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Abstract

Four new ternary compounds ZrsM;_Pn,+ . (M =Cr, Mn; Pn=Sb, Bi) were synthesized by arc-melting and annealing at 800 °C.
They crystallize in the tetragonal WsSis-type structure. The crystal structure of ZrsCrg 492)Sb, 51(2) was refined from powder X-ray
diffraction data by the Rietveld method (Pearson symbol ¢/32, tetragonal, space group [4/mcm, Z=4, a=11.1027(6) A,
¢=15.5600(3) A). Four-probe electrical resistivity measurements on sintered polycrystalline samples indicated metallic behavior.
Magnetic susceptibility measurements between 2 and 300K revealed temperature-independent Pauli paramagnetism for
ZrsCry_,Sb, . and ZrsCr;_Bi,. ,, but a strong temperature dependence for ZrsMn;_,Sb,. , and ZrsMn;_Bi,;, which was fit
to the Curie—Weiss law for the latter with 0 = —11.3 K and p=1.81(1) pi. Band structure calculations for ZrsCrg sSb, s support a
structural model in which Cr and Sb atoms alternate within the chain of interstitial sites formed at the centers of square

antiprismatic Zrg clusters.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The tetragonal WsSis-type structure is a prevalent one
adopted by many metal-rich compounds of the early
transition metals and the group 13 or 14 elements [1].
Several ternary compounds containing Sb, a group
15 element, with the W;Sis-type structure have now
been found in the (Ti, Zr, Hf)-M-Sb (M = transition
metal) systems. The first examples were the zirconium-
rich antimonides ZrsM, sSb, 5 (M =Fe, Co, Ni, Ru, Rh)
[2]. Recent investigations have rapidly expanded
the number of these ternary zirconium antimonides to
ZrsFeg44Sba se (3], ZrsM45Sbyss (M =Cu, Mn) [4.5],
and ZrsM;_Sb,., (M=Pd, Cd) [6]. Substitution
of zirconium with titanium or hafnium has also
been successful, resulting in TisFe;_Sby,, . [6,7],
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TisM45Sba.ss (M= Co, Ni) [5,6], TisM,_Sby. . (M=
Ru, Rh, Pd) [6], TisMy45Sbrss (M=Cu, Mn) [8,9],
HfsM, . Sby ., (M=Fe, Co, Ni, Cu, Ru, Rh, Pd) [6],
and HfsM,_Sb,,, (M=V, Cr, Mn, Fe, Co, Ni, Cu)
[10]. Where crystal structures have been refined, the
formula almost invariably deviates from the ideal one
that would correspond to the NbsSiSn,-type structure
[11], an ordered variant of the WsSis-type structure. This
disorder involves the statistical occupation of M and Sb
atoms in the 4a site, at the center of a square
antiprismatic cluster.

We were interested in seeing if this structure type
could be extended to include bismuth. Only a few
compounds in the (Ti, Zr, Hf)—M-Bi systems are known
thus far. The compounds TizMBi, (M= Cr, Mn, Fe, Co,
Ni) crystallize with the V4SiSb,-type structure [12];
M¢M'Bi, (M'=Zr, Hf, M"=Fe, Co, Ni) [13] and
Zr¢sMnBi, [14] are isotypic with an ordered Fe,P-type
structure; TisCuBisz and Tis34Zn; 23Bi3 belong to the
HfsCuSnj; structure type [15].
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The synthesis of new ternary compounds ZrsM;_,
Pny . (M=Cr, Mn; Pn=Sb, Bi) are reported here. The
Bi members are the first WsSis-type representatives of
their kind. Their crystal structure, electrical and
magnetic properties, and band structure are presented.

