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Seven stable intermediate phases have been found to exist in the ytterbium-antimony system. YbSb, is orthorhombic,
Cmem, and is isostructural with ZrSi;; YbSb is fcc and has the NaCl structure with ¢ = 6.082 A; two phases having the 5:4
stoichiometry exist with the a — B transition occurring at 1030°. The low-temperature form, «-Yb;Shy, is tetragonal,
I*/mmm, with ¢ = 1190 A and ¢ = 17.06 A. The high-temperature form, 8-Yb;Sbs is orthorhombic, Pnma or Pn2;a,
withe = 8.13A,b = 1597 A,and ¢ = 24.39 A, The phase YbsSbs is bee, 143d, witha = 9.320 A, and has the anfi-thorium
phosphide, Th3Py, structure. The alloy YbsSbs is hexagonal, P®/mcm, with @ = 8995 A and ¢ = 6.870 A and is iso-
structural with Mn;sSi3. The phase richest in ytterbium is Yb;Sb,, orthorhombic, Pn2ia, with ¢ = 12.32 A, b = 9.60 A, and
¢ = 8382 A. Two phases, YbSh; and Yb,Shs, melt congruently at 945 and 1540°, respectively. The 8 form of Yb;Sby melts
incongruently at 1400° while YbSb decomposes at 820°. The remaining phases, ¥Yb;Sb; and Y'b;Sh,, melt incongruently at
1520 and 1400°, respectively, but loss of ytterbium vapor occurs at the melting point indicating vapor-solid equilibrium in

this region of the phase diagram.

Introduction

Ytterbium displays divalent and trivalent oxidation
states in its compounds and similar behavior can be
expected to occur in intermediate phases formed be-
tween it and semimetals such as antimony and bis-
muth. DMcMasters and Gschneidner? investigated
the Yb~Mg system and found that ytterbium displays
divalent character throughout the diagram. The
intermediate phase YbSb has been reported by
Iandelli® and Brixner,* and the phases YbSe and YbTe
have been reported by Senff and Klemm® all of these
are isostructural with NaCl. As part of a program
dealing with the study of rare earth~group Va and VIa
systems, the phase diagram, crystal chemistry, and
magnetic susceptibility of the intermediate phases
found in the Yb~Sb system have been investigated in
order to determine whether the oxidation state of the
rare earth atom varies in these alloys and what, if any,
correlation exists between observed bond lengths in the
different phases and their magnetic moments. This
paper discusses the phase diagram and crystal chemis-
try of the system and the results of the magnetic mea-
surements and discussion of the oxidation states of
ytterbium will be published elsewhere.

Experimental Section

Ytterbium metal of 99.99, purity was obtained from the
Nuclear Corp. of America and antimony of 99.99%, purity was
obtained from Johnson, Mathey and Co. Samples of appropri-
ate composition of the elements were sealed in tantalum tubes
under several millimeters of argon and allowed to react. The
lower melting phases YbSbs, YbSb, and «-YbsSb, were prepared
by heating at 800° for 3-4 days in conventional resistance fur-
naces capable of reaching 1200° and holding at #=5°. In this
procedure the tantalum ampoules were again sealed into large
Vycor tubes to prevent oxidation of the tantalum tubes. Quench-
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N. Y., 1961.

(4) L. H. Brixner, J. Inorg. Nucl. Chem., 18, 199 (1960).

(6) H. Senff and W. Klemm, Z. Anorg. Allgem. Chem., 242, 92 (1939).

ing of samples from the resistance furnaces was accomplished
by dropping the tubes into ice water or brine. Quenching times
of 2-5 sec were obtained. Intermediate phases with higher
melting points (8-YbsSbs, YbiSbs, Yb:Sbs, and YbsSby) were
allowed to react for shorter periods to reduce the reaction of
antimony with tantalum. Reaction times of 2-5 min in a vacuum
induction furnace at 1100-1600° were found to be satisfactory.
Quenching in the induction furnace was not as rapid since there
was no means to remove heat suddenly. However, temperature
drops of 1000° could be obtained in less than 1 min. All sample
annealing was done in tantalum tubing at temperatures approxi-
mating 759, of the melting points.

