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The title compounds can be synthesized in quantitative interactions within the linear (M,Sb) chain. The metallic
character was confirmed by measurements of the electricalyields by arc-melting of stoichiometric amounts of HfSb2, Hf

and one of the 3d metals V, Cr, Mn, Fe, Co, Ni, and Cu. These resistivity and the magnetism of selected samples. Whereas
Pauli paramagnetism was observed experimentally for M =antimonides crystallize in a substitution variant of the W5Si3

type, in which one position is statistically mixed, occupied by V, Co, and Ni, Hf10FeSb5 is apparently the only phase with
localized magnetic moments and magnetic coupling. This isthe 3d metal atom M or the Sb2 atom in different ratios.

Within the linear (M,Sb) chain, the M:Sb ratio may vary in agreement with the magnetic ground state obtained solely
for the ordered structure model of Hf10FeSb5 with spin-between 3:1 and 2:3. According to calculations of the

electronic structures of Hf10MδSb6–δ with δ = 1, these phases polarized calculation within the local spin density
approximation.are metallic compounds stabilized by strong Hf–Hf, Hf–M,

and Hf–Sb bonds, and to a smaller extent by bonding

this chain would maximize the M2Sb bonds and prohibitIntroduction
the occurrence of Sb2Sb bonds, no long-range ordering

The W5Si3 type is adopted by a variety of different was observed. This is probably a consequence of the gain
phases, including mainly silicides, germanides and stannides in the configurational entropy. Note that each individual
of the valence electron-poor (so-called “early”) transition chain might be ordered, but in that case there could be no
metal atoms T.[1] In this structure type, linear chains of the ordering between the chains, i.e. within the a,b plane.
T atoms run parallel to linear chains of main group ele- In this paper, we present the results of our investigations
ments E along [001] with the same interatomic distances in of the Hf2M2Sb system with the 3d metal atoms from
both chains. As a consequence a matrix effect, i.e. some- titanium to copper. This includes different methods for the
what short T2T and long E2E distances or vice versa, synthesis of the compounds Hf10MδSb62δ (M 5 V, Cr, Mn,
may occur. Fe, Co, Ni, and Cu), their crystal and electronic structures,

It is assumed that the W5Si3 structure type is basically phase ranges and magnetic properties. The phases
limited to compounds of the third and fourth main group Hf10MδSb62δ are isostructural with the corresponding zir-
because the pnicogen and chalcogen atoms Q will most conium antimonides, which is not an obvious result, as in-
likely not form short Q2Q bonds in such metal-rich phases. vestigations of ternary zirconium hafnium phosphides
Exceptions are the tellurides MxK4Te3 (M 5 Ca, Sr) [2] showed.[526]

which can be considered as electron-precise compounds
(M12)0.5(K11)4(Te21)(Te22)2, each Te21 forming two one-
electron-two-center bonds. However, one binary vanadium Results and Discussion
arsenide was described to crystallize in the W5Si3 structure

Crystal Structuretype, the structure of which exhibits either a disordered As
or a mixed (V,As) chain, thus reducing the As2As interac-

The hitherto unknown antimonides Hf10MδSb62δ (M 5tions. [3] Three examples based on antimony (Zr5MδSb32δ,
V, Cr, Fe, Mn, Co, Ni, Cu) occur in ternary variants of theM 5 Fe, Co, Ni, δ ø 0.5) are already known and show an
W5Si3 structure type, the Hf atoms occupying the W sitesincorporation of ca. 50% M atoms in the linear antimony
and the M and Sb atoms replacing the Si atoms (Figure 1).chain. [4] Although alternating the M and Sb atoms within
Whereas the 8h position is filled solely by antimony (Sb1),
the 4a site is occupied by mixtures of the M and Sb2 atoms[a] Department of Chemistry, University of Waterloo,
without long-range ordering.Waterloo, Ontario, Canada N2L 3G1
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Figure 2. Columnar structure motifs of Hf10MδSb62δ; left: Chain
of Hf1, surrounded by 8 Hf2 and 4 Sb1 atoms; the Hf1Sb4 tetrahe-

Figure 1. Structure of Hf10MδSb62δ in a projection along the c dra are indicated by dashed lines; right: chain of (M,Sb), situated
axis; large, white circles: Hf; medium, gray: Sb; small, black: in face-sharing Hf28 square antiprisms; Hf2Hf distances < 340 pm
(M,Sb); Hf2Hf distances < 340 pm are indicated by bold lines are indicated by bold lines

three-dimensional network surrounding linear chains of the
Hf1 atoms (dHf12Hf1 ø 280 pm). The Hf1 atoms are located (1.5), is reflected in a significant shift of the Hf2 atom
in Sb4 tetrahedra (left part of Figure 2), which are con- towards the (M,Sb2) chain relative to all other examples
densed via common vertices to form linear chains parallel with 0.80 # δ # 1.18 (see Table 2). This shift occurs with
to [001]. significantly smaller Hf22Hf2 distances within the square

