2) 

Si 

6(g)  

4(d) 

6(g)  

2(b) 

0.972(4) 

0.976(6) 

1 

1.13(2) 

0.60630(8) 

1/3 

0.2619(1) 

0 

1 .01(1)  

0.90(5) 

1.00(3) 

1.3(2) 

0.87(3) 

Bii 

0.99(4) 

Bii 

1.56(3) 

1.42(5) 

1.53(5) 

1.7(2) 

Interatomic Distances^ (A) 

Sb - lZr(2) 2.951(1) Zr(2) - 2Si 2.671(1) 
Sb - 2Zr(2) 2.974(1) Zr(2) - ISb 2.951(1) 
Sb - 4Zr(l) 3.008(1) Zr(2) - 2Sb 2.974(1) 
Sb - 2Zr(2) 3.109(1) Zr(2) - 2Sb 3.109(1) 
Sb - 2Sb 3.422(1) Zr(2) - 4Zr(l) 3.518(1) 
Sb - 2Si 3.671(1) Zr(2) - 4Zr(2) 3.664(1) 

Zr(2) -  2Zr(2) 3.887(2) 
Zr(l) - 2Zr(l) 2.897(1) 
Zr(l) - 6Sb 3.008(1) Si - 6Zr(2) 2.671(1) 
Zr(l) -  6Zr(2) 3.519(1) Si - 2Si 2.897(1) Zr(l) 

Si - 6Sb 3.671(1) 

^Refined formula = Zr^Sbg^gSig,! (Si^^gZng,^) (see text). 
Space group PG^/mcm. 

^Distances less than 4 A. 
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ZrsSbaP 

Arc-melting was not considered a good method of preparing Zr^SbgP 

since concomitant vaporization of P along with Sb renders synthetic 

control inadequate. This problem is somewhat reduced, but not elimi

nated, by pre-reacting Zr and P at a lower temperature. An alternative 

to preparation by arc-melting was utilized in which the vapor pressure of 

phosphorus was used to advantage. A sample of Zr^Sb^^ was prepared by 

arc-melting and ground into a powder which was reacted with a suitable 

amount of red phosphorus in a sealed fused silica tube at 650°C for 1 

day. The mixture was reground and pressed into a pellet, sealed in a Ta 

tube and heated at 1000°C for 3 days. These conditions proved inadequate 

for complete reaction. The preparation was repeated, but the pellet was 

maintained at 1300°C for 3 days in an evacuated (10"^ torr) 

recrystallized alumina muffle tube. This yielded in addition to a trace 

of ZrOg a single phase product with very sharp diffraction lines. The 

lattice parameters are listed in Table 19. 

Zr^SbgS 

The same considerations apply to the synthesis of Zr^Sb^S by arc-

melting as were discussed for Zr^SbgP. The sulfide was, therefore, 

synthesized by sintering stoichiometric amounts of Zr^Sb^.g and S in a 

sealed Ta tube. The temperature was slowly raised to 1300°C (room tem

perature to 1300°C in 18 hours) and maintained for 3 days. The product 

was single phase with sharp diffraction lines. The Ta container was 

nonbrittle indicating no dissolved sulfur. The lattice parameters are 

presented in Table 19 where it should be noted that the a-axis is smaller 



www.manaraa.com

121 

and consistent with the trend observed with Z = Al, Si, P but that the 

c-parameter did not decrease and is, in fact, quite a bit larger than 

even in the aluminide phase. 

No sulfur interstitial Zr compounds were known previous to this work 

and because of the anomalous c-axis length, a single crystal structural 

investigation was desirable. Sintering of powders does not generally 

lead to suitable crystals, and attempts to grow them with a Zn flux as 

done for Zr^Sb^Si were unsuccessful. A final recourse was to attempt the 

preparation by arc-melting despite the loss of synthetic control this 

entailed. 

The reaction was carried out by pre-reacting Zr and S in a 5:1 molar 

ratio using a sealed silica tube at 900°C. The mixed zirconium sulfides 

were arc-melted with a slight (10%) excess of Sb, and the final weight of 

the product was 5% less than calculated for ZrgSbgS. This is a somewhat 

larger weight loss than usually incurred for Zr^Sb^Z systems. The sample 

was annealed at 950°C for 1 day. The diffraction lines in the powder 

pattern were much broader than for the sintered powder reactions. The 

lattice parameters a = 8.435(1), c = 5.859(3) gave a unit cell size 

intermediate between Zr^Sbg^ and the sintered Zr^Sb^S (see Table 19). 

A crystal was obtained by breaking up the ingot and a structural 

investigation was undertaken. The experimental details of data collec

tion are outlined in Table 16. The data set exhibited systematic 

absences consistent with the space group P6^/mcm. Initial least-squares 
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refinement was carried out with the usual approximate positional parame

ters and inclusion of sulfur at the origin. 

The refinement proceeded smoothly and in the final cycle all vari

ables except Zr{2) multiplier were allowed to vary, with the results pre

sented in Table 22. The sulfur position was found to be only 70 ± 2% 

occupied. 

The substoichiometry of sulfur is undoubtedly due to losses incurred 

during arc-melting. The repeat distance along the c-axis is intermediate 

between those of Zr^SbgS (by sintered powders) and Zr^Sb^.g. In fact, 

70% of the difference between the c-parameter of Zr^Sbg^g and Zr^Sb^S 

gives a value of c = 5.86 A, identical to c = 5859(3) A measured for the 

arc-melted sample. Unfortunately, the behavior of the a-axis is not so 

straightforward. 

Fourth Period Main Group Metal Interstitial Compounds 

Zr^Sb^Ga 

The problem of solid solution formation was anticipated for gallium 

samples. The binary compound Zr^Ga^^" is a known phase and some substi

tution of gallium in the antimony sites in Zr^Sb^Ga in a manner analogous 

to Zr^SbgAl was expected. A preparation of Zr^Sb^Ga by arc-melting 

confirmed such behavior. 

A stoichiometric amount of zirconium and gallium were arc-melted 

with a slight (10%) excess of antimony. Assuming only antimony vola

tilization, the final composition was ZrgSbg^ggGa. This sample was 

annealed for three days at 1000°C, after which the powder pattern 

exhibited broad lines such as those observed for Zr^Sb^Al. The range of 
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Table 22. Parameters and interatomic distances for Zr^Sb^S^.^^ 

Atom Siteb Occupancy X Bii  ^22 B33 

Sb 6(g)  1.020(8) 0.6050(1) 0.48(3) 0.43(5) 0.94(5) 

Zr(l) 4(d) 0.93(1) 1/3 0.29(8) Bii  0.74(7) 

Zr(2) 6(g)  1 0.2515(1) 0.69(4) 0.39(6) 1.48(7) 

S 2(b) 0.70(2) 0 0.4(3) Bii  2.0(3) 

Interatomic Distances^ (A) 

Sb -  2Zr(2) 2.921(1) Zr(2) - 2S 2.578(1) 
Sb - 4Zr(l) 2.976(1) Zr(2) - 2Sb 2.921(1) 
Sb - lZr(2) 2.982(1) Zr(2) - ISb 2.982(1) 
Sb - 2Zr(2) 3.170(1) Zr(2) - 2Sb 3.170(1) 
Sb - 2Sb 3.423(1) Zr(2) - 4Zr(l) 3.532(1) 
Sb - 2S 3.640(1) Zr(2) - 4Zr(2) 3.617(1) 

Zr(2) - 2Zr(2) 3.674(2) 
Zr(l) - 2Zr(l) 2.930(2) 
Zr(l) - 6Sb 2.976(1) S 6Zr(2) 2.578(1) 
Zr(l) - 6Zr(2) 3.532(1) S 2S 2.930(2) Zr(l) 

S 6Sb 3.640(1) 

^Refined formula = Zr^.^Sb^.^S^.^ 
"Space group P6g/mcm. 
^Distances less than 4 A. 



www.manaraa.com

124 

compositions produced was not evenly distributed as the lines were 

markedly more intense on the low angle side, but phase separation did not 

occur. 

The sintering of powders at high temperature (1300°C) which had 

proven successful in synthesizing other ZrgSb^Z systems was also 

attempted for Zr^SbgGa. Because gallium cannot be ground into a powder, 

a gallium antimony stoichiometric mixture in the ratio 1:3 was melted in 

an alumina crucible. The reaction was carried out in an atmosphere of Ar 

within a sealed silica tube at 800°C. A stoichiometric amount of the 

solidified GaSb^ (GaSb + 2Sb)7i and zirconium powders were ground 

together and sealed in a Ta tube. This was placed in a recrystallized 

alumina tube which was evacuated to lO"^ torr and heated at 1300°C for 

three days. 

The powder pattern of the product contained the four strongest lines 

of ZrOg and five weak unidentified lines, as well as a strong sharp 

Zr^SbgZ-type pattern. The lattice constants of this phase, presumably 

ZrgSbgGa are listed in Table 19 and can be compared to those of Zr^Ga^^o 

( a  =  8 . 0 2 0 ,  c  =  5 . 6 7 8  a )  a n d  Z r ^ G a ^ ^ z  ( a  =  8 . 3 5 0 ,  c  =  5 . 7 5 7  A ) .  

ZrgSbgGe 

Since Zr^Ge^ is a known compound,73 Zr^Sb^Ge was not prepared by 

arc-melting. Solid solution behavior was observed in other Zr^Sb^Z 

systems where a Zr^M^ binary phase also exists (e.g., see Zr^Sb^Al). The 

compound was prepared by more controlled vapor transport and sintering 

techniques. 
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Stoichiometric amounts of Zr, ZrSbg and Ge were ground together and 

sealed in a tantalum tube with a small amount of Zrl^ (5 mg) as a 

transport agent. This was allowed to react at 1300°C for one week in an 

evacuated (10"5 torr) mullite tube. Nullité is more porous than 

recrystallized alumina and a small amount of ZrOg (10%) was observed in 

the powder pattern in addition to a Zr^Sbgl diffraction pattern. The 

product was microcrystalline with many reflective faces but all too small 

for single crystal X-ray work. The diffraction lines of this Zr^Sb^Z 

phase were very sharp and gave lattice parameters of a = 8.5284(6) and c 

= 5.8186(7) Â. 

The synthesis was repeated but Zr^Sb^ ^ (prepared by arc-melting) 

was reacted with powdered germanium and no transport agent was used. The 

reaction was allowed to proceed in a Ta tube at 1300°C for three days. 

The tantalum container was heated in an evacuated recrystallized alumina 

muffle tube (10"® torr). Only a trace of ZrOg (strongest line) was 

detected in the powder pattern. The rest of the diffraction lines were 

very sharp and could be indexed on the basis of a Zr^Sb^Z-type cell. The 

lattice parameters (Table 19) for this Zr^Sb^Ge compound are signifi

cantly larger than the previously observed phase. 

In fact, the lattice parameters of the germanium compound that was 

produced along with 10% ZrOg are smaller than those measured for Zr^SbgSi 

(see Table 19). This could be explained by a mixture Ge and 0 in the 

interstitial site. The larger cell listed in Table 19 is more represen

tative of a true Zr^Sb^Ge composition. 
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ZrgSbgAs 

The volatility of arsenic made sintering, the technique of choice 

for the preparation of Zr^SbgAs. A ground mixture of Zr^Sb^^^ (pre

pared by arc-melting) and arsenic was ground and sealed in a tantalum 

tube. The temperature was raised over a period of 18 hours to 1300°C in 

an evacuated (10"^ torr) recrystallized alumina muffle tube. The tem

perature was maintained for three days. 

The Ta tube was still malleable after removal from the furnace, 

indicating no significant reaction of the arsenic with the tantalum 

container. The powder pattern contained the strongest line of ZrOg at a 

very weak intensity, otherwise, the pattern could be indexed on the basis 

of a Zr^SbgZ-type cell. The diffraction lines were very sharp and the 

refined lattice constants of this presumed Zr^SbgAs phase are listed in 

Table 19. 

Zr,Sb,Se 

No attempt was made to synthesize the selenide phase by arc-melting. 