Single-crystal and powder X-ray diffraction techniques were
used to identify the phases. Microscopic examination was also
used to determine the nature of the quenched samples. Den-
sity measurements were made by the displacement technique
using acetone as the liquid. Melting points were measured by a
procedure previously described.?

Single-crystal X-ray diffraction data were collected for YbShs,
YbsShs, and Yb;Sbs to confirm the crystal structures and to
obtain more accurate values for the bond distances. Small
crystals of irregular shape were selected for each phase. No
absorption corrections were applied and isotropic temperature
factors were used in all instances. Crystal structure deter-
minations are now in progress on the intermediate phases whose
structures are unknown.

Results

Phase Diagram.—A proposed equilibrium phase
diagram for the Yb-8b system is presented in Figure 1.
Solid lines represent regions elucidated by a study of
quenched samples and the dashed lines represent uncer-
tain areas. The symbols denote observations made on
quenched samples. No efforts were made to deter-
mine the eutectic points precisely, nor was the solu-
bility at the terminal ends of the diagram studied.

The study of this binary system was complicated by
the extreme volatility of the ytterbium metal. Large
pressures were developed inside the tantalum tubes dur-
ing the reaction, and these made pressure an active
thermodynamic variable. Except for Ybs;Shs;, the
reaction pressures were probably less than 1 atm at
reaction temperatures near 1000°. The pressures de-

(6) D.J. Haase, H. Steinfink, and E. J. Weiss, Inorg. Chem., 4, 541 (1965).
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Figure 1.—Proposed phase diagram for the system Ybh-Sb:
O, single-phase solid; @, two-phase solid; [, liquid and solid;
A, lquid.

veloped in producing YbsSb; around 1400° were more
than 1 atm as evidenced by the bulging of the tantalum
reaction containers. Since the boiling points of the
elements are quite low, they are included on the dia-
gram along with the initial portion of the liquid—vapor
loop for both elements. A linear behavior would lead
to the intersection of the vapor-liquid loop with the
liquid-solid region resulting in vapor-solid equilib-
rium. Sublimation rather than melting of YbsSb,
and Yb;Sb; was observed when their melting points
were determined.

Further difficulty was encountered because of a vio-
lent exothermic reaction which occurred near 600° as
the sample containers were heated to the normal reac-
tion temperatures. This behavior dispersed the ele-
mental constituents on the walls of the container and
thereby prevented the establishment of equilibrium
conditions. This effect was reduced significantly by
compacting the reaction mixtures into pellets and also
by heating very slowly across this temperature range.

X-Ray diffraction powder patterns of quenched
samples richer in Sb than 66.7 atom 9, showed YbSh,
and Sb in equilibrium. YbSb, was found to melt con-
gruently at 845 £ 15°. Samples with Sb compositions
between 50 and 66.7 atom 9, which had reacted below
800° showed that YbSb and YbSh, were in equilib-
rium. Quenched samples between 820 and 1130°
showed no sign of YbSb, but a mixture of liquid and
either a-Ybs;Sby or ¥YbSh,, depending on the composi-
tion. Samples near 60 atom 9, Sb when slow-cooled
across the 800° isotherm showed YbSb and YbSh, in
approximately a 2:1 ratio, indicating a eutectic point
near 60%. The a-Yb,;Sb, composition was obtained at
44.4 atom 9, Sb, and samples with slightly less antimony
showed a~Yb;Shy and Yb,Sb; in equilibrium below 1030°
and those with slightly more antimony showed a-YbsSby
and YbShb in equilibrium below 820°; transformation
to 8-YbsShy occurred above 1030°. The phase (-
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Yb;Shy could also be produced from the elements in the
correct proportion above 1030° and it melted incou-
gruently at 1400 £ 23°.

The phase Yb,Sh; was produced at temperatures
ranging from 800 to 1400° although the optimum con-
dition for synthesis was near 1000°. It melts con-
gruently at 1540 = 10° and the vapors leaving the
molten liquid when condensed on a cold glass slide
were still of the same structure and composition as the
original solid. The compound Yb:Sb; was produced at
temperatures above 1350° and appeared to exist in
equilibrium with Yb vapor. At 1520 £ 10°, loss of Yb
resulted in the formation of YhsShs. Specimens of Yb;-
Shs were stable at room temperature but when heated
above 1100° would dissociate to YbiSb; and Yhb;Shs.
It was impossible to produce homogeneous samples of
Yb;:Sh; below 1350°.