One can therefore divide the Hf2Hf distances into three antiprisms, but larger ones between the prisms (i.e. 334 pm
classes. The first one includes the bonds within the linear vs. 3202321 pm) and between Hf1 and Hf2 (354 pm vs.
Hf1 chain (ranging from d 5 277 pm in Hf10Fe1.54Sb4.46 to 3492350 pm).
d 5 280 pm in Hf10V0.80Sb5.20 and Hf10V0.88Sb5.12). The
second one includes the distances of ca. 3202330 pm, and
the third the longer ones of ca. 350 pm. These may be com- Electronic Structure
pared to elemental hafnium in its hexagonal modification
with Hf2Hf distances of 313 and 320 pm, or to another Hf- We successfully synthesized Hf10MSb5 with a variety of

3d M atoms ranging from vanadium to copper. For a quali-rich antimonide, Hf6NiSb2, the structure of which exhibits
Hf2Hf distances between 321 and 329 pm.[7] These com- tative discussion of the influence of M on the electronic

structure and thereby on the physical properties, the elec-parisons reveal the extraordinary shortness of the bonds of
class 1. tronic structures were calculated for M 5 V and M 5 Ni,

which are the most d-electron-poor and -rich examples,The Hf2Sb1 distances vary from 288 to 292 pm de-
pending on the metal atom M and the δ parameter. The respectively (except for Cu). To model different possibilities

of the ordering in the (M,Sb) chain, we calculated threeHf2Sb2 bond lengths are somewhat shorter (between 278
and 289 pm); they are equal to the Hf2M distances by hypothetical structures twice using the Extended Hückel

approximation, i.e. in the Hf2V2Sb and in the Hf2Ni2Sbsymmetry, which results in averaged values: since all M
atoms are smaller than an Sb atom (e.g. the Pauling single system. In model I, an ordering corresponding to the sym-

metry of space group I422 is assumed. In this case, M andbond radii: rV 5 122 pm, rNi 5 115 pm, rCu 5 118 pm,
rSb 5 139 pm[8]), the Hf2M distances are longer and the Sb alternate in the two chains of the body-centered unit

cell, with M of one chain being situated at the Sb positionHf2Sb2 distances shorter than in analogous compounds.
This correlates well with the increase of the Hf22(M,Sb2) of the other chain, and thus exhibits the same z parameter.

In model II, M and Sb also alternate within each chain, butdistances with decreasing δ (Table 1), which range from 278
pm (δ 5 1.54, M 5 Fe) to 289 pm (δ 5 0.80 and 0.88, M 5 the M atoms are located at the same positions in both

chains of the body-centered unit cell. In model III, oneV). Correspondingly, the Hf2Sb distances of 2962297 pm
in the structure of Hf6NiSb2 are much longer than the chain consists only of M atoms and the other solely of Sb

atoms. Models II and III can be described in the spaceHf2Ni bonds in the same structure (259 pm). [7]

The short Hf22(M,Sb2) distance in the structure of groups P4/nbm and P4/mcc, respectively. In all cases, the
stoichiometry remains the same, namely Hf10MSb5.Hf10Fe1.5Sb4.5, i.e. in the case of the highest δ parameter
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Table 1. Interatomic distances [pm] of Hf10MδSb62δ

mult. Hf10V0.80Sb5.20 Hf10V0.88Sb5.12 Hf10Mn1.16Sb4.84 Hf10Fe1.54Sb4.46 Hf10Ni1.18Sb4.82

Hf12Hf1 2 3 279.08(5) 280.20(5) 277.6(1) 277.00(5) 279.45(5)
Hf12Sb1 4 3 289.7(1) 289.95(9) 289.5(3) 287.8(1) 289.7(1)
Hf12Hf2 8 3 350.00(9) 350.45(8) 349.2(2) 354.27(9) 350.36(9)

Hf22X 2 3 288.66(8) 288.72(7) 287.3(2) 277.50(8) 288.53(8)
Hf22Sb1 1 3 291.8(1) 291.7(1) 290.2(4) 288.8(2) 291.7(2)
Hf22Sb1 1 3 293.4(1) 293.5(1) 293.0(4) 292.7(1) 293.6(1)
Hf22Hf2 1 3 320.6(1) 320.9(1) 320.3(3) 334.1(1) 320.9(1)
Hf22Sb1 2 3 322.75(8) 323.81(7) 321.3(2) 324.67(9) 323.17(8)
Hf22Hf2 2 3 325.02(7) 326.00(7) 323.5(2) 319.78(7) 325.42(7)
Hf22Hf1 2 3 350.00(9) 350.45(8) 349.2(2) 354.27(1) 350.36(9)
Hf22Hf2 2 3 355.12(8) 355.75(7) 353.2(2) 346.27(8) 355.07(8)
Hf22Hf2 2 3 357.4(1) 357.0(1) 355.8(3) 340.1(1) 357.0(1)