A stoichiometric amount of Zr^Sb^.g previously prepared by arc-melting, 

and selenium were ground together and placed in an alumina crucible. The 

crucible was sealed in a fused silica jacket under an argon pressure of 

250 torr. The reaction was maintained at 400°C for two days after which 

the temperature was raised to 1050°C where it remained for 5 days. These 

conditions were not sufficient to achieve equilibrium. 

A second attempt to synthesize ZrgSbgSe was made by grinding 

Zr-Sb, „ and Se, but the reactants were now sealed in a Ta tube. The 
5  3 * 0  

container was placed in an evacuated recrystallized alumina tube. The 
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reaction temperature was raised to 1300°C over a span of 18 hours and 

allowed to remain there for three days. The tantalum container did not 

react with the selenium as evidenced by its malleability after the 

reaction. 

The powder pattern contained only Zr^SbgSe diffraction lines, and 

no evidence of ZrOg was observed. The lattice parameters of the selenide 

phase are listed in Table 19. The anomalously large repeat distance 

along the c-axis observed for the sulfide is also observed with ZrgSbgSe. 

Transition Metal (3d) Interstitial Compounds 

ZrgSbgFe 

Synthesis of the iron interstitial compound was initially carried 

out by arc-melting. A stoichiometric amount of zirconium and iron were 

reacted with a slight excess (5%) of antimony. The volatilization of 

antimony from Zr^Sb^Fe (and other transition metal) melts was observed to 

be much less than for main group interstitial compounds. The final 

composition based on only antimony loss was Zr^Sb^^gFe. 

The powder pattern of this as-cast material, with the exception of 

one weak inidentified line, could be indexed on the basis of a Zr^Sb^Z-

type cell. The sharp lines observed implied a well-ordered homogeneous 

product. Lattice constants were refined as a = 8.580(1), c = 5.836(1) 

A. In the course of grinding this sample for a powder pattern, a roughly 

spherical crystal was found among the ground material and mounted in an 

X-ray capillary. An oscillation photograph verified the singular nature 

of the crystal, and it was used for a structural refinement. 



www.manaraa.com

128 

Experimental details of data collection are outlined in Table 17. 

The systematic extinctions in the data were consistent with the space 

group P6g/mcm. Initial refinement was based on a Zr^Sb^ composition 

using approximate positional parameters from Mn^Sig. After convergence 

of the positional parameters the agreement factors were R = 0.199 and 

= 0.289. An iron atom was then included at the interstitial site 

and the positional parameters further refined. The residuals now dropped 

to R = 0.051 and Ry, = 0.064. Least-squares calculations proceeded 

smoothly from this point and in the final cycle, all variable parameters 

except the Zr(l) multiplier were allowed to vary simultaneously. The 

final residuals were R = 0.021 and Ry, = 0.037, and refined parameters 

are listed in Table 23. A final Fourier difference map revealed no 

residual electron density greater than 0.5 e/A^. 

The structure refinement unambiguously confirmed the existence of 

ZrgSbgFe with iron in the interstitial site. The ease in which the 

compound was initially obtained is ironic in light of later difficulties. 

The phase was also found to be magnetically ordered at room temperature 

by using a sophisticated instrument, the horseshoe magnet. The magnetic 

properties are more fully discussed below. 

The refinement yielding a Zr5Sbg,Qg(2)FGi.oQ(i) composition 

may have been serendipitous. When the preparation of the iron compound 

was repeated, the lattice parameters were found to vary considerably. 

Arc-melted samples both annealed and as-cast always gave sharp diffrac

tion lines indicative of a single phase homogeneous product, but the unit 

cell size was found to vary (see Table 24). 
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Table 23. Parameters and interatomic distances for Zr^Sb^Fe^ 

Atom Site° Occupancy X Bii  8,2 B33 

Sb 6(g)  1.016(8) 0.6122(1) 0.59(3) 0.37(5) 0.76(5) 

Zr(l) 4(d) 1 1/3 0.37(9) Bii  0.57(9) 

Zr(2)  6(g)  1.00(1) 0.2583(2) 0.89(6) 0.59(8) 0.82(7) 

Fe 2(b) 1.00(1) 0 0.2(2) Bii  1.1(2) 

Interatomic Distances (A ) ^  

Sb - 2Zr(2) 2.934(1) Zr(2) - 2Fe 2.653(2) 
Sb - 4Zr(l) 3.031(1) Zr(2) - 2Sb 2.934(1) 
Sb - lZr(2) 3.036(2) Zr(2)  - ISb 3.036(2) 
Sb - 2Zr(2) 3.122(1) Zr(2) - 2Sb 3.122(1) 
Sb - 2Sb 3.496(1) Zr(2) - 4Zr(l) 3.545(1) 
Sb - 2Fe 3.633(1) Zr(2) - 4Zr(2)  3.664(1) 

Zr(l)  - 2Zr(i) 2.918(1) Fe 6Zr(2) 2.653(2) 
Zr(l) - 6Sb 3.031(1) Fe 2Fe 2.918(1) 
Zr(l) - 6Zr(2) 3.545(1) Fe 6Sb 3.633(1) 

^Refined formula = 2^5.00(3)^^3.05(2)^21.00(1)' 
Space group PSg/mcm. 

^Distances less than 3.8 A. 
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Table 24. Zr^Sb^Fe preparations and lattice parameters 

Preparation 
Method 

Nominal 
Composition c/a 

Lattice 
a (A) 

Parameters 
c (A) 

arc-melting, 
as-cast 

ZrgSbg.gFe 0.6802 8.580(1) 5.836(1) 

arc-melting, 
as-cast 

0.6818 8.533(2) 5.818(2) 

arc-melting, 
as-cast 

ZrsSbs.oFe 0.6813 8.528(1) 5.810(1) 

arc-melting, 
annealed (lOOO'C) 

ZrgSb^.iFe 0.6803 8.585(1) 5.840(1) 

arc-melting, 
as-cast 

Zr;Sb;,iFe 0.6801 8.555(1) 5.818(1) 

Zr Sb Li +FeI , 
i lhi 

ZrsSba.oFe 0.6838 8.557(1) 5.851(1) 

ZrgSbgLig+FeIg, 
1100°C 

ZrgSbg.oFe 0.6833 8.5495(7) 5.842(1) 

Vapor transport, 
1300°C 

.gFe 0.6833 8.5880(5) 5.8679(7) 

Vapor transport, 
usee 

.0^6 0.6845 8.551(1) 5.853(1) 
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For comparison purposes the compound was also prepared by reaction 

of ZYgSbgLig and Felg. Stoichiometric amounts of zirconium and antimony 

powder were sintered to form Zr^Sb^.Q, and then reacted with two 

equivalents of lithium in a Ta tube. This is the most likely source of 

error in this procedure as the 17 ± 2 mg of lithium used had a 10% margin 

of error. The product of overall composition Zr^Sb^Li^ was ground into a 

fine powder and allowed to react with a stoichiometric amount of Feig in 

a Ta tube at 1100°C for six days. This method was used because great 

difficulty was encountered in achieving equilibrium by sintering of 

elemental powders. The reduction of Fel^ by lithium should produce a 

much more finely divided iron powder. Accordingly, a single phase 

Zr^SbgZ-type material was produced, but the iodide salt sublimed from the 

product exhibited a slight yellow color. Lithium iodide is of course 

white, so the color was due to another metal iodide. Zirconium, antimony 

or iron iodides all could have produced this color (and most likely 

formed because of an insufficient amount of lithium caused by weighing 

errors). 

Some isothermal vapor transport reactions were also carried out. 

These involved stoichiometric mixtures of zirconium, antimony, and iron 

powders sealed in a tantalum tube with a small quantity of Sbl^. One 

reaction was loaded with powdered ZrFeg rather than elemental iron, and 

heated at 1300°C for seven days in an evacuated (10"5 torr) mullite tube. 

The lattice parameters of this product along with a second transport 

reaction protected by a fused silica jacket and heated for 19 days at 

1150°C are listed in Table 24. 
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Lattice constants from other reactions are also listed in this 

Table. There is a very large difference in the measured parameters of 

what was hoped would be Zr^Sb^Fe preparations. The arc-melted examples 

show the greatest variation, with the vapor transport and lithium reduc

tion reactions much more consistent. Since these latter reactions are 

more controlled and consistent they are more likely to have produced a 

stoichiometric Zr^SbgFe. 

The single crystal refinement showed unambiguously that a stoi

chiometric Zr^SbgPe can exist. The powder data imply that this compound 

may also exist off-stoichiometry. A second factor encountered in other 

systems may also come into play. Solid solutions formation at high 

temperature (see Zr^Sb^Al) can be a problem in this system as well. 

Certainly one may imagine partial replacement of the iron interstitial 

with antimony to yield larger lattice parameters. Iron is known to be 

partially replaced by indium in another Zr^SbgZ phase (see 

Zr^Sb^Feg/gln^yg). Perhaps some of the zirconium is being substituted by 

iron, in which case a smaller unit cell would be expected. A Mh^Sig-type 

Fe^Sig compound is known,and a small amount of zirconium substitution 

by iron in Zr^SbgFe would not be unreasonable. These are all open 

questions which would benefit from further investigation. 

In order to probe the nonstoichiometry of iron it was necessary to 

prepare samples by sintering powders. Confidence in a fixed zirconium 

and antimony composition while varying the iron content is best achieved 

in such a controlled experiment. Even in transport reactions there is 

always a metal iodide product which slightly changes the composition. 
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Two reactions designed to produce Zr^Sb^Fe^^^ and Zr^Sb^Fe^^g used a 

ground mixture of Zr, ZrSbg and FeSb. The powder was pressed into a 

pellet and heated at 1100°C for 18 hours. This reaction time is much too 

short. The main phase in both reactions was a ZrgSbgZ-type phase and, 

despite the different iron content, the same lattice parameters were 

observed. Additional unidentified lines in the powder pattern indicated 

that the reaction had not gone to completion. The synthesis of 

Zr^SbgFe^ Q was repeated and the temperature maintained at 1000°C for 

three days. The powder pattern was almost identical to that of the 

sample heated for 18 hours. Apparently, initial formation of a ZrgSbgZ-

type phase off stoichiometry is facile, but the atomic mobility is very 

low at lOOCC making it difficult to obtain complete reaction at this 

temperature. Further experiments need to be performed at higher tempera

ture. Arc-melting of products obtained by sintering at 1000°C should 

result in only a minimal loss of antimony, but it would be best to 

attempt sintering at 1300" - 1400°C first. Along with the apparent non-

stoichiometry and or solid-solution of the Zr^Sb^Fe phase, an additional 

question arose in connection with magnetic susceptibility measurements of 

arc-melted samples. Were single phase products being obtained? Arc-

melted, as-cast and annealed (1350°C, three days) samples always 

contained one extra line in the powder pattern. This extra line was 

observed in the same 2© = 42° (Cu Ka^) region, but was found to vary with 

the lattice parameters of the majority Zr^SbgFe phase. There was some 

speculation as to whether the extra line was due to a small amount of 

ZrFeg. 



www.manaraa.com

134 

This iron-zirconium binary compound is a Laves phase^^-Ts with a 

face-centered cubic unit cell and a lattice constant a = 7.074.79 The 

high symmetry and small cell result in few diffraction lines for this 

compound. There are only five diffraction lines between 28 = 0 to 80° 

(Cu Koi) one of which falls on a silicon line. Three other lines would 

be masked by Zr^Sb^Fe diffraction lines. The compound ZrFeg is a ferro-

magnetically-ordered material below 650 and would have a large effect 

on the measured magnetic properties. Preliminary neutron diffraction 

results have eliminated this possibility.8i 

Difficulties have been encountered in synthetic control during 

ZrgSbjFe preparation but the single crystal structural refinement has 

shown that the stoichiometric phase can be made. 

ZTgSbgCo 

Arc-melting was initially used to prepare the cobalt phase. A 

stoichiometric mixture of zirconium and cobalt was melted with a slight 

(10%) excess of antimony. Final composition was estimated as 

Zr^Sb^.ggCo. The powder pattern of this as-cast sample had very sharp 

diffraction lines. With one exception they could be indexed on the basis 

of a Zr^SbgZ cell with dimensions a = 8.5637(7), c = 5.8029(8) Â. The 

unindexed line was too weak to measure accurately but occurs at 20 = 42°. 