2. Experimental
2.1. Synthesis

Starting materials were powders of zirconium (99.7%,
Cerac), chromium (99.95%, Cerac), manganese
(99.95%, Cerac), antimony (99.995%, Aldrich) and
bismuth (99.999%, Alfa-Aesar). The compounds were
obtained by arc-melting of cold-pressed pellets (~0.5g)
prepared from the elemental components with an excess
of 2.5wt% antimony or 5wt% bismuth added to
compensate for vaporization during the arc-melting
under high-purity argon. The ternary compounds were
already present in the as-cast alloys; however, the
samples were annealed at 800 °C for 1 week in sealed
evacuated fused-silica tubes to improve crystallinity.
After heat treatment, the ingots were quenched in cold
water. Homogeneous samples were also obtained by
sintering the cold-pressed pellets for 1 week at 800 °C.

The arc-melted ingots of the ternary compounds have
metallic luster; the powders are gray and are stable in
air. Energy-dispersive X-ray (EDX) analyses on a
Hitachi S-2700 scanning electron microscope did not
show the presence of any impurity elements. All samples
were characterized by powder X-ray diffraction on an
Enraf-Nonius FR552 Guinier camera, recorded with
CuKo, radiation (41=1.54056 A) using silicon as an
external standard. Cell parameters for ternary
ZrsMy_.Pn,. . (M=Cr, Mn; Pn=Sb, Bi) compounds
are listed in Table 1.

2.2. Structure determination

All aforementioned ternary compounds belong to the
WsSi3 structure type [1]. The crystal structure of
ZrsCr;_,Sb,; . was refined from powder X-ray diffrac-
tion data. The sample was prepared by sprinkling on a
low-background holder (silicon wafer). Intensity data

Table 1

Cell parameters for ZrsM, Pn, ., (M=Cr, Mn; Pn=Sb, Bi)
Compound a (A) c (A) V (A3) Reference
ZrsCry Sby 4 11.118(2) 5.559(2) 687.2 This work
ZrsMn; ,Sby 11.099(1) 5.5491(7) 683.6 This work
ZrsCry (Biy 11.286(3) 5.640(2) 718.4 This work
ZrsMn;_Bip 11.274(4) 5.629(2) 715.5 This work

were collected at room temperature on a Bruker DS
Advance powder diffractometer with monochromated
CuKu, radiation. Full-profile Rietveld refinements were
carried out with use of the program FULLPROF [16].
Further details of the data collection and structure
refinement are given in Table 2. Initial atomic positions
were taken from the structure of ZrsFeq sSb, s [2]. The
4a site was allowed to be occupied by a mixture of Cr
and Sb atoms. Refinement of the occupancies resulted in
a 0.49(2)/0.51(2) distribution of Cr/Sb atoms in this site
and full occupancy of the other sites, consistent with the
formula Zr5Cro_49(2)Sb2.51(2). The final Cycle of least-
squares refinement included scale factor, background,
zero point, cell parameters, pseudo-Voigt peak profile
parameters, occupancy, atomic coordinates, and iso-
tropic displacement parameters. The fit of the Rietveld
refinement results to the powder pattern is shown in
Fig. 1. Final values of the positional and displacement

Table 2
Crystallographic data for ZrsCrg 49(2)Sba 51(2)

Formula ZI'SCI'O.49(2)Sb2.51(2)
Formula mass 787.2
Space group 14/mcem (No. 140)
a(A) 11.1027(6)
c(A) 5.5600(3)
v (A%) 685.38(7)
VA 4
Pcaled (g Cm73) 7.28 N
Radiation CuKoy, A = 1.54053 A
260 range 6-130°
Step width and time 0.02°, 20s
Number of reflections 182
Number of variables 26
Residuals, Rg, Rk, Rp, Rwp 0.049, 0.032, 0.065, 0.087
Goodness of fit, > 0.91
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Fig. 1. Rietveld refinement results for ZrsCrgas92)Sbasiz). The

observed profile is indicated by circles and the calculated profile by
the solid line. Bragg peak positions are located by the vertical tic
marks. The difference plot is shown at the bottom.
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Table 3
Atomic coordinates and isotropic displacement parameters for
ercro.49(2)5b2.51(2)

Atom  Wyckoff position  x y z B (AY)
Zrl 16k 0.07742)  021592) 0  0.533)
Zr2 4b 0 % % 0.44(6)
X*  4a 0 0 1 0.63(6)
Sb 8h 0.1633(1)  x41 0 0.4903)

4X=0.49(2) Cr and 0.51 Sb.