The best single-phase material of the phase richest
in Yb was at the 28.6 atom 9, Sb composition. It could
be produced at temperatures ranging from 825 to 1300°
although loss of Yb from wvolatilization was more
serious at elevated temperatures. The phase Yb;Sh,
releases Yb vapors when heated in open containers
above 1000°, and at 1400° it is completely dissociated.
From density and volume considerations, each unit
cell contains 30 atoms, but at a 5:2 composition, this
would imply partial atom occupancy. It is possible
that a range of homogeneity exists for this phase, but
no attempt was made in the present work to determine
composition variability.

The element Yb is normally face-centered cubic and
has a phase transition to body-centered cubic at 720°.
We have also observed a phase transition to a hexag-
onal close-packed structure which was stable above
300° and thus ytterbium also displays the structure
in which all the other rare earth elements in the latter
half of the series crystallize. The lattice parameters
a = 3.835 A and ¢ = 6.280 A are consistent with the
size anomaly usually encountered with Yb. The hexag-
onal form has also been reported by Spedding, et al./”
who considered it an impurity-stabilized phase, where
the contaminant is oxygen or nitrogen, and by Ste-
phens® who reports its presence in Yb which was at least
09.86 wt 9, pure.

Crystal Data

The crystallographic and physical parameters are
summarized in Table I; X-ray powder diffraction data
are shown in Table II. Lattice constants for YbSh,,
YbSh, Yb.Sh;, and Yb;Sb; were obtained by measure-
ments of powder diffraction lines in the back-reflection
region and plotting those values against sin?4. Extrap-
olation to sin? § = 1 yielded the values shown in
Table I and they are considered accurate to =0.002 A.
The other phases had powder patterns that were too
complex and the lines in the back reflection region can-
not be indexed unambiguously; the lattice constants
for these phases are accurate to £0.01 A.

(7) F.H. Spedding, J. J. Hanak, and A, H. Daane, J. Less-Common Metuls,

8, 110 (1961).
(8) D. R. Stephens, Phys. Chem. Solids, 26, 943 (1965).
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TaBLE I

CrysTtaL CHEMISTRY OF THE Yb-Sb INTERMEDIATE PHASES

Unit cell Space Structure
Phase constants, A group type
YbSh. a = 4.536 Cmem ZrSi,
b = 16.63
¢ =4.271
YbShb a= 6.082 Fm3m NaCl
a-YbsShy a = 11.90 1¢/mmm
¢ = 17.06
8-YbsShy e = 8.13 Pnma
b =15.97 or
¢ = 24.39 Pn2a
YhaShs a = 9.320 143d ThsPy
Ybﬁsb3 a = 8.995 Ps/mcm Mnﬁsia
¢ = 6.870
YhsSbs a = 12.32
b= 9.60 Pn2a
¢ = 8.32

Unit cell No. of atoms ——Density, g/cm3——
vol., A3 per unit cell Obsd X-Ray Mp,% °C
322.2 12 8.28 8.58 945
C
225.0 8 8.48 8.71 820
I
2415.9 ~86 7.63 8.88 1030
a—f3
3166.7 108 8.31 8.51 1400
I
809.6 28 8.56 8.67 1540
C
481 .4 16 8.10 8.48 1520
S
984.0 30 7.88 8.03 1400
S

e C denotes congruent melting, I denotes incongruent melting, and S denotes sublimation.

