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Ten phases have been obtained in the Zr-Sb system using arc-melting, annealing, powder sintering, 
vapor-phase transport, vaporization, and metal flux methods. In addition to the previous reported 
compositions (and structure types) ZrrSb (Ni,P), Zr$br (Mt&), and ZrSbz (ZrSbz), there also exist 
Zt$b (LarSb), high temperature Zr$br (YSBi3), ZrSb,-, (FeSi), ZrSb (ZrSb-&cm), and low tempera- 
ture ZrSbrex (PbClr). There are also phases of unknown structure near the ZrrSb composition at high 
temperatures and for Zr,Sb, that are provisionally primitive orthorhombic and tetragonal, respec- 
tively. The Mn5Sir-type phase Zr5Sb,+,r is a true binary and nonstoichiometric over the ranges 0.0 s x 
0.4. Guinier lattice constant data are reported for all the phases. Q 1988 Academic PESS, IX. 

Introduction 

Our interest in the zirconium-antimony 
binary system stemmed from extensive in- 
vestigations we have made into Zr-Sb-2 
ternary systems, where 2 is a wide variety 
of third elements (I). Some experiments 
during the course of these yielded evidently 
new binary phases, and it became apparent 
that what had been reported in the litera- 
ture about the Zr-Sb system was very in- 
complete. Early work on Zr-Sb alloys over 
the range O-40 at% antimony indicated that 
ZrzSb was the most zirconium-rich binary 
alloy and that its powder and single crystal 
diffraction data could be indexed on the ba- 
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In addition to these limited studies on the 
phase relationships in the system, there are 
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sis of a hexagonal cell (a = 8.4, c = 5.6 A) 
(2). The solubility of antimony in zirconium 
could not be determined because of both 
the high oxygen and nitrogen content of the 
starting zirconium and the additional con- 
tamination that occurred when the alloying 
reactions were run in a graphite crucible. 
Results of this investigation were therefore 
considered very suspect, and this led to a 
reexamination of the phase diagram in the 
O-5 at% region (3). The purity of the zirco- 
nium metal used in this study was 99.95%, 
and the reactions were carried out by arc- 
melting the elements and annealing the 
product, a process which eliminates any 
container contribution to contamination. 
(These experiments revealed that the W.-/I 
transition of zirconium was raised by about 
10°C at 0.5 at% Sb, the limit of solubility in 
ff-Zr) . 



THE ZIRCONIUM-ANTIMONY SYSTEM 441 

several reports of the synthesis of binary 
compounds. The first well-identified com- 
pound was Zr$b3 (4, 5) with the hexagonal 
Mn&3 structure. Lattice parameters re- 
ported (a = 8.46, c = 5.80 A (4) and a = 
8.53, c = 5.84 A (5)) make it seem likely 
that this was the actual composition of the 
“Zr$b” phase previously postulated. Not- 
withstanding the previous assertion that Zrz 
Sb was the most zirconium-rich phase, a 
Zr3Sb compound with the Fe3P structure (a 
= I I .35, c = 5.67 A) was subsequently syn- 
thesized (6). Unfortunately, the experimen- 
tal 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 ZrSb and also described a 
ZrzSb phase with apparently two structural 
modifications (7). An unidentified powder 
pattern was obtained when a Zr$Sb compo- 
sition was annealed at 1150°C while the re- 
sultant pattern could be indexed on the ba- 
sis of a primitive tetragonal cell after the 
alloy was annealed at 1000°C. The slightly 
more antimony-rich composition ZrI.,,,Sb 
contained a second unidentified phase 
as well as Zr=Sb3. Since the atomic vol- 
ume derived from the unit cell of ZrsSb, 
was about 4.5% larger than interpolated 
from then-assigned phases, the latter was 
postulated to not be a true binary com- 
pound but rather an oxygen-stabilized ter- 
nary phase. The zirconium used was a reac- 
tor grade but the purity of the antimony was 
not described. One further compound was 
discovered in this work and identified as Zr 
Sb3, with a powder pattern that 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 composi- 
tion was shown to be ZrSb;? (8, 9). 

In light of all the uncertainty and contra- 
dictions in the literature, a reinvestigation 

of the Zr-Sb system was deemed appropri- 
ate and necessary in order to identify prod- 
ucts obtained from ternary zirconium-anti- 
mony reactions. 