A second sample of Zr^Sb^Co was prepared by sintering. A stoi

chiometric amount of Zr and CoSb^ were ground together and sealed in a 

tantalum tube. The CoSbj had been synthesized by heating the appropriate 

mixture of Co and Sb powders in an alumina crucible. The cobalt and 

antimony mixture was heated to 1000°C in an atmosphere of argon to 
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produce a melt. The solidified binary compound is very brittle and can 

be ground much finer than cobalt metal. It was chosen for this reason. 

Because of the poor results of Zr^Sb^Fe preparation at 1000°C, the 

mixture of Zr and CoSbg was heated at 1300°C for three days. An evacu

ated (10"6 torr) recrystallized alumina muffle tube was used to protect 

the tantalum container from oxidation. Only a trace of ZrOg was observed 

in the product. The powder pattern indicated that 1300°C was sufficient 

to drive the reaction to completion. Only the diffraction lines of a 

Zr^SbgZ phase were observed but the unit cell (Table 19) is significantly 

(0.05 A each) larger than obtained after arc-melting. 

Since the sintered powder reaction was a more controlled experiment, 

the lattice parameters identified with a Zr^SbgCo composition were those 

obtained by this technique. The sharp lines of as-cast samples indicate 

that there is no problem achieving equilibrium under quenching condi

tions, and Zr^SbgCo is probably a congruently melting compound. Unfor

tunately, the composition cannot be carefully controlled, and the lattice 

constants suggest that the compound has a homogeneity range and the 

considerations enumerated for Zr^Sb^Fe also apply here. 

Zr^Sb^Ni 

The variability of lattice parameters with preparation method that 

was noted for Zr^SbgFe and Zr^SbgCo was also found with Zr^Sb^Ni. An 

as-cast sample with a 100% yield of a ZrgSbgZ-type phase produced a 

powder pattern with sharp lines. They were indexed to give lattice 

parameters of a = 8.547(1), c = 5.7731(2) A. 
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In a more controlled experiment stoichiometric amounts of Zr, Sb and 

Ni were sealed in a tantalum tube with a small amount of (10 mg) of Sbig 

to act as a transporting agent. The metal container was sealed in an 

evacuated fused silica jacket and heated at 1150°C for 18 days. The 

isothermal transport conditions did not produce any X-ray size single 

crystals, but the constituents were mobile enough to yield a single phase 

product. The lattice parameters of this phase were again much larger 

(0.05 Â) than those of the arc-melted sample and are identified as con

stants for Zr_Sb_Ni in Table 19. 0 3 

This system is chemically very similar to Zr^Sb^Fe and Zr^SbgCo and 

postulates put forth to explain varying lattice parameters in those 

systems can also be applied here. 

Zr^SbgCu 

The nonstoichiometry involved to explain variable lattice parameters 

for other Zr^Sb^Z (Z = Fe, Co, Ni) phases must also be postulated for 

ZrgSbgCu. An as-cast mixture of zirconium, antimony and copper with an 

estimated final composition of Zr^Sb^^Gu yielded a single phase 

ZrgSbgZ-type product with again very sharp diffraction lines. The 

refined lattice constants of this phase are a = 8.578(1), c = 5.830(1) A. 

The compound was also prepared by sintering powders. A binary mix

ture of composition CuSbg (CUgSb + 5 Sb)?! was prepared by melting copper 

and antimony in an alumina crucible under an atmosphere of argon at 

750°C. This CuSb^ was easily ground into a fine powder and mixed with an 

appropriate amount of zirconium powder. The reactants were sealed in a 

Ta tube which was placed in a recrystallized alumina muffle tube. The 
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muffle tube was evacuated (10"6 torr), and the temperature raised to 

1350°C over a span of twelve hours. The temperature was maintained at 

1350°C for three days. 

Only a trace of ZrO^ (strongest line was observed at very weak 

intensity) was seen in the powder pattern. The remaining lines were very 

sharp and typical of a Zr^Sb^Z-type phase. The lattice constants of this 

Zr^SbgCu compound are given in Table 19 and it should be noted that the 

the constant only is 0.02 A larger than those of the arc-melted sample. 

ZrgSb^Zn 

The high volatility of zinc makes arc-melting a poor technique for 

synthesizing Zr^SbgZn. Vaporization of antimony and zinc renders the 

composition uncertain, and the amounts of reactants cannot be accordingly 

adjusted. A good method of preparing the desired compound which has the 

added benefit of producing crystals is a flux technique. 

Stoichiometric amounts of zirconium and antimony powders were placed 

in an alumina crucible with a large excess of zinc (Zr:Zn = 5:95). The 

crucible was sealed in a fused silica jacket under an atmosphere of 

argon. The reaction was heated to 1000°C and the silica tube placed such 

that, after six days all the molten zinc had evaporated from the crucible 

and condensed in a cooler part of the glass jacket. A quantitative yield 

of rod crystals (-0.1 x 0.1 x 1.0 mm) was obtained. The powder pattern 

indicated a single phase ZrgSbgZ-type product, and the lattice parameters 

are listed in Table 19. A crystal was chosen for structural refinement 

and verification of the ZrgSbgZn interstitial formulation. 
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Experimental details of data collection are outlined in Table 17. 

Systematic absences in the data were consistent with the space group 

PSg/mcm. Due to a malfunction by the DATEX diffractometer that was not 

detected until after the crystal was removed, the psi-scan data was 

unusable. Refinement of the structure proceeded without an absorption 

correction. Initial least-squares refinement was based on approximate 

positional parameters from Mn^Si^ and inclusion of a zinc atom at the 

origin. The refinement proceeded very smoothly and in the last cycle all 

variable parameters with the exception of the Zr(2) multiplier were 

allowed to vary simultaneously. Resulting refined variables and calcu

lated interatomic distances are listed in Table 25. The agreement 

factors R = 0.013 and R^ = 0.013, were taken as indicative of an 

acceptable refinement and psi-scan data were not recollected. 

The structural refinement is unambiguous about the Zr^Sb^Zn 

formulation for the compound obtained by use of the zinc flux method 

(Z '-5.0i(i)='=3-02(i)^"0.999(6)'- Th» excellent residuals attest 

to the fact that this method produces very high quality crystals. It 

seems likely that Zr^Sb^Zn can exist off-stoichiometry as many other 

ZrgSbgZ systems do, but this was not investigated. 

Magnetic susceptibility 

Because of the magnetic ordering detected for Zr^Sb^Fe, magnetic 

properties of Zr^Sb^Z (Z = Fe, Co, Ni) were more extensively investi

gated- A plot of susceptibility vs temperature for Zr^Sb^Co and Zr^Sb^Ni 

prepared by arc-melting, along with Zr^Sb^ ^ is shown in Figure 21. 

The susceptibilities are essentially temperature independent and weakly 
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Table 25. Parameters and interatomic distances for Zr Sb Zn^ 
5 3 

Atom Site" Occupancy B 
11 B 

22  
B 

3 3  

Sb 

Zr(l) 

Zr(2)  

Zn 

6(g) 

4(d) 

6(g) 

2(b) 

1.008(4) 

1.005(5) 

1 

0.999(6) 

0.61504(5) 

1/3 

0.27045(7) 

0 

0.57(1) 

0.49(2) 

0.60(2) 

0.42(4) 

0.43(2) 

Bli 

0;49(3) 

Bii 

Interatomic Distances (A)*' 

0.68(2)  

0.53(3) 

0.79(3) 

0.67(6) 

Sb - 2Zr(2) 2.947(1) Zr(2) - 2Zn 2.747(1) 
Sb - lZr(2) 2.966(1) Zr{2) - 2Sb 2.947(1) 
Sb - 4Zr(l) 3.046(1) Zr(2) - ISb 2.966(1) 
Sb - 2Zr(2) 3.080(1) Zr(2) - 2Sb 3.080(1) 
Sb - 2Sb 3.527(1) Zr(2) - 4Zr(l) 3.494(1) 
Sb - 2Zn 3.621(1) Zr(2) - 4Zr(2) 3.733(1) 

Zr(l) - 2Zr(l) 2.918(1) Zn - 6Zr(2) 2.747(1) 
Zr(l) - 6Sb 3.047(1) Zn - 2Zn 2.918(1) 
Zr(l) - 6Zr(2) 3.494(1) Zn - 6Sb 3.621(1) 

^Refined formula = Zr5.o^(i)Sb3,g2(i)^"o.999(6)* 
Space group PGy/mcm. 

^Distances less than 4 A, 
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Figure 21. Plot of molar magnetic susceptibility as a function of temperature for Zr^Sbg, 
Zr^SbgNi, and Zr^SbgCo. The temperature-independent weak paramagnetism is typical 
of metallic materials 
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paramagnetic. This type of magnetic behavior is typical of metals, and 

no evidence is found for any magnetic ordering down to 4.2 K. Small 

Curie tails due to magnetic impurities can be seen in all three curves, 

but the increase is very slight, indicating that these are very pure 

samples with respect to magnetic impurities. 

The arc-melting method by which all three of these samples were 

prepared can lead to nonstoichiometric materials. The resulting suscep

tibilities cannot, therefore, be taken as an absolute number but the 

temperature independent weakly paramagnetic behavior is not likely to 

change with a small variation in composition. 

The iron interstitial compound on the other hand is very strongly 

paramagnetic. The ordered magnetic behavior deduced from qualitative 

observations (horseshoe magnet) is confirmed by the more sophisticated 

SQUID susceptometer. Magnetization vs temperature data up to 300K were 

collected on a SQUID, and higher temperature data were obtained on a 

Faraday balance using the same sample. The combined data are plotted in 

Figure 22. 

The measured sample was prepared by arc-melting (final composition 

Zr_Sb_ _,Fe) and annealed at 1100°C for one day and at 750°C for an 
5  3 * 1 1  

additional day. The lattice parameters of this product were calculated 

as a = 8.585(1), c = 5.840(1) A. The diffraction lines in the powder 

pattern, with one exception, could be indexed on the basis of this cell. 

Magnetic susceptibility is defined as x = dM/dH, and since in most 

materials M is linear in H this reduces to X = M/H. Such is not the 

case for ferromagnetic materials that have a spontaneous magnetization in 
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Figure 22. Plot of magneization divided by the applied field strength as a function of tempera
ture for Zr^SbgFe. This is typical behavior of a ferromagnetic or ferromagnetic 
ordered material 
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zero applied field. For this reason the ordinate of Figure 22 is labeled 

as M/H not X. It should be noted that in ferromagnetic materials the 

magnetization remains constant at constant temperature for different 

fields, assuming all domains are aligned. This means the magnetization 

of ZrgSbgFe is actually about three orders of magnitude greater than 

Zr.Sb,, Zr^Sb.Ni or Zr.Sb.Co as measured at 5 KOe. 0 3 o J bo 

The curve follows the expected behavior of a ferromagnetic or ferri-

magnetic sample (Figure 22). The kinks observed between 100 - 300 K are 

not reproduced at different fields, although other anomalies occur in the 

curve at different temperatures. It is not certain whether these are 

real magnetic features or instrumental phenomena. This point should be 

further investigated. 

At temperatures greater than 600 K the data are typical of Curie-

Weiss behavior. This is more clearly seen in the inverse susceptibility 

plotted in Figure 23, where the data points above 600 K are observed to 

fall on a straight line. From this line a Weiss constant of 523 K is 

obtained. The effective magnetic moment can be estimated from the 

derived slope as 2.8 Bohr magneton. This indicates two unpaired spins 

above ~550 K per formula unit of Zr^SbgFe. 