TapsLe IT

X-Ray PowpeR DIFFRACTION DATA FOR
THE Yb—Sb INTERMEDIATE PHASES
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YbSbh,.—This phase can be easily identified by its
metallic luster and pronounced layered structure.
[t crystallizes in space group Cmem and is isostructural
with ZrSi,, A discussion of coordination and bond
distances as determined from a single-crystal X-ray
diffraction investigation has been reported previously.®

YbSb.—This phase is produced in the form of a
coarse, dark brown powder and crystallizes in the NaCl
structure. X-Ray diffraction patterns of quenched
YbSb powder samples showed a primitive cubic unit
cell, 3.041 A on a side, which may be due to a dis-
ordered fcc structure where the atoms are randomly

(9) R. Wang, R. Bodnar, and H. Steinfink, Tnorg. Chem., B, 1468 (1968).

distributed over the Yb and Sb sites. X-Ray patterns
of annealed powders and single crystals showed lines
corresponding to a fcc structure, confirming the
ordered, NaCl-type arrangement of atoms at equilib-
rium. The Yb-Sb atom separation in this phase is
3.041 A, in good agreement with other rare earth anti-
monides.

a-Yb;Sby.—This phase crystallizes in a body-centered
tetragonal structure and the diffraction symmetry is
consistent with one of the space groups I4/,mm,
I14m2, or 142. On comparison of lattice parameters
and extinctions, it appears this phase is isostructural
with some monogermanides reported by Tharp, Smith,
and Johnson! for the latter half of the lanthanide series.
Although it is certain this phase is close to a 5:4 stoi-
chiometry, it may have a narrow range of homogeneity,
particularly with such a large unit cell. The measured
density for this phase, Table I, is considerably lower
than the measured values for the other phases. The
value 7.63 g/cm? places 8 formula weights in the unit
cell and the average atomic volume would be 33.5 A?d
in this phase, deviating grossly from an otherwise
smooth plot of mean atomic volume per atom against
composition for this system. The material produced by
the direct reaction of the elements as well as that pro-
duced from the inversion of the high-temperature phase
had a spongy appearance and the low value of the
density is most likely due to a large number of voids
in the ingots. The supposition that approximately 86
atoms are present in the unit cell is based on a value of
the mean atomic volume obtained from a plot of mean
atomic volume vs. atom 9, Sb.  The correct composition
will have to await the elucidation of the crystal
structure.

B-Yb;Sb,—Single-crystal X-ray patterns of this
phase can be indexed on the basis of an orthorhombic
cell with space group Pnma or Pn2;a. Smith, John-

(10) A. G. Tharp, G. 8. Smith, and Q. Johnson, Acta Cryst., 20, 583
(1966).
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son, and Tharp! report Sm;Ge, with similar space
group and cell constants. The cell constants for 8-
YbhsSbyarea = 813 A, b = 15.97 A, and ¢ = 24.39 A.
The ¢ parameter appears to be 8.13 A, but close ex-
amination of X-ray photographs reveals faint reflec-
tions which can be attributed to a supercell made by
tripling the original ¢ parameter of 8.13 A. This was not
observed for Sm;Ge;, but might be related in this case
to the mechanism of the phase transformation from e-
YbhsShs to B-Yb;Sbs. This supercell was observed on
crystals obtained both by direct synthesis of the ele-
ments and by the phase transformation from «-Yb;Sbs.
The crystal structure of this phase is currently under
investigation.

Yb.Sb;.—This phase crystallizes in the anti-thorium
phosphide, ThsP,, structure. Similar antz-ThyP, struc-
tures have been reported by Holtzberg!? and Hohnke
and Parthe!® for 4:3 composition of lanthanides with
group IV and V elements. The ThyP, structure is
characterized by one variable positional parameter
in the space group I43d, associated in this case with the
Ybh atoms. The least-squares refinement of 36 general
hkl reflections obtained photographically with Mo K«
radiation yielded a value of 0.074 + 0.001 for the posi-
tional parameter. Ideal atomic packing would result
in a parameter of 0.083, but the presence of both co-
valent and ionic bonding displaces the Yb atoms
from the ideal position. A value of 0.0745 was ob-
tained by Cox, et al.,'* for LayTe;, and Holtzberg,
et al.," report a positional parameter of 0.0715 for
GdsSe; and 0.075 for LasSes. The compounds GdsSe;
and La,Te; contain vacancies whereas La;Te; does not.
The Yb-Sb bond distances in Yb,Sb; are 3.139
and 3.323 A, the two separations resulting from
the displacement of the Yb atom from the idealized
position. No variation in stoichiometry commonly
observed for the regular Th3Pstype structure was ob-
served for Yb,Shs.

Yb:Sb;.—This phase crystallizes with the manganese
silicide, Mn;Si;, structure, D8 type. The variable
atomic positions obtained by a least-squares refinement
of 70 k0 and k0! reflections obtained photographically
with Cu K« radiation are shown in Table III.