Experimental Procedures 

Materials. The zirconium metal used in 
all experiments was reactor-grade crystal 
bar. This was cold rolled and cut into pieces 
ca. 0.5 X 10 X 10 mm. Powdered zirconium 
was obtained via ZrH;!. The latter was made 
by reaction of Zr strips with H2 at 750°C 
the product ground into a powder, passed 
through a sieve with a nominal opening of 
150 km, and then heated slowly to 700°C 
under vacuum ( 10e5 Torr) in a molybdenum 
boat until no further H2 was evolved. The 
lattice parameters of the metal powder thus 
obtained were within experimental error of 
literature values (10). The material was 
handled only under vacuum or dry box con- 
ditions. The reagent-grade antimony (Allied 
Chemical and Dye Co.) produced no dross 
upon fusion, and its SEM-EDX analysis 
showed no detectable impurities. The mate- 
rial was powdered by grinding. All ground 
samples were handled only in the dry box 
as were all bulk samples with Zr : Sb > 1: 1 
as these are not stable in air overnight. 

Some of the compounds were prepared 
by arc-melting in a Centorr 55A single arc 
furnace using pieces of the elements on a 
water-cooled copper hearth and argon pres- 
sures slightly greater than atmospheric. 
The atmosphere was gettered by melting 
zirconium before proceeding to the reaction 
mixture. Antimony was added in a slight 
(-10%) excess in order to compensate for 
losses through vaporization that occurred 
for the most part in the initial 2-3 sec. The 
final composition was determined by the 
weight loss with the assumption that this 
arose solely from antimony volatilization. 
The correctness of this procedure was basi- 
cally confirmed by the ability to obtain sin- 
gle-phase samples of known compositions 
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in this way which for the usual Guinier 
powder X-ray diffraction sensitivity meant 
that any impurity phase was present at less 
than 2-4 mole%. The equilibrium vapor 
pressure of antimony above the molten Zr- 
Sb alloys is low enough that the solidified 
button could be turned over and remelted 
repeatedly with only a slight weight change. 
The arc-melted buttons were annealed in 
open Ta crucibles which had been sealed in 
fused silica jackets under an atmosphere of 
Ar. 

Other compounds were prepared by re- 
action of the powders at elevated tempera- 
tures (- 1100°C). Stoichiometric amounts of 
the elements were ground together in an ag- 
ate mortar and pestle in the dry box and 
then pressed into a pellet at 8 kbar. This 
mixture was allowed to react in a Ta cruci- 
ble which was again sealed in a fused silica 
jacket under an atmosphere of Ar. The tem- 
perature of the reaction was maintained at 
550°C overnight before going to higher tem- 
peratures so as to allow the elements to re- 
act without antimony fusion. Any melting 
in the pellet would have a deleterious effect 
since this would reduce the diffusion inter- 
face between the compacted grains. 

An additional synthetic technique uti- 
lized was vapor-phase transport using pow- 
ders of the elements in stoichiometric 
proportions, These were contained in weld- 
sealed Ta tubes that were themselves 
sealed inside a silica jacket to prevent oxi- 
dation. Iodine used as the transport agent 
was added to the reaction container in the 
form of Zr14. 

X-Ray Diffraction 

Powder patterns of samples mounted on 
cellophane tape were obtained utilizing an 
Enraf-Nonius Guinier camera, CuKcv radi- 
ation (h = 1.54056 A), and NBS silicon as 
an internal standard. The 28 values of the 
standard lines were fit to a quadratic in line 
position, and lattice constants of the sample 
were calculated by a least-squares fit to in- 

dexed 20 values. This procedure regularly 
produces lattice constants with standard 
deviations of a few parts in 104. The identifi- 
cation of structure type by powder pattern 
means was accomplished by comparing line 
position and intensity in the experimental 
pattern with the distribution calculated for 
a known structure by the program POWD 5 
(10. 

Results 

The binary compounds found in the Zr- 
Sb system and their structure types are out- 
lined in Table I; a representative list of re- 
action methods, conditions, and results is 
given in Table II; structure-type informa- 
tion and lattice parameters for the phases 
so identified are listed in Table III. In the 
following text the bracketed italicized num- 
ber following alloy compositions identify 
the reaction numbers in Tables II and III. 
The reader should note that three nominal 
compositions each yield a pair of structure 
types depending on the composition or tem- 
perature used, namely Zr$bs, ZrSb, and 
ZrSbz . 

Zr3Sb 

In accord with reports in the literature 
(7), the most zirconium-rich binary com- 
pound observed in Zr&Sb. The compound is 
found in equilibrium with elemental Zr or 
Zr$Sb (discussed below) in neighboring 
compositional ranges. The FejP structure 
for Zr3Sb was confirmed by the powder pat- 
tern, and the essential invariance of the lat- 
tice parameters over a wide composition 
(Table II) implies a small range of nonstoi- 
chiometry. 