Sb12Hf1 2 3 289.7(1) 289.95(9) 289.5(3) 287.8(1) 289.7(1)
Sb12Hf2 2 3 291.8(1) 291.7(1) 290.2(4) 288.8(2) 291.7(2)
Sb12Hf2 2 3 293.4(1) 293.5(1) 293.0(4) 292.7(1) 293.6(1)
Sb12Hf2 4 3 322.75(8) 323.81(7) 321.3(2) 324.67(9) 323.17(8)
Sb12Sb1 2 3 387.0(1) 387.8(1) 384.1(3) 382.2(1) 387.3(1)

X2X 2 3 279.08(5) 280.20(5) 277.6(1) 277.00(5) 279.45(5)
X2Hf2 8 3 288.66(8) 288.72(7) 287.3(2) 277.50(8) 288.53(8)

X 5 (M/Sb2) position.

Table 2. Atomic positions, equivalent displacement parameters and occupancy factors for Hf10MδSb62δ

Atom site x y z Ueq/(104pm2) occupancy

Hf1 4b 0 1/2 1/4 0.0105(3) 100%
Hf2 16k 0.07592(7) 0.21745(7) 1/2 0.0108(2) 100%
Sb1 8h 0.1636(1) 0.3364(1) 0 0.0091(3) 100%
V/Sb2 4a 0 0 1/4 0.013(1) 40(2)% V, 60% Sb

Hf1 4b 0 1/2 1/4 0.0058(3) 100%
Hf2 16k 0.07594(6) 0.21722(6) 1/2 0.0062(2) 100%
Sb1 8h 0.16362(9) 0.33638(9) 0 0.0044(3) 100%
V/Sb2 4a 0 0 1/4 0.0065(9) 44(2)% V, 56% Sb

Hf1 4b 0 1/2 1/4 0.0141(8) 100%
Hf2 16k 0.0759(2) 0.2171(2) 1/2 0.0113(5) 100%
Sb1 8h 0.1642(3) 0.3358(3) 0 0.0093(8) 100%
Mn/Sb2 4a 0 0 1/4 0.008(3) 58(5)% Mn, 42% Sb

Hf1 4b 0 1/2 1/4 0.0129(4) 100%
Hf2 16k 0.07357(7) 0.20887(8) 1/2 0.0105(2) 100%
Sb1 8h 0.1643(1) 0.3358(1) 0 0.0079(4) 100%
Fe/Sb2 4a 0 0 1/4 0.009(1) 77(3)% Fe, 23 Sb

Hf1 4b 0 1/2 1/4 0.0064(4) 100%
Hf2 16k 0.07600(7) 0.21718(7) 1/2 0.0072(3) 100%
Sb1 8h 0.1636(1) 0.3364(1) 0 0.0054(4) 100%
Ni/Sb2 4a 0 0 1/4 0.007(1) 59(3)% Ni, 41% Sb

For general considerations, we will discuss model I of extended broadly from ca. 210 eV up to well above the
Fermi level of 28.09 eV). In the latter case, the M statesHf10MSb5 with M 5 V and Ni. The densities of states cal-

culated with the Extended Hückel approach (Figure 3) exhi- occur in basically the same energy area as the Hf states. It
is concluded that the d orbitals of Ni are more or less com-bit some significant differences as well as common features.

In both cases, a peak occurs between ca. 212 and 215 eV, pletely filled, whereas the V and Hf d states are partly occu-
pied. This occurs with a significant number of states filledwhich consists mainly of the 5p states of antimony. (The 5s

states are located below the energy window shown.) The at the Fermi level for both Hf10MSb5 phases, which is larger
in the case of M 5 V.contributions of each of Hf, V, and Ni to this peak point

to covalent character of the metal2Sb bonds. The different For an evaluation of the bonding situations, the semiem-
pirical Hf2Hf, Hf2M, and Hf2Sb COOP curves, summedchemistry of the M atoms vanadium and nickel is reflected

in some differences in the densities of states: whereas the 3d over all interactions in the unit cell, are shown in Figure 4.
Averaged over the first Brillouin zone, almost no antibond-states of nickel are located in a sharp peak at 210 eV (well