It would be of interest to determine the effect of a varying sample 

composition on the magnetic properties. In order to make a rigorous 

comparison, the different samples should have been measured at the same 

applied magnetic field, but unfortunately they were not. The magnetiza

tion at 8K of several samples is listed in Table 26. The samples that 

were prepared by sintering were allowed to react at lOOO'C for three 
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Figure 23. Plot of inverse susceptibility of Zr^Sb^Fe as a function of temperature. The Curie 
temperature is seen to be ~550 K. Curie-Weiss behavior is observed for data above 
600 K 
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Table 26. Magnetization of Zr^Sb^Fe® 

Nominal Sample 
Composition 

Preparation 
Method 

Applied 
Field (G) 

4nM(g) 

ZrsSbsFe.-zs sintered. lOOO'C 1000 87.0 ZrsSbsFe.-zs 
3 days 

sintered. lOOO'C 1000 182 
3 days 

sintered. 1000"C 1000 374 
3 days 

Zr Sb Fe sintered. 1000°C 1000 402 
D 0 1 • U 

3 days 

ZrsSbg. igFe as-cast 200 197 

Z^sSbs-osFe as-cast 1000 510 

ZrsSb2.,,Feb arc-melted 
annealed 1100°C, 1 day 

20000 646 

ZrsSbz.sgFeb arc-melted 
annealed 1100°C 1 day 

50000 700 

^Temperature = 8 K. 
Same sample measured at 20000 and 50000 Oe. 
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days. The diffraction lines were fairly broad and extra weak lines were 

observed that indicated incomplete reactions. These preparations should 

be repeated at a higher temperature. Nevertheless, it is interesting to 

note that the magnetization for Zr^Sb^Fe^^gg is almost one-fourth that 

of Zr^Sb^Fe^.Q, and Zr^Sb^Fe^^ is almost half. On the other hand, 

the magnetization of Zr^Sb^Fe^^^g is almost equal to that of Zr^Sb^Fe^^^. 

Whether these observations are due to intrinsic properties of the com

pounds or the result of incomplete reaction must be further explored. 

There was one other sample measured at 1000 gauss. An as-cast 

Zr^Sbg^ygFe composition had a magnetization of 510 gauss. This is in 

fairly good agreement with the sintered powder sample. All other arc-

melted products were measured at different fields so that no quantitative 

comparisons can be made. The effect of varying iron or antimony content 

is as yet uncertain. The general features of the magnetization vs tem

perature curve for all these samples were reproduced. 

The data in Figures 22 and 23 confirm that Zr^Sb^Fe is magnetically 

ordered below 550 K. The magnetization as a function of applied field 

was also investigated and from the hysteresis loop (Figure 24) the 

saturation magnetization was determined as 700 G at 80 K. The field 

required to quench the residual magnetization (coercive force) was very 

small (-50 Oe), and as such Zr^Sb^Fe is not suitable as a permanent 

magnet material. The coercive force is influenced to a great extent by 

the grain size, but it is unlikely that improved material processing will 

increase the coercivity to the level required for useful permanent 

magnets. The compound SmCOg has a coercivity of 30 — 40 K0e.®2 
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Figure 24. Magnetic hysteresis of Zr^SbgFe. Note the small reverse magnetic field needed to 
quench the magnetization (4^ M = 0) 
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The marked contrast between Zr^Sb^Fe and Zr^Sb^Z, (Z = Ni, Co), is 

of theoretical interest. Iron is very dilute in Zr^Sb^Fe and the one-

dimensional chains of Fe are separated laterally by 8.5 A. Magnetic 

ordering would be expected only at low temperature if at all for this 

compound. The high Curie temperature is remarkable. The magnetic 

structure and coupling mechanism are of interest, and a neutron powder 

diffraction experiment is being undertaken elsewhere at the present time, 

in order to resolve these questions. 

Other ZrgSbgZ Compounds 

Zr^SbgRu 

Stoichiometric amounts of zirconium, antimony, and ruthenium powders 

were ground together and sealed in a Ta tube. The container was in turn 

sealed in a fused sil ica jacket, and heated in an evacuated furnace at 

1350°C for 2 days. A single phase ZrgSbgZ-type product was obtained. 

The sharp diffraction lines and quantitative yield led to an identi

fication of the product as Zr^Sb^Ru. The lattice parameters are a = 

8.634(1), c = 5.855(2), and the a-axis repeat distance is outside the 

range of the binary phases, Zr^Sb^^.^ (see Table 19). No arc-melting 

experiments were performed, so it is not known whether Zr^Sb^Ru exhibits 

variable lattice parameters as other transition metal interstitial com

pounds were found to do. Single crystals of the ruthenium compound would 

be of interest for comparison with Zr^Sb^Fe, and may be obtained by arc-

melting. 
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ZPgSbgAg 

In an attempt to synthesize ZrgSbgAg, zirconium was arc-melted with 

a quantity of silver and antimony. Because of the low boiling point of 

silver (2200°C) a 50% excess was used, along with a 20% excess of anti

mony. Silver was observed to volatilize and emit a green color during 

arc-melting. The weight of the product at the end of the reaction was 4% 

greater than calculated for Zr^Sb^Ag. 

The diffraction lines of the powder pattern were slightly broader 

than normally observed in most other Zr^Sb^Z systems, but a 100% yield of 

an interstitial compound was indicated. This was encouraging as a pre

liminary reaction, but a more controlled experiment was needed. 

Stoichiometric amounts of zirconium, antimony, and silver powder 

were ground together, and with a small amount (10 mg) of Sbig sealed in a 

Ta tube. The metal container was protected from oxidation by a fused 

silica jacket, and heated at 1150°C for 19 days. Diffraction lines of 

this product were much sharper than the arc-melted sample, and also indi

cated a single phase Zr^SbgZ-type product. No X-ray size crystals were 

found. The lattice parameters for this product are assigned to the com

pound ZrgSbgAg and listed in Table 19. These lattice parameters are 

among the largest of any Zr^SbgZ phase, which is not surprising in view 

of the large Zr-Ag distances of 3.1 A calculated from the sum of Slater 

radii.83 

The preparation of Zr^Sb^Ag was repeated, but the transporting agent 

was omitted. The powders were simply sintered at 1350°C for three days. 
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Lattice constants for the product obtained by this method were identical 

to those measured for the vapor transport product. 

ZrgSbg (FCg/glni/g) 

Syntheses of Zr^Sb^Fe by arc-melting always resulted in one uniden

tified line in the powder pattern. Attempts to obviate this problem by 

sintering of powders did not give satisfactory results. A flux reaction 

such as was used to make the excellent Zr^Sb^Zn crystals was, therefore, 

considered, but because of the likely possibility of a mixed iron-zinc 

interstitial occupancy, zinc was not used as a solvent. Indium was 

chosen instead for a number of reasons. 

Attempts to make Zr^Sb^In by arc-melting and annealing had resulted 

in unreacted elemental indium in the product. It was, therefore, 

reasoned that Zr^Sb^ and In can coexist at equilibrium, and indium would 

not compete with iron for the interstitial site. Further impetus was 

provided by the lack of any Fe-In binary compounds.84,85 Lastly, 

indium allows the use of molybdenum as a container material because no 

Mo-In binary compounds are known, and molybdenum is not significantly 

soluble in it.86 

The iron ternary compound, Zr^Sb^Fe, was first obtained by arc-

melting stoichiometric amounts of zirconium and iron with a slight excess 

of antimony. The final composition estimated from the weight loss was 

ZrsSbg^osFe. The solidified ingot was then placed in a Mo boat with a 

large excess of indium (ZrgSbgFerln = 1:58). The boat and its contents 

were sealed in an evacuated fused silica jacket. Evaporation of the 

solvent, as with zinc, cannot be used to induce supersaturation since 
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indium is much less volatile. A gradient transport method was employed 

to induce crystal growth. 

The ingot of Zr^Sb^Fe was placed at one end of the molybdenum boat 

where the temperature was maintained at llOO'C. The opposite end of the 

horizontal container was held at 1000°C. This temperature gradient was 

maintained for three days, then the reaction was quenched. Approximately 

one-third of the arc-melted button still remained at the hot end. The 

molybdenum was brittle, but the solidified indium was easily removed from 

it indicating that the molten metal had not wet the molybdenum. 

The two halves of the indium were separated and the end that had 

been kept at lOOO'C was placed in a hydrochloric acid solution. The 

indium was allowed to dissolve overnight, the solution filtered, and the 

reaction product washed with distilled water. Hexagonal prismatic 

crystals (-0.2 x 0.2 x 1.5 mm) were obtained. -These crystals were not 

magnetic at room temperature. A powder pattern confirmed that they were 

a Zr^SbgZ-type compound, but the lattice parameters, a = 8.642(1) and c = 

5.872(1), were significantly larger than previously observed for any 

ZrgSbgFe preparation. 

A crystal was selected for a structural investigation, and experi

mental details are listed in Table 17. Systematic extinctions in the 

data were consistent with the space group Pô^/mcm. Initial refinement 

was based on approximate positional parameters of Mn^Sig, but an iron 

atom was included at the origin. Refinement proceeded smoothly, but in 

the later stages the multiplier of the iron atom indicated an occupancy 

greater than unity. The assumption was made that the extra electron 
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density was due to substitution of some iron by indium, despite the hope 

that this would not happen. 

It was decided to refine the amount of the two elements in the 

structure. The initial proportion of iron and indium in the interstitial 

site was estimated from the height of the electron density peak. The 

assumption was also made that the interstitial site was fully occupied 

and that iron and indium multipliers should sum to unit occupancy. A 

patch program was written to allow the multipliers to be varied with this 

constraint. The iron atom multiplier was chosen as the free variable, 

the indium multiplier being adjusted automatically to comply with the 

constraint. The thermal parameters of the two atoms were also con

strained, and in this case they were set to be equal. 

The refinement of the multipliers began with the thermal parameters 

fixed at an isotropic B = 1.0. All other free parameters were allowed to 

vary. The thermal parameters of indium was then refined isotropically, 

and the iron multiplier also varied with the constraints discussed above. 

Finally, the anisotropic thermal parameters were varied. The final 

residuals are R = 0.015 and Ry, = 0.016. The resulting refined parame

ters and calculated interatomic distances are listed in Table 27. 

With reference to Table 27 it can be seen that the zirconium and 

antimony positions are fully occupied and constitute a 

^^5'01(1)^^3.01(1) stoichiometry, but despite expectations to 

the contrary some of the iron has been replaced by indium. Apparently, 

previous attempts to produce Zr^Sbgln had produced Zr^Sb^In^ (x < 1 ), 

and not Zr^Sb^+y as was assumed. The possibility of superstructure 
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Table 27. Parameters and interatomic distances for Zr^Sb^CFe^^^In^^g)^ 

Atom Site^ Occupancy X Bii  ^22 B33 

Sb 6(g)  1.000(4) 0.61208(6) 1.02(2) 0.68(2) 0.86(2) 

Zr(l) 4(d) 1 1/3 0.67(3) Bii  0.58(4) 

Zr(2) 6(g)  0.004(4) 0.2696(9) 1.07(3) 0.76(3) 1.81(4) 

Fe 2(b) 0.661(8)C 0 0.58(8)d 0.6(1) 

In 2 (b) O.339C 0 0.58(8) Bii  0.6(1) 

Interatomic Distances® (A) 

Sb lZr(2) 2.960(1) Zr(2) - 2Fe,In 2.754(1) 
Sb 2Zr(2) 2.976(1) Zr(2) - ISb 2.960(1)  
Sb 4Zr(l) 3.052(1) Zr(2) - 2Sb 2.976(1) 
Sb 2Zr(2)  3.109(1) Zr(2) - 2Sb 
Sb 2Sb 3.518(1) Zr(2) - 4Zr(l) 3.513(1) 
Sb Fejn 3.660(1) Zr(2) - 4Zr(2) 3.748(1) 

Zr(l)  - 2Zr(l) 2.936(1) Fe 6Zr(2) 2.754(1) 
Zr(l) - 6Sb 3.052(1) Fe 2Fe,In 2.936(1) 
Zr(l) - 6Zr(2) 3.513(1) Fe 6Sb 3.660(1) 

^Refined formula = Zrg.oifijSbg.ggFeg.ggifgjlng.ggg. 
Space group PGg/mcm. 

Cpe and In occupancy constrained to add up to one. 
^Thermal parameters for iron and indium constrained to be equal. 
^Distances less than 4.0 A. 
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formation was considered. The crystal used for data collection was 

examined by oscillation and Weissenberg photographs but no evidence of 

superstructure was observed. 