An overall composition Zro.siSbo.19 [I] 
prepared by arc-melting the elements and 
annealing the product for 2 days at 1100°C 
and an additional 2 days at 850°C resulted in 
a mixture of a-Zr and Zr$b. It is evident 
from the position of the lines in the Guinier 
pattern that there is a very limited solubility 



TABLE I 

COMPWNDS IN THE ZIRCONIUM-ANTIMONY SYSTEM” 

Phases Structures 

Phase composition Reference Structure type Space group Reference 

Zr,Sb (6) N&P I4 (6) 
ZrzSb (7) LazSb 14lmmm This work 
X (-Zr*Sb) (7) Unknown Primitive orthorhombic This work 
Zr$b, This work Y5B1, Pnma This work 
Zr5Sb3 V>5) Mn5Si, P6Jmcm (4, 5) 
ZrSb This work FeSi P2,3 This work 
ZrSb This work ZrSb Cmcm This work 
Zr2Sb3 This work Unknown Primitive tetragonal This work 
ZrSb2 This work PbClZ Pnma This work 
ZrSb? (8, 9) ZrSbz Pnnm (8, 9) 

0 See text regarding stoichiometric differences between pairs of ZrsSb3, ZrSb, and ZrSb2 types. The 
first listed in each is antimony poorer. 

TABLE II 

SUMMARY OF ZIRCONIUM-ANTIMONY REACTION TYPES AND PRODUCTS 

Synthesis 

Reaction0 

Product 
composition 

(atomic) 

Conditions 

Method* Temp. (“C) Timed Products’ 

I 

2-1 
2-2 
3 
4 
5 
6 
7 

8 
9-I 
9-2 

10 
I1 
12 
13 

14 

Zro.dbo.lg AM 1000 2 
850 2 Zr, ZrrSb 

Zro.&%32 AM As-cast Zr,Sb, Zr5Sb3 
Zro.vdJo.3z AM 950 2 ZrrSb (ZrrSb) 
Zro.dbo.2~ AM 950 1 Zr3Sb, ZrrSb 
Zro.&h AM 1200 0.6 X,d ZrsSb3 
Zrodbo.35 AM 950 2 Zr,Sb, Zr$b,,, 
Zro.6xSbo.m AM As-cast Zr5Sb3, Zr5Sb3+x 
Zro.&h.s AM 1100 4 

150 1 Zr5Sb3+x 
Zro.sd-‘o..w AM 900 5 Zr5Sb3+x, ZrSb,-, 
Unknown v 1000 1 ZrSb, ZrzSb3 
Unknown V 1000 2 ZrSb, or, ZrSb 
Zro.&bo.5o VT 950 21 ZrSb 
Zro.d%.~ PP 900 6 Zr2Sb3 
Zr + excess Sb MF 1100 0.5 ZrSb*, Sb 
Zr0.dJ.x.7~0 P 850 1 

550 1 ZrSb2, Sb 
Zro.&o.75 VT 700 7 ZrSbz-, 

a Referenced in text with bracketed italicized numbers. 
* Abbreviations: AM, arc-melted, conditions refer to annealing; V, vaporization of Sb from ZrSb2 in 

vacuum; VT, vapor transport; PP, pressed pellet of ground powders; MF, Sb metal flux; P, ground 
mixture of powders. 

c The groups Zr5Sb3, Zr5Sb3+,; ZrSb,-,, ZrSb; ZrSbzmx (x - 0.04) ZrSbz each involved a pair of 
different structure types. 

d See text. 
443 
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of Sb in a-Zr at 850°C. An as-cast sample of ment, but the thermal history is important 
composition Zr0.6sSb0.32 (Zr2.t3Sb) [2-11 in determining the adjacent, antimony- 
prepared by arc-melting exhibits the pattern richer phase. 
of Zr3Sb plus an unknown component with 
many weak lines. This is presumably the -%jb 
unidentified phase that had been observed Such a low temperature phase had been 
previously (7), and it will be shown (below) previously obtained following annealing of 
to be a new structure for Zr5Sb3. A powder a Zr#b composition at lOOo”C, and its pow- 
pattern of a third sample, Zr0.,2Sb0,2s PI, der pattern had been indexed on the basis of 
that was prepared by arc-melting and then a primitive tetragonal cell (a = 6.52, c = 
annealed at 950°C for 1 day revealed a mix- 7.90 A) but for an unidentified structure (7). 
ture of Zr3Sb and Zr,Sb appropriate to the In an attempt to verify the reported cell, an 
composition, The formation of Zr3Sb is not alloy of composition Zr0.68Sb0.32 [2-21 was 
dependent on postcasting thermal treat- prepared by arc-melting and subsequently 