Table 4
Interatomic distances (A) for ZrsCrg 49(2)Sba 512

Zrl-x* 2.901(2) (% 2) Z12-712 2.780(1) (% 2)

Zr1-Sb 2.937(2) Zr2-Sb 2.917(1) (x 4)

Zr1-Sb 2.990(2) Z12-Zrl 3.552(2) (% 8)

Zr1-Sb 3.231(1) (x 2)

Zr1-Zrl 3.245(3) X-x* 2.780(1) (% 2)

Zr1-Zrl 3.267(1) (x 2) X-Zr1* 2.901(2) (x 8)

Zr1-Zrl 3.530(2) (% 2)

Zr1-Z12 3.552(2) (x 2) Sb-Zr2 2.917(1) (x2)

Zr1-Zrl 3.602(3) (% 2) Sb-Zrl 2.937(2) (x2)
Sb-Zrl 2.990(2) (% 2)
Sb-Zrl 3.231(1) (x 4)

1Y'=0.49(2) Cr and 0.51(2) Sb.

parameters are given in Table 3. Interatomic distances
are listed in Table 4.

2.3. Electrical resistivity and magnetic susceptibility

Polycrystalline samples of ZrsM . Pn,,,. (M=Cr,
Mn; Pn=Sb, Bi) were prepared by sintering cold-
pressed pellets at 800°C for 1 week. Their electrical
resistivities were measured between 2 and 300K by
standard four-probe techniques on a Quantum Design
PPMS system equipped with an ac transport controller
(Model 7100). The current was 100pA, and the
frequency was 16 Hz. Magnetic susceptibility measure-
ments were made on ground samples (~50 mg) between
2 and 300K under an applied field of 0.5T on a
Quantum Design 9 T-PPMS dc magnetometer/ac sus-
ceptometer. The susceptibility was corrected for con-
tributions for the holder diamagnetism and the
underlying sample diamagnetism [17].

2.4. Band structure

Tight-binding extended Hiickel band structure calcu-
lations were performed with use of the EHMACC suite
of programs [18,19]. The atomic parameters are listed in
Table 5. Properties were extracted from the band
structure using 128 k-points in the irreducible portion
of the Brillouin zone. Two models were considered: an
idealized ZrsCrSb, structure (/4/mcm) in which the

Table 5
Extended Hiickel parameters
Atom Orbital H;; (eV) Gt C G2 &)
Zr Ss -8.52 1.82

Sp —4.92 1.78

4d —-8.63 3.84 0.6207 1.510 0.5793
Cr 4s —8.66 1.70

4p -5.24 1.70

3d -11.22 4.95 0.5058 1.800 0.6747
Sb Ss —-18.8 2.32

Sp -11.7 2.00

interstitial sites at the centers of Zrg square antiprisms
are exclusively occupied by Cr atoms, and an idealized
Zr5CrysSby 5 (or ZroCrSbs) structure (/422) in which
they are alternately occupied by Cr and Sb atoms in an
ordered fashion.

3. Results and discussion
3.1. Structure

The preparation of the four new ternary zirconium
transition-metal pnictides ZrsM;_.Pn, , (M =Cr, Mn;
Pn=Sb, Bi) having the W;Sis-type structure illustrates
that this series can be extended to include even heavier
pnicogens and earlier transition metals. The substitution
with Bi was not obvious, as it may have engendered
different matrix effects influencing the ease of inserting
the interstitial M atoms within the cluster units of the
structure. The range of transition metals that can be
inserted in the zirconium antimonide  series
ZrsM,_Sby. . (M=Cr—Cu) is now almost as wide as
in the corresponding hafnium series HfsM;_ Sb,
(M=V—Cu).