Other Attempted ZrgSbgZ Syntheses 

Several other elements were investigated for the possibility of 

forming Zr^Sb^Z interstitial compounds. The results of these synthetic 

attempts were either inconclusive or negative and are outlined in Table 

28. The reactions are more fully discussed below. 

Alkali and alkaline earth metal interstitial compounds 

Reactions designed to produce Zr^SbgNa and Zr^Sb^K were loaded in a 

tantalum tube. These involved a stoichiometric mixture of Zr^Sb^ and the 

appropriate alkali metal. The binary compound was obtained by arc-

melting, and the as-cast powder pattern showed it to be a mixture of the 

YgBig and Mn^Sig types. The tantalum container was sealed in an evacu

ated fused silica jacket, and heated at 1150°C for one week. The powder 

patterns of both products were identical to that of the as-cast binary 

Zr^Sbg. No reaction apparently took place, and the small amount of the 

alkali metal that must have coated the powder was not detected by powder 

diffraction. 

A second reaction designed to produce Zr^Sb^K was carried out. The 

failure of the first reaction could have been attributable to kinetic 

barriers preventing the conversion of the Y^Big into the Mn^Si^ struc

ture, and limited, mobility of antimony in the Zr^Sb^+x portion of the 

starting material. (A discussion of these kinetic barriers is presented 
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Table 28. Failed or uncertain Zr^SbgZ reactions 

Z Product Synthesis Products 
composition method conditions 
(atomic) temp(°C) time (d) 

Na Na + Zr^Sbg S 1150 7 Zr^Sb, 

K K + ZrgSbg S 1150 7 ZrgSbg 

K K + Zr,Sb, S 1000 10 ZrO,, Zr,Sb,+x, 
Zr,Sb,Ox? 

Ca Ca + ZrgSbg S 1000 10 ZrgSbg 

Ca Ca + 5Zr + 3Sb S 1350 3 

Mg Mg + ZrgSbg S 1000 10 ZrgSbg 

Mg Mg + 5Zr + 3Sb S 1350 3 ZrOg, ZrgSb^+x, 

ZrgSbgOx? 

Mn Mn + 5Zr + 3Sb S 1000 5 unknown cubic phase 

Cr Cr + 5Zr + 3Sb AM as-cast unknown cubic phase 

Cr Cr + ZrgSbg S 1100 2 Cr, ZrgSbg 

Cd Cd + 5Zr + 3Sb VT 1150 19 Cd, Zr^Sbg 

^Abbreviations: S - sintered powder; AM - arc-melted; 
VT - vapor transport. 
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in part I of this work.) In order to avoid this problem, Zr^Sb^^ was 

prepared from powders and the material was repeatedly ground and fired 

until only a Mn^Si^-type diffraction pattern was observed (a = 8.4038(6), 

c = 5.7669(8) A). This powder was loaded with a stoichiometric amount of 

potassium metal in a Ta tube, sealed in fused silica, and allowed to 

react at 1000°C for ten days. Second thoughts on the possibility that 

these conditions might not have yielded equilibrium products led to 

further reaction at 1300°C for three days. The metal container was very 

bulged upon removal from the furnace, indicating an appreciable potassium 

pressure which has a boiling point of 760°C, in the container at 1300°C. 

A small amount of ZrOg (~10%) was detected in the powder pattern. 

The remaining diffraction lines were very sharp, and could be indexed on 

the basis of two Zr^Sb^Z-type unit cells. The two were present in about 

equal amounts, and the lattice parameters were refined as a = 8.543(1), 

c = 5.860(1) A, and a = 8.346(1), c = 5.737(1) A. The large cell is 

almost certainly that of Zr^Sb^^.^. Application of the lattice parame

ters versus composition results discussed in part I, yields a composition 

of Zr_Sb, on the basis of the a-axis parameter, and Zr Sb from 5 3 • 36 V 0*00 

the c-axis length. The Zr^Sb^^.^ phase is probably due to loss of 

zirconium to form ZrOg bringing about an increased antimony to zirconium 

ratio. The smaller unit cell is not as easily accounted for. The 

lattice parameters are significantly larger than those of Zr^SbgO (see 

Table 19), but arc-melted preparations have shown that Zr^Sb^O^ (x < 1) 

compositions have lattice constants comparable to the ones observed 

here. 
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It is entirely possible that oxygen was Introduced to the reaction 

via the potassium. When the metal was cut in the dry box, a purple 

tarnish developed on the surface within 10 seconds. The large surface 

area with respect to the bulk total of the potassium (7 mg) could lead to 

significant amounts of oxygen contamination. On the other hand, the 

formulation of the compound as Zr^Sb^K cannot be ruled out. Very short 

zirconium-potassium distances have been observed in a potassium-centered 

zirconium cluster.8? Further work is needed to clarify the situation. 

The same sintered Zr^Sb^ ^ starting material was used with a 

stoichiometric amount of calcium in an attempt to synthesize Zr^SbgCa. 

The reaction was loaded into a tantalum tube, sealed in a fused silica 

jacket, and maintained at 1000°C for ten days. The powder pattern was 

identical to that of the starting material. A second reaction was 

carried out in a sealed Ta tube with a stoichiometric mixture of the 

elements. The container was placed in an evacuated (10~6 torr) recrys-

tallized alumina muffle tube and heated at 1350°C for three days. 

The powder pattern from this reaction did not exhibit diffraction 

lines of any binary oxide, but as with Zr^Sb^K, there were once again two 

ZrgSbgZ-type phases in equal amounts. The larger cell was almost iden

tical in size to the Zr^Sb^^^ observed in the potassium reaction, but 

the smaller cell was even closer in size to that of Zr^Sb^O. The results 

are once again ambiguous, and Zr^Sb^Ca can neither be confirmed nor ruled 

out. 

Magnesium reactions were run at the same time as the calcium ones, 

and with identical conditions. The attempt at 1000°C apparently resulted 
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in no reaction. The sample produced at 1350°C yielded a powder pattern 

that was more similar to that obtained with potassium at 1300°C, than to 

the calcium product. The two Zr^Sb^Z-type cells were of the same size as 

the two observed in the potassium reaction, and 10% ZrOg is also 

observed. This is surprising since magnesium oxide, unlike potassium 

oxide, is very stable at high temperature. 

The alkali and alkaline-earth metal reactions should be repeated 

with rigorous attempts to exclude oxygen. Since this work was performed, 

a dry box with an oxygen scavenged atmosphere has become available. 

Potassium and sodium can be cut in this dry box with much less oxygen 

contamination. Freshly distilled calcium should be obtained. Magnesium 

may also be distilled in a tantalum tube liner at much lower temperature. 

Transition metal Interstitial compounds 

Repeated attempts to synthesize Zr^Sb^Mn by arc-melting were incon

clusive. Manganese has a substantial vapor pressure at elevated tempera

tures (T > 1000°C), and vaporization was a problem. The volatilized 

manganese condensed as a fine powder on the copper hearth, and was 

pyrophoric. To compensate for loss through vaporization, a three-fold 

excess of manganese was used in one reaction. Along with many other 

unidentified lines, a Zr^Sb^Z-type pattern was observed, but the lattice 

parameters were consistent with a Zr^Sb^f^ phase. 

A sintering reaction was carried out by using a stoichiometric 

mixture of zirconium, antimony, and manganese powders ground together 

thoroughly and pressed into a pellet. This pellet was placed in a 

tantalum crucible, and sealed in a silica jacket under an atmosphere of 
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argon. The sample was heated at lOOO'C for five days. Only a 10% yield 

of a ZrgSbgZ-type phase, giving just the three strongest lines at very 

weak intensity, was observed in the powder pattern. The rest of the 

diffraction lines could be indexed^^ on the basis of a primitive cubic 

unit cell a = 11.0975(6) A. This phase was not identified but must have 

a formula near the Zr^Sb^Mn overall composition. 

The formation of a cubic phase by sintering powders implies that a 

hexagonal Zr^SbgMn-type phase is not stable. Since this cubic phase is 

not seen in arc-melted products it is apparently unstable at high tem

perature (~T > 1400°C). One cannot, therefore, rule out a stable hexa

gonal Zr^SbgMn phase in the temperature region 1000 to 1400°C. A 

sintered powder reaction at 1300°C should resolve this question. 

Results of the attempted preparation of Zr^Sb^Cr by arc-melting were 

very similar to manganese preparations. Extensive volatilization of 

chromium and antimony made final composition uncertain. The powder pat

tern contained only a few lines of Zr^SbgZ-type phase (10% yield). Most 

of the diffraction lines matched the pattern of the cubic cell found 

above for the sintered preparation of Zr^Sb^Mn. 

A pellet made by pressing a mixture of Zr^Sb^ and Cr powder was 

heated at 11G0°C for two days. This was an attempt to obtain the cubic-

phase under more controlled conditions, and to rule out Zr^Sb^Cr as a 

stable "filled" Mn^Sig-type compound. No reaction took place. The 

Zr Sb starting material had been obtained from an arc-melted prepa-
5  3 * 0  

ration, and such starting material has been observed in other systems to 

be much less reactive than elemental powders. Kinetic barriers evidently 
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prevented a reaction from taking place. Nevertheless, it is more certain 

for chromium than manganese, that a hexagonal ZrgSb^Z compound cannot be 

made. Only the cubic phase was found for chromium, and it would be 

interesting to see if vanadium, titanium, or scandium also produce this 

cubic compound. 

One other ZrgSbgZ phase can be described with confidence as being 

unstable. An attempt was made to synthesize Zr^Sb^Cd by sealing an 

appropriate mixture of zirconium, antimony and cadmium in a Ta tube and 

heating at 1150°C for 19 days. A small quantity of Sbl^ was also 

included to act as a transporting agent. In order to remove the iodide 

upon completion of the reaction, the tantalum container was cut open and 

heated under a vacuum. A metallic film formed on the glass tube outside 

the furnace at 300°C that was assumed to be cadmium. The powder pattern 

of the remaining material indicated it was the binary Zr^Sb^ phase. 

Other MgXgZ Compounds 

No binary Mn^Si^-type phase is known in the zirconium-arsenic 

system, the compounds closest in composition are Zr^As and Zr^As^.87,88 

In order to confirm this, an attempt was made to synthesize Zr^ASg. 

Zirconium and arsenic powder in a molar ratio of 5:3 were ground 

together, and sealed in an evacuated silica tube. The powders were 

heated at 750°C for three days to prereact the sample; no evidence of 

reaction with the silica container was observed. The product was 

reground, pressed into a pellet, and arc-melted. The prereaction was 

effective since only a very small amount of volatilization (~4% weight 
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loss) occurred. The product was composed mainly (90%) of Zr As with a 

small amount of Zr^As in accordance with published reports.8?,88 

A portion of the same prereacted zirconium and arsenic powder was 

ground with a stoichiometric amount of silicon in a reaction designed to 

produce Zr^As^Si. The powder was pressed into a pellet and arc-melted. 

Final composition of the sample was estimated as ZrgASg.gSi, assuming 

only arsenic loss. The product was annealed for one day at 1050°C, and 

the powder pattern indicated a 20% yield of ZrAs and ZrAs^. The 

remaining diffraction lines could be indexed with a hexagonal cell a = 

7.9315(7), c = 5.5740(8) and the intensity distribution matched that 

calculated for the interstitial Mn^Si^-type compound, Zr^As^Si. 

The presence of ZrAs and ZrASg, along with Zr^ASgSi, in the product 

indicates that the reaction was not at equilibrium. Arc-melted prepara

tions for Zr^SbgZ compounds have shown that lattice parameters, and pre

sumably compositions obtained through use of this technique can vary over 

quite a range. The lattice parameters described above for Zr^As^Si must 

be regarded as only tentative, since the actual composition of the 

ternary phase is not certain. Despite problems endemic to arc-melting, 

it is used to advantage in cases such as this, where a quick preliminary 

investigation can produce promising results. The occurrence of a Mn^Sig-

type phase in the zirconium-arsenic system only when silicon is present, 

is very encouraging, and is worthy of further investigation. 

A substitution of silicon with aluminum produced similar results. A 

reaction designed to yield Zr^As^Al was carried out by sealing stoi

chiometric amounts of Zr^ASg (see above) and aluminum in a tantalum tube 
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with Zrl^ as a transporting agent. This was allowed to react for eleven 

days at 1000°C. The powder pattern showed a 50:50 mixture of ZrAs and a 

ZrgASgZ-type cell. The diffraction lines of the presumably Zr^As^Al 

phase were broad, implying that the solid solution behavior observed for 

ZrgSbgAl also occurs here. The lattice constants were not measured 

because of the broad nature of the diffraction lines, but the unit cell 

of this ZrgASgAl phase is larger than that of Zr^ASgSi. 