TABLE III 

STRUCTURE TYPESAND LATTICE PARAMETERS FOR 
ZIRCONIUM-ANTIMONY REACTIONS(TABLE II) 

Reaction Product 
Structure type” 
(space group) Lattice parameters (& 

I Zr$jb 

2-1 Zr$b 

2-l ZrSSb3 

2-2 Zr$b 

3 Zr,Sb 

3 Zr,Sb 

4 ZrSSbJ 

4 X (-Zr,Sb) 

5 Zr$b 

5 Zr&+, 

6 ZrsSbl 

6 ZrGS+, 

7 Zr$b,+, 

Fe,P 
(14) 
FejP 

YSBi, 
(Pnma) 

LazSb 
(14lmmm) 
Fe,P 

La2Sb 

Y5J% 

Orthorhombic 
(P) 

La,Sb 

Mn& 
(P6Jmcm) 
YSBi3 

Mr& 

Mn& 

a = 11.351(l) 
c = 5.671(l) 
a = 11.337(3) 
b = 5.669(2) 
a = 7.468(l) 
b = 8.787(3) 
c = 10.865(3) 
a = 4.1154(5) 
c = 15.786(3) 
a = 11.3386(6) 
c = 5.6692(3) 
a = 4.1172(6) 
c = 15.771(3) 
a = 7.465(I) 
b = 8.801(l) 
c = 10.865(2) 
a = 14.652(5) 
b = 9.058(4) 
c = 7.756(3) 
a = 4.1156(4) 
c = 15.774(3) 
a = 8.4175(6) 
c = 5.7678(6) 
a = 7.467(l) 
b = 8.797(l) 
c = 10.872(2) 
a = 8.468(l) 
c = 5.800(l) 
u = 8.518(i) 
c = 5.844(l) 



THE ZIRCONIUM-ANTIMONY SYSTEM 445 

TABLE III-Continued 

Reaction Product 
Structure type” 
(space group) Lattice parameters (A)* 

8 ZrSb,+, 

8 ZrSb,-, 

9-1 ZrSb,-, 
9-1 ZrSb 

9-2 ZrSb 

9-2 ZrzSbs 

11 Zr2Sb3 

14 ZrSbzeX 

13 ZrSb2 

MnsSi3 

FeSi 
WJ) 
FeSi 
ZrSb 
(Cmcm) 

ZrSb 

Tetragonal 
(P) 
Tetragonal 

PbC12 
(Pnma) 

ZrSbt 
(Pnnm) 

a = 8573(l) 
c = 5.872(l) 
a = 5.6358(4) 

a = 5.6355(3) 
a = 3.809(l) 
b = 10.421(l) 
c = 14.045(2) 
a = 3.808(4) 
b = 10.410(g) 
c = 14.059(6) 
a = 9.567(2) 
c = 5.294(i) 
a = 9.565(l) 
c = 5.288(l) 
a = 7.393(l) 
b = 3.9870(7) 
c = 9.581(l) 
a = 14.963(3) 
b = 9.963(2) 
c = 3.8779(7) 

n Reference (12). 
* Based on indexed lines in Guinier pattern. 

annealed at 950°C for 2 days. A trace of Zr3 
Sb could be seen in the powder pattern, but 
the remainder was presumably the low tem- 
perature modification of Zr$b. Although 
the latter can be poorly described with the 
previously reported primitive tetragonal 
cell, the diffraction pattern is more properly 
indexed [Z3] on the basis of a body-cen- 
tered tetragonal cell (a = 4.1154(5), c = 
15.786(3) A). More importantly, the ob- 
served intensity distribution demonstrates 
that the compound in question possesses 
the LazSb-type structure. A comparison of 
observed and calculated intensities is given 
in Table IV. In this structure the positional 
parameters of one zirconium atom are fixed 
by symmetry but those of a second zirco- 
nium and the antimony atoms have variable 
z values. The calculated powder pattern 
was based on the positional parameters of 

these atoms in La$Sb and is therefore only 
an approximation. 