The structure of ZrsCrg 49Sb, 51 is shown in Fig. 2 in a
conventional cluster description, normally invoked for
W Sis-type structures. It consists of square antiprismatic
Zrg and tetrahedral Sb, clusters with their centers
occupied by interstitial atoms. These clusters are
condensed by face-sharing and edge-sharing, respec-
tively, to form infinite columns running parallel to the c-
direction, | [Zrg»X] and ! [Sby;Zr]. The interstitial site
X within the square antiprismatic cluster is disordered
with a nearly 50:50 distribution of Cr and Sb atoms, as
is commonly found in related ternary WjsSis-type
structures. Compared with the sums of the Pauling
single-bond radii (Zr-Zr, 2.90; Zr—Cr, 2.64; Zr-Sb, 2.85;
Cr-Sb, 2.58; Sb-Sb, 2.80 A) [20], the interatomic
distances are generally reasonable and consistent with
those observed in binary antimonides. However, the
placement of interstitial atoms within each of the
columns imposes a fixed interatomic distance of half
the ¢ parameter (2.780(1)A) for the Zr2-Zr2 and X-X
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Fig. 2. Structure of ZrsCrg492Sbasi(2) in terms of square antipris-
matic and tetrahedral clusters, viewed (a) down the ¢ axis and (b) as a
bounded projection 7}—‘<x<% . The large lightly shaded circles are Zr
atoms, the small solid circles are X sites (~50% Cr, ~50% Sb), and the
medium open circles are Sb atoms.

contacts. For the ternary antimonides, size arguments
alone cannot easily distinguish the preference of the X
site to be occupied by a transition metal or an Sb atom;
moreover, the ~50:50 distribution of Cr:Sb atoms could
well be interpreted as a random arrangement of Cr and
Sb atoms within each of the éo[ng/zX] columns, or as a
local ordering in which Cr and Sb atoms occupy
alternate sites within each | [Zrg;»X] column, but the
columns are out of registry with one another. For
the ternary bismuth compounds, the X=X separation
(¢/2~2.82 A) would be too short for Bi-Bi contacts,
implying a maximum 50% occupancy of Bi atoms in this
site and the impossibility of local arrangements of Bi
atoms adjacent to each other.

3.2. Properties

Typical plots of the electrical resistivity of pressed
pellets of ZrsM;_Pny ., (M=Cr, Mn; Pn=Sb, Bi) are
shown in Fig. 3a. They display metallic behavior, but
the absolute resistivity values are high and the depen-
dence of resistivity with temperature is slight (the
relative resistivity ratios p;q/p, are 1.1 for the Cr
members and 1.3 for the Mn members). This is
consistent with a high residual resistivity arising from
the disordered nature of the structure, but grain
boundary effects inherent in a pressed pellet will also
have a contribution.
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Fig. 3. Plots of (a) electrical resistivity on pressed pellets and (b) dc
magnetic susceptibility of powder samples of ZrsM, Pn,,, (M=Cr,
Mn; Pn=Sb, Bi). The inset of (b) shows a fit of the data for
ZrsMn; Biy,, to the Curie-Weiss law, with the temperature-
independent susceptibility term subtracted.
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Fig. 3b shows that the magnetic susceptibilities of
ZrsCry_,Sb, . and ZrsCr,_,Bi,, , are nearly tempera-
ture-independent above 25K, consistent with Pauli
paramagnetism. At lower temperatures, the susceptibil-
ities of both compounds increase. Although the Guinier
powder patterns revealed single-phase samples, small
amounts of paramagnetic impurities are likely respon-
sible for this upturn. In contrast, the magnetic suscept-
ibilities of ZrsMn;_.Sb,., and ZrsMn, Bi,, . are
strongly temperature-dependent. For ZrsMn;_.Sb, ,
the magnetic susceptibility can be fit by neither the
Curie-Weiss nor the modified Curie-Weiss law
(x =1, + C/(T—0,), where yx, is associated with the
Pauli susceptibility of free charge carriers) in the whole
temperature range. At 300K, the calculated magnetic
moment per 1S 2.93 ug. For ZrsMn; ,Biy;,, the
magnetic susceptibility could be described above 25K
with  the modified Curie-Weiss law  with
%o = 2.035 x 1073 emu/mol and 0p = —11.3K, as seen
in the inset of Fig. 3b. The negative Weiss constant
suggests antiferromagnetic coupling, but no evidence for
long-range order was observed from magnetization data
measured above 2K. From the expression fiq =
2.828[(X—x0)(T—0p)]1/2, the magnetic moment was
calculated to be 1.81(1) ug. Given the metallic behavior,
it is possible that this small moment (equivalent to about
one unpaired electron per formula unit) arises from
delocalized Mn 3d states. Previous measurements and
spin-polarized calculations by Kleinke [10] and Tremel
[7] on related antimonides suggest that a magnetically
ordered ground state is stable for the Fe members and
not for the Mn members.