An attempt to produce Zr^As^Fe, in the same manner as the si 1 ici de 

phase, failed. The powder pattern contained only the diffraction lines 

of ZrgAsg. The fate of the iron is unknown, but ZrgAsg has a very com

plicated diffraction pattern that could easily mask any high symmetry, 

small unit cell. 

Extended-Huckel Calculations 

The remarkable array of interstitial Zr^Sb^Z compounds prompted some 

theoretical calculations in an attempt to rationalize this unprecedented 

behavior. The calculations were carried out by extended-Huckel method 

for three representative compounds. The phases Zr^Sb^Fe and Zr^Sb^S were 

chosen because of the pronounced chemical differences between iron and 

sulfur, and because quantitative structural data were available. A 

calculation was also performed for ZrgSbg since the extended-Huckel 

method is best applied for comparative purposes, rather than in an 

absolute sense. See Appendix A for the orbital parameters. 

The density-of-states (DOS) curve for Zr^Sbg is shown in Figure 25 

with the shaded areas under the curve representing the orbital contribu

tion from the three crystallographically independent atoms to the total. 
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Figure 25. DOS curve for Zr^Sbg. The shaded areas under the curve represent the atomic orbital 
projections as indicated in the legend. The Fermi energy has been set at E = 0. 



www.manaraa.com

164 

The curve was calculated using 24 evenly spaced, symmetry weighted k 

points in the three-dimensional Brillioun zone. The Fermi energy has 

been set equal to zero. A broad band can be seen from -6.5 to -2.5 eV. 

This band is mainly antimony in character but a significant amount of 

Zr(l) (linear chain) and Zr(2) orbitals are also admixed. The conduction 

band, which starts at -1.5 eV, is almost entirely zirconium in character. 

The width of these bands indicates a large degree of covalent overlap, 

since they would be much narrower and the valence band would have much 

less mixing of the atomic orbitals in any ionic description. 

More insight into the bonding in Zr^Sbg can be gained with reference 

to Figure 26, where the DOS curve has been overlap-weighted for various 

pairs of atoms, such that a bonding interaction is positive and an anti-

bonding one is  negat ive.  These crysta l  orb i ta l  over lap populat ion (COOP) 

curves give a good representation of the bonding or antibonding effects 

for various atom pair interactions.89 Thus, the Zr(l)-Sb and Zr(2)-Sb 

interactions can be seen to be strongly bonding, these interactions 

occurring in the valence band. There is no antimony orbital contribution 

to the DOS near the Fermi energy. 

The interzirconium bonding is mainly limited to the conduction band. 

The transition metal orbitals in the valence band are apparently com

mitted to heteratomic bonding. The Zr(l)-Zr(l), linear chain, inter

actions are strongly bonding as would have been surmised from the short 

interatomic spacing. The other Zr-Zr interactions are much weaker, but 

still quite significantly bonding, and to a greater extent than implied 

by the interatomic distances. The Zr{l)-Zr(2) distance is 3.5 A, 
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Figure 26. COOP curves for Zr^Sbg. The positive values on the curves represent bonding 
interactions while negative values denote an antibonding character for the atom 
pairs as indicated. The coplanar Zr(2) - Zr(2) overlap is denoted by the 
superscript a, and the interplanar Zr(2) - Zr{2) interactions by superscript b in 
the legend. 
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coplanar Zr(2)-Zr(2), 3.6 A, and interplanar Zr(2)-Zr(2) 3.6Â. These can 

be compared with the Zr(l)-Zr(I) distance of 2.9 A. 

The average overlap population is obtained by intergrating the COOP 

curves up to Ep. The average overlap populations for all significant 

pairwise interactions are listed in Table 29. It should be noted that 

the numbers are only qualitative indicators when comparing different 

types of interactions, such as Zr-Sb and Zr-Zr. A better comparison of 

the values is made for the same kind of pairwise overlap, viz., Zr(l)-Sb 

and Zr(2)-Sb. 

These results can be compared with those for Zr^Sb^Fe. The DOS 

curve of the iron compound is drawn in Figure 27. Atomic projections are 

shown in the same manner as the binary compound. The general features of 

the two DOS curves are similar. There are still two wide bands for the 

interstitial compound, but a new narrow band is located in the band gap 

between them. The valence band seems unperturbed by the interstitial 

iron. It consists of antimony, zirconium(l), and zirconium(2) atomic 

orbital contributions, with a negligible contribution from the iron. The 

conduction band has been more affected by the insertion of the iron atom. 

The density-of-states below the Fermi energy in the conduction band is 

now much higher, as most of the iron atomic contribution is located in 

this energy region. The narrow feature just below the conduction band is 

almost entirely iron and zirconium(2) in character. The primary coordi

nation sphere of iron, if the reader will recall, is composed of six 

Zr(2) atoms. The iron atomic orbital s in this narrow feature, are 
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Table 29. Average overlap population 

Overlap Type ZrgSbg ZrgSbsFe ZrsSb,S 

Zr(l)-6Sb 0.28 0.29 0.30 

Zr(2)-5Sb 0.25 0.25 0.23 

Zr(l)-2Zr(l) 0.35 0.33 0.31 

Zr(l)-6Zr(2) 0.10 0.09 0.11 

Zr(2 ) -2Zr(2 )a  0.17 0.06 0.02 

Zr(2 ) -4Z(2 )b  0.15 0.08 0.04 

Z-6Zr(2 )  0.28 0.31 

Z- Z 0.05 -0.07 

predominately (90%) s in character, while the Fe d-orbitals can be found 

in the conduction band. 

The COOP curves for Zr^SbgPe are drawn in Figure 28. Only the Zr(l) 

- Zr(l) curve is plotted for zirconium interactions in the interest of 

clarity. The Zr-Sb overlap curves are not noticeably different to those 

of Zr^Sbg, a fact that is reflected in the average overlap population 

(see Table 29). The Zr(l)-Zr{l) and Zr(l)-Zr(2) overlaps also have not 
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Figure 27. DOS curve for Zr^Sb^Fe. The shaded areas under the curve represent the atomic 
orbital projections as indicated in the legend. The Fermi energy has been set 
at E = 0 
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igure 28. COOP curves for Zr^SbgFe. The positive values on the curves represent bonding 
interactions while negative values denote an antibonding character for the atom 
pairs as indicated. Onl^ the Zr(l) - Zr(l) curve is drawn for zirconium overlaps in 
the interest of clarity 
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been affected by the iron interstitial (see Table 29). On the other 

hand, both types of Zr(2)-Zr(2) overlap interactions have been very much 

reduced, even though the zirconium-zirconium distances have only 

increased 0.1-0.2 Â. 

The Zr(2)-Fe interactions, which were, of course, absent in the 

binary compound, can be seen to be strongly bonding. The narrow band in 

the DOS curve at -2 eV is reproduced in the COOP curve, and the increased 

height relative to that of the conduction band is attributable to the 

better overlap of the iron s-orbital with Zr(2). The average overlap 

population for all significant interactions are also listed in Table 29. 

The results for Zr^Sb^S can be compared in a similar manner. The 

DOS and COOP curves are drawn in Figures 29 and 30, respectively. With a 

sulfur interstitial, it is now the conduction band that remains virtually 

unchanged. The atomic projections show it to be composed almost entirely 

of zirconium orbital contributions. The narrow band seen for the iron 

compound at -2 eV is not reproduced, and a substantial band gap is once 

again present. The interstitial orbitals are located much lower in 

energy, reflecting the increased electronegative character of sulfur with 

respect to iron. 

Despite the similar energies of sulfur and antimony orbitals in the 

valence band. Figure 30 shows that the zirconium-antimony bonding remains 

unchanged compared with that in Zr^Sb^ or Zr^Sb^Fe. Only the Zr(l)-Zr(l) 

curve is plotted in the interest of clarity, but Zr{l)-Zr(2) overlap 

remains unperturbed, and the Zr(2)-Zr(2) curves are very flat, like those 

in the iron compound. The Zr(2)-S curve indicates a strong bonding 
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Figure 29. DOS curve for Zr^Sb^S. The shaded areas under the curve represent the atomic 
orbital projections as indicated in the legend. The Fermi energy has been set 
at E = 0 
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Figure 30. COOP curves for Zr^Sb^S. The positive values on the curves represent bonding 
interactions while negative values denote an antibonding character for the atom 
pairs as indicated. Only the Zr(l) - Zr(l) curve is drawn for zirconium overlaps in 
the interest of clarity 
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interaction. In essence, when the iron interstitial is replaced by 

sulfur, the interstitial-zirconium bonding shifts to lower energy without 

affecting Zr-Sb bonding. 

A measure of the extent of charge transfer in these compounds can be 

obtained by integrating under the atomic projections in the DOS, up to 

the Fermi level. This gives a rough indication of the amount of elec

trons "owned" by each element, although the method often overestimates 

the polarity developed. These numbers are listed in Table 30. The anti

mony is unchanged in all three compounds, but a large difference in the 

zirconium oxidation state occurs when iron is substituted by sulfur as an 

interstitial. 

The Zr(2) orbital s interact with sulfur, which causes some zirconium 

orbitals to shift to lower energy, but these interactions are polar and 

mostly sulfur in character. Most of the Zr(2) orbitals that interact 

with sulfur are pushed to higher energy. As a result of this fewer Zr(2) 

orbitals are filled, leaving more Zr(l) sates near the Fermi energy to be 

occupied, and producing the calculated oxidation states. The average 

zirconium oxidation state is +0.23, the same as in Zr^Sb^ and Zr^Sb^Fe. 

The iron is calculated to be essentially neutral, and the sulfur has a 

slight negative charge. 

Experimental evidence to corroborate the extended-Huckel results was 

sought by use of photoelectron spectroscopy. Ultraviolet photoelectron 

spectroscopy (UPS) can be employed to examine the density-of-states near 

the Fermi level. A sample of Zr^Sb^S was prepared by sintering 

Zr^Sbg.g and sulfur at 1300°C for three days. This resulted in a 
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Table 30. Electron transfer as estimated by extended-Huckel 

Atom e/atom oxidation state 

ZrgSbg Zr(l) 3.80 +0.20 

Zr(2) 3.75 +0.25 

Sb 5.38 -0.38 

ZrgSbgFe Zr(l) 3.64 +0.36 

Zr(2) 3.79 +0.21 

Sb 5.44 -0.44 

Fe 8.05 -0.05 

ZrgSbgS Zr(l) 4.07 -0.07 

Zr(2) 3.46 +0.54 

Sb 5.40 -0.40 

S 6.27 -0.27 
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single phase product. The reaction has been previously discussed (see 

Synthesis section), and the lattice parameters are listed in Table 19. 

The sample was ground in a dry box directly attached to the spectrometer, 

and argon ion etched prior to collection of the spectrum in order to 

insure a clean surface. Plots of the experimental and calculated data 

are given in Figure 31. 

The resolution of the UPS spectrometer was not sufficient to dis

tinguish the band gap seen in the calculated curve, but a dip in the 

experimental data can be seen at the same energy. The large Fermi edge 

leaves no doubt as to the metallic character of the compound, and is also 

in agreement with the calculation. The broad valence band is reproduced 

in the experimental results as well. The UPS experiment cannot confirm 

the details of the extended-Huckel calculation, but the general features 

can clearly be seen. 

A sample of Zr^Sb^Fe was also examined with UPS. It was prepared by 

arc-melting, and the as-cast product was used. The sample was again 

ground in the dry box, and argon-ion-etched prior to data collection. 

The experimental and calculated density-of-states for Zr^Sb^Fe are shown 

in Figure 32. 

A pronounced Fermi edge is visible, confirming a metallic character. 