The powder diffraction pattern of the 
above Zro.&Sbo.sz [2-Z] as cast did not ex- 
hibit any lines of either low temperature Zr2 
Sb or phase X (below). It did, however, 
contain many more diffraction lines from 
ZrsSb (estimated yield 30%) than did the 
annealed product, indicating that the sec- 
ond phase was more antimony-rich than Zrz 
Sb. It was subsequently determined that the 
latter is Zr$b3 in the YSBi,-type structure 
(below) and that this is also the unidentified 
phase noted above that is in equilibrium 
with ZrSb in as-cast samples. 

X (-Zr#) 
A product of composition Zr,,&Sb0.34 

(Zrr&Sb) [4] was prepared by arc-melting 
and subsequently annealed at 1200°C for 15 
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hr. The powder pattern of this alloy, in con- 
trast to the as-cast result, did not exhibit 
any lines from Zr$b but did contain lines 
from Zr$b, (Y5Bi3-type) and a second 
phase X that is presumably the high temper- 
ature form of Zr;?Sb. All 23 of the extra lines 
listed in Table V can be indexed on the 
basis of the primitive orthorhombic cell 
listed in Table III. Experience has shown 
that unit cells determined solely on the ba- 
sis 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 the case 
in this instance. There is also no conclusive 
evidence for describing this compound as 
Zr,Sb although the composition must be 
near this stoichiometry. It can, however, be 
stated with certainty that this phase has a 
thermal stability bounded by -lOOO- 
1100°C and the effective quenching temper- 
ature of as-cast samples (-1400°C). 

The question of whether this compound, 
which had been reported previously to have 
the Mn5Si3 structure, is an impurity-stabi- 
lized ternary compound [8] or a real binary 
was addressed by a series of reactions lead- 
ing to products near the ideal 5 : 3 stoichio- 
metric ratio. The results of these reactions 
show that the question cannot be cast so 
simply, for there are actually two Zr5Sbs 
phases. One, which may be better formu- 
lated as Zr$b3+x, does indeed have a Mn5 
S&type structure (Zr,Sb,-M). The second 
compound is stoichiometric Zr$b, with the 
YSBi3-type structure (Zr5Sb3-Y). A full pre- 
sentation of the temperature relationships, 
crystal structure refinements, and super- 
structure formation of these two com- 
pounds is beyond the scope of the present 
work. The pertinent highlights will be pre- 
sented here and the results fully described 
in a later paper (2). 

The stoichiometric phase ZrsSb3-Y was 
first seen in the powder pattern of an as- 

TABLE IV 

OBSERVED AND CALCULATED POWDER PATTERNS 
FOR ZrzSb (La#b TYPE) 

7.94 7.89 00 2 2 2 
3.985 3.982 10 1 5 12 
3.952 3.947 00 4 3 3 
2.912 2.910 11 0 25 26 
2.729 2.730 11 2 80 90 
2.630 2.631 00 6 50 37 
2.504 2.505 10 5 20 34 
2.340 2.342 114 100 100 
1.9744 1.9777 00 8 15 20 
1.6210 1.6209 20 6 20 37 
1.5903 1.5900 21 5 10 19 
1.4554 1.4550 22 0 15 25 
1.4253 1.4259 21 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 31 2 10 23 
1.2734 1.2733 22 6 12 20 
1.2353 1.2359 31 4 20 37 

a CuKa radiation. 

cast sample of overall composition Zr#b 
[2-l]. The pattern indicated about a 50: 50 
mixture of Zr$b and a second phase that 
had not been previously identified. The 
same phase was also observed in as-cast 
samples with a final composition near Zr5 
Sb3 [6]. A single crystal from this material 
was indexed on the diffractometer and the 
structure was determined and refined as Zr5 
Sb3 in the YSBij-type structure (1). The re- 
fined atomic occupancies with one of the 
two zirconium atoms fixed indicated that 
the stoichiometry is substantially ideal, 
Zr4.99(4$b3.010). The lattice parameters of 
this compound in equilibrium with either 
Zr+Sb or Zr$Sb,-M are essentially identical 
([2-Z 1 and [61, Table II), indicating that it is 
a line compound. It was only observed as a 
product when the synthesis is carried out 
by arc-melting. 