3.3. Bonding

The presence of cluster motifs and the surplus of
valence electrons indicate abundant metal-metal bond-
ing in these WsSiz-type compounds. This is confirmed
by band structure calculations on an idealized

Zr5Crg sSbs 5 structure, which reveal the dominance of
Zr states at the Fermi level (Fig. 4). There is significant
electron transfer from Zr to the more electronegative Cr
and Sb atoms, whose states are nearly completely filled
up to the Fermi level. The mixing of Zr with Cr and Sb
states from —15eV up to the Fermi level corresponds to
strong covalent bonding, as shown by the crystal orbital
overlap population (COOP) curves in Fig. 5, with
essentially all bonding levels occupied (Mulliken overlap
populations (MOP): Zr-Cr, 0.26; Zr-Sb, 0.28).
Although most of the Zr—Zr contacts are quite long,
up to 3.6 A, there are many of them, leading to a
significant MOP of 0.15. The Zr2-Zr2 contact of
2.780(1) A is very strong, with a large MOP of 0.40.
This distance also dictates the strength of the interac-
tions between atoms occupying the interstitial sites of
the square antiprismatic clusters. The model considered
here (“ZrsCr( sSb, 5”") has a lower total energy, by 13eV
(or ~300kJ/mol), than one in which Cr atoms occupy
exclusively these sites (“ZrsCrSb,””) because it is more
advantageous to optimize polar, heteroatomic Zr—Sb
and Cr-Sb bonds than homoatomic Cr—Cr bonds.
Similar conclusions were found in the analysis of
HfsM,_Sb,. . (M=V, Ni) [10] but interestingly, not
in TisFeSb, [7]

The metallic behavior and Pauli paramagnetism of
ZrsCr;_Sb,; , are confirmed by the location of the
Fermi level in a region of large DOS (Fig. 4). Although
the experimental values of the magnetic susceptibility
can be subject to several sources of error, the calculated
values for the density of states at the Fermi level are 41,
78, and 11737/6\7 for Zr5Cr0A5Sb2_5, ZI'5CI'05Bi2_5, and
ZrsMng sSb, s, respectively, consistent with the trend of
increasing Pauli paramagnetism in this series (Fig. 4b).

The ZrsM, ,Sb,, . series has been extended to
include the earliest transition metal, Cr, thus far. Given
the existence of HfsV,_.Sb,. ., a worthwhile target is
ZrsVi_Sby . The ZrsM,_Bi, ., compounds are the
first bismuth representatives, but it remains to be seen if

0
Zr projection Cr projection Sb projection
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>
2 s
> 8f _f_f___ = ____f'_f___
ISP 00 o Sy ]
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w.12 +
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-18
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Fig. 4. Contributions of (a) Zr, (b) Cr, and (c) Sb (shaded regions) to the total density of states (DOS) (line) for idealized ZrsCrq sSb, 5. The

horizontal line marks the Fermi level (¢f = —9.3¢eV).
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Fig. 5. Crystal orbital overlap population (COOP) curves for (a) Zr—Zr, (b) Zr—Cr, (c¢) Zr-Sb, and (d) Cr-Sb interactions (< 4.0 A) in idealized

Zr5Cr0_5sb2_5‘

the range of substitution for M is as wide as in other
related WsSiz-type structures.
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