The calculated band curve contains a much higher density-of-states in the 

conduction compared with the valence band, and this is reflected in the 

experimental results. Coverage of the indium probe by the sample was not 

as good with Zr^Sb^Fe as with Zr^Sb^S, so indium states which are located 

below -5 eV, prevent the expected drop-off at -6.5 eV. Nevertheless, the 
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Figure 31. Comparison of experimental (UPS) and calculated (extended-Huckel) valence region of 
ZrgSbgS. 
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Figure 32. Comparison of experimental (UPS) and calculated (extended-Huckel) valence region of 
ZrgSbgFe. 
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increased density-of-states in the conduction band that results from 

insertion of an iron atom can be clearly seen. 

X-ray photoelecton spectroscopy was used to ascertain the binding 

energy of core levels for the various elements in ZrgSbgS and ZrgSbgFe. 

The binding energy of these levels can give a qualitative measure of 

oxidation state, and can be compared with the extended-Huckel results. 

The binding energies listed in Table 31 were obtained from the same 

samples used for the UPS experiments. Adventitious carbon, Is core level 

(285 eV) was used as an internal standard. Only one type of zirconium 

peak was observed, and this was the case for the other elements as well. 

The binding energies are in qualitative agreement with the oxidation 

states calculated by extended-Huckel. Zirconium in the ternary compounds 

has a binding energy for the Sd^^g level slightly greater (small positive 

charge) than elemental zirconium. The antimony has a slightly smaller 

binding energy, in the ternary compound compared to the element (small 

negative charge). The same can be said of the sulfur in Zr^Sb^S (compare 

binding energy for S and NagS). The binding energy for the iron 

level is almost equal to that in elemental iron as predicted by the 

calculations. 
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Table 31. XPS data for core level binding energies 

core level Binding energy (eV) 

ZrgSbgFe ZrgSbgS S NagS* Feb ZrC Sbd 

Zr 3dgy2 179.5 179.5 178.5 

Sb 3dgy2 527.8 527.6 528.1 

Fe 2P3/2 707.0 706.7 

S 2p 162.5 163.8 161.6 

^Reference 90. 
Reference 91. 

""Reference 92. 
^Reference 93. 
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DISCUSSION 

Comparison of Structural Data 

The single crystal structural refinements of various Zr^Sb^Z 

compounds, allow the determination of the effect of various interstitial 

elements on the structure. The most important distances, certainly in 

terms of lattice energy, are the zirconium-antimony separations. These 

are the most numerous, and of course the backbone of the structural 

framework in the binary Zr^Sb^ compound. The other interatomic distances 

that are of interest, are zirconium to zirconium, and zirconium to inter

stitial. All these distances from the single crystal refinements are 

listed in Table 32. 

The zirconium-antimony distances in all the- Zr^Sb^Z compounds are 

~3.0 A. This distance is very typical of Zr-Sb spacings in the binary 

compounds (see Zr^Sbg-Y, ZrSb, ZrSbg in part I). The notable observation 

drawn from the list of zirconium-antimony contacts in Table 32, is the 

lack of a significant variation. The Zr(l)-Sb separations vary by less 

than 0.1 A, even when compared with those in the binary compound. The 

Zr(2) - Sb contacts are even more consistent. The interstitial element 

seems to have very little effect on the zirconium-antimony distance. 

The short interzirconium, interatomic distance [Zr(l) - Zr(l)} also 

does not change to any great extent (<0.05 A). This zirconium-zirconium 

distance is extremely short compared with the elementis and is comparable 

to the single bond distance of 2.918 A.94 a notable feature of the 

Mn^Sig structure type, is this linear chain of transition metals. The 

distance between the zirconium atoms in the linear chain, just as the 
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Table 32. Interatomic distances in Zr^Sb^Z compounds 

Compounds Zr(l)-Sb Zr(2)-Sb^ Zr(l)-Zr(l) 

3.016 3.001 2.923 

0 .1 ̂ ^^0 .9^"o .1 ̂ 3.008 3.023 2.897 

2.976 3.033 2.930 

ZrgSbgFe 3.031 3.030 2.918 

Zr^SbgZn 3.047 3.004 2.918 

ZrgSbgfFeQ.gglnQ 3^) 3.052 3.026 2.936 

2.974 3.022 2.893 

^Average distance. 



www.manaraa.com

182 

2r(l)-Zr(2) Zr(2)-Zr(2)^ Zr(2)-Z 

3.486 3.778 2.700 

3.519 3.738 2.671 

3.532 3.636 2.578 

3.545 3.722 2.653 

3.494 3.833 2.747 

3.513 3.844 2.754 

3.545 3.574 2.532 
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zirconium-antimony separations, is not changed by the various inter

stitial elements. 

The next shortest Zr-Zr distance is between the zirconium of the 

linear chain, Zr(l), and the zirconium surrounding the interstitial site, 

Zr(2). This distance (~3.5 A) is much larger than the Zr(l) - Zr(l) 

separations, and 3.5 A is usually considered a nonbonding zirconium dis

tance. Extended-Huckel results, on the other hand, have shown this to be 

a weakly bonding interaction, a greater variation is seen in the Zr(l) -

Zr(2) distances than observed for Zr(l) -  Zr(l),  but the largest differ

ence is still less than 0.06 A. Once again the interstitial has very 

little impact. 

The final zirconium-zirconium distances to be discussed are the 

Zr(2) - Zr(2) contacts surrounding the interstitial site. In the binary 

compound this distance is slightly larger than the Zr(l) - Zr(2) distance 

(see Table 32), but surprisingly the average overlap population as calcu

lated by extended-Huckel, is 50% greater (see Table 29). The Zr(2) -

Zr(2) distances are the most affected by insertion of an interstitial 

atom. No other distance changed by more than 0.06 A, whereas, the 

largest variation in the Zr(2) - Zr(2) distance is 0.27 A. This differ

ence is found by comparison of the binary compound and the mixed iron-

indium interstitial phase, but even among the ternary compounds, much 

larger differences can be seen than in any of the other types of inter

atomic spacings. The two calculations performed on interstitial com

pounds indicate that Zr(2) - Zr(2) bonding interactions are in essence 

nil after interstitial insertion. Within the basic Zr^Sbg framework. 
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only the Zr(2) - Zr(2) distances are found to vary with different inter

stitial elements. 

A comparison of zirconium-interstitial distances to other known 

spacings of the same type would also be interest. The sum of Slater^s 

radii for zirconium and aluminum is 2.80 A. The distance from Zr(2) to 

the interstitial site (72% Al, 28%Sb) in the single crystal refinement is 

2.700(1) A. The mixed atom occupation of the interstitial site makes the 

Zr-Al distance only approximate, but is not likely to be very different 

in the ordered Zr^Sb^Al compound. Any change would most likely result in 

a smaller zirconium to interstitial separation since antimony is larger 

than aluminum. 

Another example of an aluminum-centered zirconium octahedron can be 

found in the compound CSg^^Zrgl^^Al.ss The Zr-Al distance in this 

compound is much shorter (2.4 A). These zirconium-aluminum distances can 

be compared to the range of 2.84 - 3.03 A spacings observed in many 

intermetallic compound, e.g., ZrgAl.ss Zr^Al^.^s Zr^Alg,^? ZrAl,98 and 

Zr^Ala.ss The Zr-Al distance in Zr^Sb^Al is seen to be shorter than the 

sum of Slater radii or what comparison with binary compounds would 

predict. The distance is much longer, however, than observed in the 

zirconium iodide. 

A theoretical treatment of the bonding in Zr^Al has shown that 

aluminum p orbitals are principally nonbonding in that binary 

compound.100 The electron densities on the zirconium atoms (d-type 

states) are directed so as to avoid the aluminum positions. In 

CSg^^Zrgl^^Al, the ionic nature of the compound results in a 
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significant transfer of electrons from zirconium to iodine. This empties 

the screening d orbitals on zirconium and allows close contact between Zr 

and Al. In Zr^Sb^Al, electron transfer is much reduced, and the Zr-Al 

distance is only slightly shorter than in the binary compound. The small 

transfer of electrons from zirconium to antimony is in agreement with 

extended-Huckel and XPS results for ZrgSbgFe and Zr^SbgS. 

There is less of a solid solution problem in the structural refine

ment of ZrgSbgSi, but a small amount of Zn (~10%) was found to occupy the 

interstitial site. A comparison of zirconium-silicon distances reveals 

that, 2.67 Â in Zr^Sb^Si is longer than the 2.5 Â distance of the 

silicon-interstitial zirconium iodide, CSg^^Zr^I^j^Si.95 The binary 

zirconium si 1 ici des have a range that spans the shorter observed hetero-

atomic spacings of 2.71 - 2.88 a (ZrSi,ioi Zr^Si.ioz ZrSi^ cited in 

reference 103). The sum of Slater radii for Zr and Si is 2.65 A, which 

agrees well with the crystal data results. In contrast, the binary com

pounds have distances that are somewhat longer. However, the zirconium 

to silicon distance in Zr^Sb^Si is closer to what would be expected from 

comparison to the binary compounds than the Zr-Al distance in Zr^Sb^Al is 

to the corresponding binary phases. The p orbitals of Si are lower in 

energy than the aluminum orbitals and probably are more bonding with 

respect to zirconium. 

The sulfide structural refinement did not reveal a mixed atom inter

stitial, but did indicate a substoichiometric interstitial occupancy. 

The zirconium-sulfur distance of 2.578 A would presumably increase 

slightly with a filled site. Nevertheless, the Zr-S distance is 
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consistent with the decrease one would expect when changing the inter

stitial from aluminum, to silicon to sulfur. The sum of Slater radii is 

2.55 Â, and the 2.58 - 2.60 A separations in the binary compounds 

ZrSg,!^^ and ZrgSgios are comparable to the experimental value in 

^5b3S„.,. 

The iron interstitial, single crystal refinement does not suffer 

from the solid solution or nonstoichiometry problems of the above refine

ment. That is not to say that these complications do not occur for 

ZrgSbgFe, they most certainly do (see Synthesis section), but the crystal 

used in the structural investigation was serendipitously free of those 

problems. The iron-zirconium distance is 2.653 A, which is quite a bit 

shorter than the sum of Slater radii (2.90 A). This sum of Slater radii 

does not predict well the iron-zirconium distances in the binary inter-

metallic compounds. The shortest interatomic spacing found in binary 

compounds are 2.75 ^ in ZrgFe,!^^ and 2.85 A in ZrFe^.^^ The compound 

Cs„ ^,Zr.I,,Fe also has an iron-centered zirconium octahedron. In that 
0 • 6  3  6  1 4  

compound the average Zr-Zr distance is 2.48 A.io? The zirconium-iron 

distance in Zr^Sb^Fe is much closer in length to the binary intermetallic 

compounds, but slightly smaller. This distance is in qualitative agree

ment with the extended-Huckel results that assign a slight positive 

charge to zirconium, and none to iron. 

Upon substitution of one-third of the iron atoms by indium, the 

average interstitial distance increases from 2.653 A to 2.754 A. If 67% 

of this larger distance is attributable to a Zr-Zr distance of 2.653 A, 

then the Zr-In distance can be estimated as 2.96 A. In the binary 
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intermetallic compound Zrln^, the closest heteroatomfc distance is 3.00 

A.108 The interstitial distance is once again very similar to that of the 

binary intermetallic compound. 

The last compound in which quantitative data on the zirconium inter

stitial distance is available is Zr^Sb^Zn. The Zr-Zn distance in this 

compound is 2.747 A. The sum of Slater radii would predict a separation 

of 2.90 A, and distances of 2.89 - 2.97 are found in the binary inter

metallic compounds (ZrZn,7i ZrZn^^®^). The observed zirconium-zinc 

distance in Zr^SbgZn is consistent with that in the iron compound in 

being slightly shorter than the binary compounds. 

The effect of interstitial elements on Zr^Sb^Z structural parameters 

can also be examined with cell volumes determined from from powder data. 