In contrast to this behavior, the Mr&- 
type Zr$b3-M exhibits an extensive range 
of nonstoichiometry. The compound oc- 



TABLE V 

INDEXEDPOWDERDATAFORSTRUCTURALLY 
UNDETERMINED Zr-Sb PHASEV 

X (-Zr*Sb) Zr2SbJ 

impurity is found or is thought to occur at 
this site and to stabilize the structure, and 
this was also suspected for Zr$b,-M. 
However, this possibility can be eliminated 
by the reproducible, 100% yields of Zr$b3- 

d (A) h k 1 Iobs d 6) h k 1 zobs 
M obtained in many different reactions. 
Furthermore, the lattice parameters of the 

3.877 00:2 10 3.380 220 2 phase demonstrate a linear dependence on 
3.850 220 5 2.849 221 100 
3.779 121 5 2.727 301 100 

antimony content [I]. The conclusion that 

3.393 410 10 2.647 002 100 this is a truly binary phase can be fully ap- 
2.741 501 20 2.392 400 50 preciated only in the light of experimental 
2.731 2 2 12 20 2.371 23 1 50 results obtained with many possible impu- 
2.554 4 1 :2 20 2.248 2 12 10 rity elements. For example, the stipulation 
2.543 1 0 .3 20 2.118 141 10 
2.521 322 50 2.084 222 75 

that the phase is essentially oxygen-free is 

2.484 013 100 1.9089 340 5 buttressed by results when oxygen is inten- 
2.436 20.3 10 1.8718 322 2 tionally added to the system. Sintered pow- 
2.382 0312 5 1.7054 113 50 dered Zr, Sb, and ZrOz produce a Mn&- 
2.363 610 5 1.6109 441 10 
2.335 5 0 12 20 1.5685 351 10 

type phase with much smaller lattic: 

2.280 30.3 2 1.5125 620 35 
parameters, a = 8.3146(6), c = 5.6954(4) A 

2.264 2312 2 1.5049 161 10 (compare Table III, reactions [6] and [7]) 
2.245 0 2 .3 75 1.4739 522 10 [Il. 
2.231 431 75 1.4373 45 1 5 It is possible that the empty site rather 
2.174 041 50 1.4238 442 2 than being occupied by a ternary element is 
2.156 141 5 1.3768 361 50 
2.013 61:2 10 1.3214 004 10 

in fact occupied by the excess antimony. 

1.9342 503 75 1.3131 262 10 This type of behavior is known for Ti,Ga, 
1.8366 214 10 1.2846 5 13 15 [17] which has a “filled” Mn5Sij structure 
1.8159 34’2 2 1.2508 253 5 in which the fourth gallium occurs in the so- 
1.7709 12,4 5 1.2322 224 10 called interstitial site, viz., TisGajGa. This 
1.5934 901 10 1.2243 650 10 
1.4402 624 5 

structure is also found with Zr$nd [18, 191, 

1.3312 80,4 2 
and a similar behavior with antimony is rea- 

1.3056 063 10 sonable. This circumstance was confirmed 
1.2437 026 2 by a single crystal structural investigation 

[I] which revealed excess electron density 
(1 Guinier data, CuKa radiation; cell constants in Ta- 

ble III. 
at the interstitial site corresponding to (ZrS 
Sb3)Sbo.,+ The range of nonstoichiometry 
for Zr$b,-M of approximately 0.0 5 x 5 
0.4 has been determined by the appearance 

curs at and on the antimony-rich side of the of a second phase in the powder pattern 
ZrsSbJ composition in the phase diagram following a 1000°C reaction of sintered 
and may of course be formulated in two powders. The lattice parameters for the two 
ways, i.e., Zrs-,Sb3 or ZrSSb3+x. There are extremes are given in Table II for reactions 
compelling reasons for selecting the latter [5] and [8], the volume at x(min) = 0.0 be- 
rather than the former. ing 1% less than that of ZrsSbj-Y. It should 

There is a site in the center of a zirco- be noted that x - 0.16 when Zr$b3+,(M) is 
nium trigonal antiprism, the origin of the in equilibrium with Zr$b,-Y at higher tem- 
unit cell, that is empty for x = 0. In many peratures, as demonstrated by the data for 
other cases, (I, 15, 16) a small nonmetal L ~ reaction r61. 

THE ZIRCONIUM-ANTIMONY SYSTEM 447 
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ZrSb 

The phase in equilibrium with Zr$b,-M 
at the antimony-rich limit is not the ZrSbz 
expected on the bases of published reports. 
A sample of composition Zr0.&b0.44 [8] ob- 
tained by arc-melting and annealing for 5 
days at 900°C gave powder pattern lines 
that could be ascribed to Zr$b3-M plus a 
second phase with a primitive cubic unit 
cell, a = 5.6358(4) A. The latter was identi- 
fied from the intensity distribution as char- 
acteristic of the FeSi-type structure (Table 
VI). This indicates the phase is the previ- 
ously unidentified ZrSb, although the iso- 
structural HfSb has been observed (7). The 
phase is described as ZrSbl-, in the tables 
based on an expected substoichiometry in 
antimony (see below). 