TasLE III1
Atom x o(x) ¥y z
4-Yh(I) 0.333 cee 0.667 Q
6-Yh(II) 0.2516 0.0010 0 0.250
6-Sb 0.6115 0.0016 0 0.250

The Yb(I)-Sb bond distances are 3.272 A for the
nearly octahedral Sb coordination around the Yb(I)

(11) G. S. Smith, Q. Johnson, and A, G, Tharp, Abstracts, American
Crystallographic Association Meeting, Austin, Texas, 1966,

(12) F. Holtzberg, S. Methfessel, and J. C. Suits, ‘‘Rare Earth Research
I1,” K. 8. Vorres, Ed., Gordon and Breach, New York, N. Y., 1964,

(13) D. Hohnke and E. Parthe, Acta Cryst., 21, 435 (1966).

(14) W. L. Cox, H. Steinfink, and W. F. Bradley, I'norg. Chem., 8, 318
(1966).

(15) F. Holtzberg, Y. Okaya, and N. Stemple, Abstracts, American
Crystallographic Association Meeting, Galinburg, Tenn,, 1965,
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atoms at a fixed position. Two of the Yb{II)-Sb bond
distances are 3.240 A, and the third is 3.068 A. This
short distance is probably due to the very anisotropic
coordination of Yb(II) by the antimony atoms. The
sublimation of ytterbium from Yb;Sb; at elevated tem-
peratures is probably due to the loss of Yb(II) atoms
which are clustered at the corners of the unit cell.

The Mn;Si; structure has been reported for stannides
and plumbides of all of the lanthanides except europium
and ytterbium by Jeitschko and Parthe.!® It appears
that the structure is influenced by the number of val-
ence electrons present, and the shortage for Yb is
overcome by a trivalent element such as antimony.
No other rare earth—group V 5:3 alloys have been re-
ported, and the narrow temperature range may indicate
that this phase is not very stable.

Yb;Sb,.—This phase is richest in ytterbium and
crystallizes in an orthorhombic structure with the prob-
able space group Pn2a. A crystal structure deter-
mination has been undertaken and a proposed structure
has been reported.'” There appear to be atoms with
statistical occupancy in the unit cell, and this agrees
with the partial atom occupancy referred to earlier.

Discussion

There are seven stable intermediate phases in the
system, some of which are isotypic with known struc-
tures and others have new structures. YbSh, appears
to be the first ZrSi,-type structure in these rare earth-
intermetallic systems. The NaCl structure for YbSh
is typical of all of the equimolar group V and VI
lanthanides. The anti-ThyPy; structure for YbiSb;
has been previously reported for other group V-rare
earth alloys of this composition, but the variable posi-
tion parameter of 0.074 is less than the idealized param-
eters of /1y or 0.083. New structures also exist for a-
YbsShy, 8-YbsSby, and YbsShe. YbsSb; appears to be
the first Mn;Si; structure reported for a rare earth-—
group V alloy.

The only other rare earth—antimony system reported
is the La—-Sb system investigated by Vogel and Klose.!8
Although no crystal structures are given, the phases
LaSh,, LaSh, LabsShs, and LasSh are reported. Since
then, Hohnke and Parthe!® report La,Sh; with the anii-
ThyP, structure. LaSb; has been reported by Wang!?
to have a new structure closely related to YbSh,. The
La,Sb structure is probably related to YbsSh,, but has
not been confirmed.

Ytterbium, with the dual oxidation state, exhibits
the size anomaly associated with the divalent state for
YbsSby when compared to other RE;Sbs alloys. The
lack of anomalous behavior for YbSb suggests trivalent
Yb behavior in this alloy and this has been reported by
Tandelli.?

(16) W. Jeitschko and E. Parthe, Acia Cryst., 19, 275 (1963).

(17) A. Raman and H. Steinfink, Abstracts, Seventh International
Crystallographic Union Meeting, Moscow, 1966.

(18) R. Vogel and H. Klose, Z., Metallkunde, 46, 633 (1954).

(19) R. Wang, Ph.D. Dissertation, University of Texas, 1066.