A plot of unit cell volume vs the number of valence electrons for the 

third and fourth main group periods is drawn in Figure 33. A steady 

decrease from group three to group five is noted. Based on the single 

crystal results, this decrease in distance is caused by changes in 

zirconium to interstitial distances. Such a trend is consistent with the 

notion that atoms decrease in size across a transition series. A slight 

increase in size is expected for the heavier atoms of the same family, 

and this can also be seen in Figure 33. The volume does not continue to 

decrease for sulfur or selenium. This is most likely caused by 

repulsions between the chalcogenide atoms 

At first glance, the unit cell volume listed for Zr^Sb^Ga in Table 

19, seems anomalously large, but the size is consistent with the trend 

observed for Zr^SbgZ, Z = Ga, Ge, As. It is also consistent with the 
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Figure 33. Plot of the unit cell volumes of some Zr^Sb^Z compounds as a function of valence 
electrons. The increase in volume observed as Z is charged from P to S, or As to Se 
is probably caused by antibonding interactions between the chalcogenide atoms 
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volume observed for Zr^Sb^Al (see Figure 33). A similar plot for transi

tion metal interstitial compounds was not made because of the difficulty 

in establishing lattice parameters for controlled compositions. 

Extended-Hackel 

The results of the calculations for Zr^Sbg, Zr^Sb^Fe, an'd Zr^SbgS, 

can be used to rationalize the ability of the binary compound to be 

interstitially stabilized by such chemically different elements as iron 

and sulfur. By extension, the rest of the remarkable array of inter

stitial elements may also be explained. 

The compounds all have a large density-of-states at the Fermi 

energy. A result of this is that a changing election count, i.e., dif

ferent interstitial elements, will shift the Fermi energy only slightly. 

Table 33 lists the calculated Fermi energy from the three calculations 

for a number of different electron counts. If a rigid band approximation 

is made, then the election counts can be assigned to specific compounds 

as in Table 33. The rigid band approximation assumes that the bands are 

not changed, merely filled or emptied by a changing interstitial electron 

count. Such an approximation is well applied to the 3d transition 

metals, less so for main groups elements. Nevertheless, it can be said 

with confidence that the Fermi energy shifts very slightly with a varying 

electron count. 

This fact is not in and of itself very important. The significance 

of this observation can be derived from the COOP curves. In all the 

calculations, all the Zr-Sb bonding occurs in the valence band, which is 

2.5 eV or more below the Fermi level. Since a changing electron count 
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Table 33. Fermi energy as a function of electron count 

Electron® Compound Fermi Energy (eV)^ 
Count 

39 ZrgSbgSi -8.16 

40 ZrgSbgP -7.97 

41 ZrgSbgS -7.90 

42 ZrgSbgCl -7.34 

42 ZrgSbgMn -8.52 

43 Zr^SbgFe -8.44 

44 ZrgSbgCo -8.36 

45 ZrgSbgNi -8.24 

35 ZrgSb; • -8.37 

^Total valence electrons. 
Based on rigid band approximation using Zr^Sb^S or Zr^Sb^Fe. 
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does not shift the Fermi energy to any great extent, no interstitial will 

cause any of these Zr-Sb states to be emptied of electron density. The 

greatest part of the lattice energy is derived from zirconium-antimony 

bonding interactions, and since this is not affected by the interstitial, 

the compound is well suited to accommodate diverse interstitial 

elements. 

The other type of bonding in the binary compound that can be 

affected by interstitials, are zirconium-zirconium interactions. Unlike 

Zr-Sb bonding, these interactions are located in states much nearer the 

Fermi level. Still, Zr(l) - Zr(l) bonding is mainly located in states 1 

eV below the Fermi level in both Zr^Sb^Fe and Zr^SbgS (see Figures 27 and 

29), and as such is not drastically affected by a changing electron count 

(see Table 33). 

The most dramatically affected interactions are those of Zr(2) -

Zr(2). In the binary compound, the Zr(2) - Zr(2) distances are very long 

at ~3.6 A, but the positive" overlap is surprisingly substantial, though 

weak compared with Zr(l) - Zr(l) (see Table 29). In the ternary com

pounds, these weak Zr(2) - Zr(2) interactions have all but disappeared 

even though the Zr(2) - Zr(2) distance has increased only slightly (-0.1 

A). It is interesting to note that the weak Zr(l) - Zr(2) interactions 

are not affected by the insertion of an interstitial. Apparently, only 

Zr(2) orbitals that are directed inward towards the trigonal anti-

prismatic hole interact with the interstitial atom. When this site is 

empty the Zr(2) atoms make the best of a bad situation and form weak 

Zr(2) - Zr(2) bonds. With an interstitial, strong Zr(2) - Z bonds are 
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formed. This has only been rigorously calculated for sulfur and iron, 

but the other interstitial elements can be reasonably assumed to behave 

similarly. 

It is the Zr(2) - Zr(2) and Zr(2) - Z interactions that determine 

the stability of a ZrgSbgZ compound with respect to the binary Zr^Sbg. 

When an interstitial element is introduced into the binary compound, weak 

Zr(2) - Zr(2) bonding is lost, and strong zirconium(2)-interstitial 

bonding is gained. Each Zr(2) atom has six Zr(2) neighbors, and two Z 

close contacts. As long as more energy is gained from two strong Zr(2) -

Z bonds than is lost in six weak Zr(2) - Zr(2) interactions, then the 

ternary phase will be more stable than the binary compound. Since the 

Fermi energy shifts only slightly with various interstitial valence elec

tron counts, there is no magic electron count rule. The ability to 

incorporate very chemically diverse elements is derived from the ability 

of the Zr(2) orbitals to form positive overlaps with those elements. In 

essence, if an element will form a stable binary compound with zirconium, 

it can most likely be incorporated as an interstitial in Zr^Sb^Z. 

One type of overlap that has not yet been discussed is the inter

stitial-interstitial interaction. The Z-Z distance must, for crystal-

lographic reasons, be the same as Zr(l) - Zr(l). In Zr^Sb^Fe, the Fe-Fe 

average overlap population is 0.03, and negligible. However, in ZrgSbgS, 

the sulfur to sulfur average overlap population is -0.07. The net inter

action is antibonding in character. This can be ascribed to the 

increased antibonding overlap between the more electronegative sulfur 

atoms. The result of this repulsion can be seen in the large c/a ratio 



www.manaraa.com

193 

for the sulfur compound. The same anomalously large c/a ratio is 

observed for Zr^Sb^Se, and the increased repeat distance along the 

c-direction serves to separate the interstitial atoms. 

The small change in lattice parameters as a function of interstitial 

element was a point of interest at the outset of this investigation. The 

small change of unit cell parameters is easily explained by the calcula

tions, indeed this point is central to the results discussed above. If 

only Zr{2) - Zr(2) bonding is affected by the interstitial atom, then 

none of the other bond lengths in the compound should change in the 

various phases. This is borne out by the single crystal structural data, 

where Zr-Sb bond lengths remain fairly constant. If very few bond 

lengths are changing, then, of course, the unit cell size will not 

change. 

The results of the extended-Huckel calculations serve in rational

izing the observed ZrgSbgZ systems. The binary compound's ability to 

incorporate a wide array of interstitial elements is due to a combination 

of factors. The high density-of-states at the Fermi level, the over

whelming proportion of which are nonbonding zirconium states, and the 

resulting insulation of zirconium-antimony states from chemical perturba

tion, allow for this ability. It must be born in mind, however, that 

these calculations are best in a comparative application rather than in 

an absolute sense. According to the calculations, Zr^Sb^Mn or Zr^Sb^Cr 

should be very similar to Zr^Sb^Fe in stability, but the calculations 

cannot take into account other ternary phases that may be even more 

stable. This is apparently what happens when Zr^Sb^Mn and Zr^SbgCr form 
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an unknown cubic phase. Still, the extended-Huckel calculations do 

provide a good basis for understanding the Zr^SbgZ phases. 
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FUTURE WORK 

The ZrgSbgZ interstitial compounds synthesized during the course of 

this investigation provide an amazing array of subjects for further 

study. There are still some synthetic problems which should be 

addressed. The disagreement between lattice parameters of arc-melted and 

sintered products, especially for transition metal interstitial com

pounds, needs to be resolved. The capacity to sinter reactions of 

controlled composition at temperatures greater than 1100°C which unfor

tunately was not available until the latter stages of this investigation, 

should resolve the ambiguity of lattice parameters vs composition. 

Preliminary reactions with other Mn^Si^-type compounds, such as 

ZrgASg, have indicated that the ability to incorporate a wide array of 

interstitial elements may not be limited to Zr^Sb^. Problems were 

encountered when attempts were made to synthesize Zr^Sb^Z compounds, 

where the interstitial element was of comparable size to antimony. 

Cadmium could not be incorporated into the interstitial site, and indium 

only partially. Such problems with Zr^As^ or ZrgGe^ would result in a 

much more limited interstitial chemistry. Vapor phase transport of 

Zr^GegZ or Zr^As^Z compounds may be easier to accomplish than with the 

antimony compounds. The valence atomic orbitals of the lighter main 

group elements are at a lower energy than antimony, resulting in an 

increased .ionic character, and a greater heat of formation. The higher 

heat of formation of the solid compound will reduce the temperature at 

which it will form from the volatile iodides. On the other hand, the 

iodides themselves will have a greater heat of formation. The two 
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effects will partially cancel each other, but it may be possible to 

obtain crystals from vapor transport at a lower temperature than was 

possible with the antimony compounds. 

Another compound that has the potential to exhibit an extensive 

interstitial chemistry, is ZrgBig. Binary zirconium-bismuth compounds 

are pyrophoric; so no arc-melting experiments were performed in this 

system. Some initial attempts were made to produce Zr^Big and Zr^Bi^Z 

compounds by sintering elemental powders. These experiments were con

ducted before a high temperature furnace (>1100°C) became available, and 

invariably resulted in incomplete reactions. Sintering reactions at 

higher temperature should produce fruitful results analogous to be 

Zr^SbgZ compounds. 

The magnetic properties of Zr^Sb^Fe heed to be re-examined in a 

systematic manner. A series of controlled compositions achieved with 

high temperature sintering reactions can be systematically probed to 

determine the influence of a varying iron content or magnetic properties. 

There are also many rare earth metal compounds with the Mn^Sig struc

ture,39 and the magnetic properties of these phases, with and without 

magnetic interstitial atoms, should prove interesting. 

Another area that can be investigated is the chemical interaction or 

ordering between interstitial atoms. The Mn^Si^ framework can serve as a 

template for one-dimensional chemical interactions, if alternate inter

stitial sites are occupied by different elements. The distance between 

interstitial sites in Zr^Sbg is fairly large (2.9 A), but Zr^ASg or 

Zr^Ge^ have smaller cells, and allow closer contacts between the sites. 
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Even better compounds in terms of Z'-Z" distance, would be phase such as 

TigASg or even Mn^Si^. One may imagine compounds such as 

Mn^Sig(Alg.gPg.g), where a linear chain of aluminum and phosphorus 

would be formed. 

It may also be possible to mix transition metals in a manner that 

would also allow closer contact between mixed interstitial atoms. This 

could be accomplished by a Zr^Ti^Sb^ or Zr^Ti^As^ compound. In these 

phases titantium atoms would replace the Zr(l) atoms of the linear chain 

and bring about a smaller repeat distance for the c-axis. In addition to 

interesting interstitial chemistry that could result from this, the 

magnetic properties of a compound such as Zr^Ti^Sb^Fe would be inter

esting to compare with those of ZrgSbgFe. 

There are quite a few options open to the synthetic chemist who 

wishes to investigate Mn^Si^Z-type compounds. The ability to substitute 

interstitial or framework elements can lead to an almost infinite variety 

of compounds. This ability to produce a controlled series of compounds 

can permit a fine tuning of desired physical properties. Systematic 

variation of chemical composition will provide further insight into the 

mechanisms of the properties of interest. 
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APPENDIX. VALENCE ORBITAL IONIZATION ENERGIES AND ZETAS OF 

ATOMS USED IN EXTENDED HUCKEL CALCULATIONS 
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EXTENDED HUCKEL INPUT PARAMETERS 

Atoms Orbital Hii(eV) ^2 Gi C2 

Zr 4d -8.12 3.84 1.505 0.6213 0.5798 
5s -8.19 1.82 
5p -4.63 1.78 

Fei 3d -8.73 1.90 2.000 0.5505 0.6260 
4s -7.40 5.35 
4p -3.71 1.90 

Sb 5s -18.80 2.32 
5p -11.68 2.00 

S 3s -20.00 1.82 
3p -13.30 1.82 

ipe Hj-j values obtained from a self-consistent charge calculation 
with Zr. 
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