TABLE VI 
OBSERVED AND CALCULATED POWDER PATTERNS 

FOR Z&b,-, (FeSi TYPE) 

The antimony-rich phase adjacent to Zr 
Sb,-, is, once again, not ZrSbz but a ZrSb 
phase that crystallizes in an orthorhombic 
C-centered unit cell. The same type of cell 
had also been observed in the Hf-Sb sys- 
tem and attributed to an impurity-stabilized 
HfSb phase (7). 

dabs (A) deal, (A) hkl Iob: &,I, 

3.983 3.985 110 1 0.1 
3.253 3.254 1 1 1 15 13 
2.818 2.818 002 10 9 
2.520 2.521 02 1 100 100 
2.300 2.301 112 50 56 
1.992 1.993 220 1 0.8 
1.879 1.879 003 7 7 
1.782 1.782 310 4 2 
1.700 1.699 113 9 13 
1.5630 1.5630 203 5 5 
1.5064 1.5063 312 35 40 
1.4088 1.4091 004 6 11 
1.3670 1.3670 401 6 8 
1.3284 1.3285 114 5 5 
1.2931 1.2930 313 8 15 
1.2606 1.2603 204 4 2 
1.2302 1.2299 42 1 17 22 
1.2013 1.2016 332 4 4 

a CuKa radiation. 

This second phase can be prepared by 
vapor transport reactions as well as by arc- 
melting or via pressed pellet reactions of 
the elements. The stoichiometric mixture of 
the powders plus Zr14 as a transporting 
agent heated at 950°C for 3 weeks in a 
sealed Ta tube [IO] yielded crystals in the 
form of rectangular plates that radiated 
from a central nucleus. Crystals could also 
be grown in about 2 days in a hot wire appa- 
ratus employing a Ta wire at 950°C and a 
Pyrex vessel at 3OO”C, again with I2 as the 
transport agent. 

The results of the single-crystal X-ray 
diffraction of the new structure type for 
ZrSb are described separately [14]. 

Paradoxically, whereas no ZrSb com- 
pound had been previously reported, the 
above results indicate that there are two 
phases with a ZrSb composition. The ther- 
modynamic parameter determining which 
structure modification is obtained is not 
temnerature but comnosition. This conclu- 

sion is based on the results of reaction [9] in 
which antimony was volatilized from ZrSb2 
at 1000°C under dynamic vacuum. The ini- 
tial products were Zr$b, (see below) and 
the new orthorhombic ZrSb. After further 
evaporation, ZrSb was found in both the 
cubic FeSi and the orthorhombic struc- 
tures. Since the single crystal refinement in- 
dicated that the orthorhombic unit cell 
composition was ZrSb, we are inclined to 
formulate the cubic phase at ZrSb,-, . This 
phase is also consistently found to be in 
equilibrium with Zr$b,+, [??I. Both ZrSb 
phases appear to be line compounds judg- 
ing from their basically invariant lattice pa- 
rameters. Unfortunately, attempts to eluci- 
date the nature of the FeSi-type phase by 
single crystal X-ray methods were unsuc- 
cessful because the crystals obtained were 
always twinned. 

Zr2Sb3 

A third phase between Zr$b,+, and Zr 
I . Sbz that had not been previously noted was 
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observed to be the lone product of the 
pressed pellet reaction [II] and in equilib- 
rium with ZrSb at antimony-poorer compo- 
sitions [9-Z]. The powder pattern of this 
compound, which has a composition close 
to Zr2Sbs, can be well indexed on the basis 
of a primitive tetragonal cell a = 9.565(l), c 
= 5.288(l) A. A single crystal of suitable 
size could not be obtained, and the struc- 
ture-type has not been identified. Once 
again, the indexing of the powder pattern 
given in Table VI must be regarded as only 
tentative. The phase has also been obtained 
from vapor-phase transport and arc-melting 
reactions. 

ZrSbz-, 

In an attempt to grown single crystals of 
Zr2Sb3, a stoichiometric mixture of Zr and 
Sb powders was sealed in a silica container 
under vacuum with Cd12 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 afterward that the fused silica had 
been attacked by zirconium and that an an- 
timony-richer product should be expected. 
Some material had transported 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 x 0.1 x 0.1 
mm. The powder patterns confirmed that 
the two products were identical but differ- 
ent from the expected ZrSbz. 

A single crystal allowed the unit cell to be 
determined by oscillation and Weissenberg 
techniques, and lattice parameters were 
then obtained by a least-squares fit to 
Guinier powder diffraction data. The cell 
was found to be primitive orthorhombic a = 
7.393(l), b = 3.9870(l), c = 9.581(l) A. The 
small unit cell and especially the short b- 
axis indicated that this was most likely a 
previously unreported Zr-Sb binary com- 
pound, and a structural determination was 
deemed appropriate. 

The elucidation and refinement of the 
structure as a PbC12 (or Co$i) (12) type is 
described separately (14). The compound 
appears to be substoichiometric in anti- 
monY, ZrSbl.956(4), as revealed by the re- 
fined multiplicities, a result reminiscent of 
the pair of compounds at the equiatomic 
composition, ZrSbr-, (FeSi) and ZrSb 
(ZrSb). Unfortunately, the compositional 
dependence of the free energy of formation 
is not as well established since attempts to 
synthesize ZrSb1.96 by sintering of powders 
has produced only the previously reported 
ZrSb2 (below). It has been obtained only 
from transport reactions at 700-850°C in 
silica containers, but no significant amount 
of silicon or oxygen could be discerned in 
the refined crystal structure (14). There 
may also be kinetic barriers at low tempera- 
tures which prevent the interconversion of 
the more antimony-rich ZrSbz to the PbC12 
polymorph. 

ZrSb2 

The most antimony-rich compound 
found is the known ZrSbz. Large rod crys- 
tals about 1 cm in length can be formed by 
dissolving zirconium powder in a large ex- 
cess of antimony and allowing the latter to 
slowly evaporate [12]. This was accom- 
plished at 1000°C in an A1203 crucible under 
100 Torr of argon. Reaction of elemental 
powders in a 1 : 3 stoichiometric ratio at 
850°C for 1 day followed by annealing at 
550°C for 1 day resulted in a mixture of Zr 
Sbz and Sb [23]. 

The structure of ZrSb* has been previ- 
ously reported (8, 9). The experimental 
powder pattern agreed well with the calcu- 
lated one, and the invariant lattice parame- 
ters confirmed the absence of a significant 
range of homogeneity. 

Discussion 

It is seen that, despite several investiga- 
tions, previous knowledge of binary Zr-Sb 
compounds was far from complete. A total 
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of 10 phases have now been identified (Ta- 
ble I). The phases ZrSb1.96, Zr2Sb3, ZrSb, 
and ZrSbl-, had not been observed previ- 
ously, and the known ZrzSb and one form 
of ZrsSb3 had not been structurally charac- 
terized before. Two phases, Zr$b, and X 
(-ZrzSb>, remain structurally undeter- 
mined. 

The Zr-Sb system is also intriguing be- 
cause of the occurrence of three pairs of 
compounds that differ only slightly in their 
compositions, Zr$b, and Zr$3b3+, , ZrSb,-, 
and ZrSb, and ZrSb1.96 and ZrSbt, and a 
fourth possibility exists near Zr$b. The 
thermodynamic relation between these 
pairs of compounds should provide a fertile 
area of study. 

The fact that previous investigators failed 
to observe a considerable number of phases 
in the Zr-Sb system may be only an aberra- 
tion, but if such an oversight can be as- 
cribed to inadequate synthetic techniques 
or impure starting materials, this system 
may not be unique in its incompleteness. 
Such factors, singly or in combination, may 
have led investigators astray in other sys- 
tems, and it may be that a wealth of com- 
pounds in other transition metal-main- 
group metal systems wait to be unearthed. 

An examination of the known structural 
data and surmised interatomic interactions 
(14) indicates that the antimony-rich com- 
pounds contain significant Sb-Sb bonding, 
and this must play a critical role in deter- 
mining structural stability, while there is 
minimal contribution from Zr-Zr interac- 
tions. The reverse is true in the most Zr- 
rich compounds, but Zr-Sb interactions 
probably constitute the greatest part of the 
lattice energy in all the phases. It would be 
interesting to quantify by theoretical means 
the transition from compounds with a main- 
group metallic character to compounds 
dominated by transition metal interactions, 
as postulated. 

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 intermetallic com- 
pounds have a strong ionic or covalent con- 
tribution to the bonding. The Zintl phases 
are a good example of this (20). A good 
understanding of the zirconium-antimony 
compounds will require further study since, 
as demonstrated above, even such basic 
knowledge as the number and structure of 
the phases is incomplete. Obviously, very 
little is known of the physical characteristic 
of these compounds. Some preliminary 
conclusions can, however, be drawn from 
the synthetic and structural investigations 
reported here. 
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