below the Fermi level of 28.56 eV), the vanadium states are ing states are filled. Almost no Hf2Sb states occur at the
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terchain distance of 780 pm means that they are negligible.
In model III, these bonds are replaced by homoatomic, na-
mely M2M and Sb2Sb, interactions. They have definite
bonding character in the case of Hf10VSb5 (V2V: OP 5
0.24; Sb2Sb 5 0.33), whereas the Ni2Ni interactions in
Hf10NiSb5 are basically nonbonding (OP 5 0.02), again be-
cause of the filled d orbitals. On the other hand, the Sb2Sb
overlap populations in Hf10NiSb5 are of the same scale as
in Hf10VSb5 (0.34 vs. 0.33). Comparable linear Sb2Sb
chains were discussed recently: [9,10] in the structures of
(Zr,V)13Sb10 and (Zr,V)11Sb8, the calculations revealed 1-
electron 2-center sigma Sb2Sb bonds, which is in agree-Figure 3. Calculated densities of states for Hf10MSb5 (EH approxi-

mation); left: M 5 V; right: M 5 Ni; horizontal lines: Fermi levels; ment with the values of the overlap populations of ca. 0.33
solid line: total DOS; dashes: Hf contribution; dots: M contribu-

electrons per bond.tion

Fermi level, which is dominated by bonding Hf2Hf interac-
tions. Increasing the number of valence electrons would oc-
cur with more filled bonding Hf2Hf states, but with some
filled antibonding Hf2M states in Hf10NiSb5. The Hf2V
interactions are still bonding at the Fermi level (140 valence
electrons), but become antibonding in character above
27.73 eV (ca. 151 valence electrons).

Figure 5. Averaged M2Sb COOP curves for Hf10MSb5; horizontal
lines: Fermi levels; solid line: Hf10VSb5; dashed: Hf10NiSb5; right
parts of the diagrams: bonding interactions (1); left: antibonding
(2)

Figure 4. Selected summed COOP curves for Hf10MSb5; left: M 5
Based on the different Coulomb interactions one mightV; right: M 5 Ni; horizontal lines: Fermi levels; solid line: Hf2Hf

interactions; dashed: Hf2M; dots: Hf2Sb; right parts of the di- expect that two M2Sb bonds are energetically favored rela-
agrams: bonding interactions (1); left: antibonding (2)

tive to one M2M and one Sb2Sb bond. In the case of
Hf10MδSb62δ, however, both M and Sb are somewhat nega-After having considered some general features of the elec-

tronic structures, we focus now on the different structure tively charged because of the more electropositive nature of
hafnium, the major component of this phase. For example,models. In contrast to the model III, no homoatomic con-

tacts occur in the (M,Sb) chains of models I and II. In the Pauling electronegativity values are 1.3 for hafnium, 1.6
for vanadium, 1.8 for nickel, and 1.9 for antimony. Corre-model I, the M2Sb bonds of ca. 280 pm have net positive

overlap populations although some antibonding states are spondingly, the semiempirical Mulliken charges are 20.12
for vanadium and 20.49 for the Sb2 atom (Sb1: 20.67) infilled in both cases (Figure 5). As a consequence of the

filled d orbitals of nickel, antibonding Ni2Sb states occur Hf10VSb5 (model I), and ø0.00 for nickel and 20.43 for
the Sb2 atom (Sb1: 20.49) in Hf10NiSb5 (model I). Theabove 210.5 eV, whereas fewer antibonding V2Sb states

are filled. In addition to the differences in the antibonding metalloid antimony is obviously the most negatively
charged atom, which renders reasonable the antimonide for-states, the differences in the Mulliken overlap populations

(OP) per bond (Ni2Sb: OP 5 0.086; V2Sb: OP 5 0.240) mulation for Hf10MδSb62δ. Furthermore, the Sb1 atom, be-
ing surrounded solely by Hf atoms, is more negativelyare also due to size effects (besides the dependence on the

basis functions used): because of the smaller radius of charged than the Sb2 atom, which has two neighboring M
atoms in model I. Both different kinds of Hf atoms shownickel, a smaller overlap between the Ni and Sb orbitals is

expected, which reflects itself in a smaller Pauling bond or- positive Mulliken charges, i.e. in the case of model I of
Hf10VSb5 10.17 for Hf1 and 10.38 for Hf2, and in the caseder PBO with d(PBO) 5 d(1) 2 60 pm log PBO [8]

[PBO(Ni2Sb): 0.38; PBO(V2Sb) 5 0.48]. Since the differ- of Hf10NiSb5 10.06 for Hf1 and 10.29 for Hf2.
On the other hand, the charges of the M and Sb2 atomsences in the (M,Sb) chains of models I and II arise solely

from through-bond coupling between the chains, the in- obtained for model III differ significantly. The M atoms are
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more and the Sb2 atoms less negatively charged in model ΓX and PN. The latter is a consequence of the low disper-

sion of the Hf centered bands in the a,b plane, but does notIII than in model I (Hf10VSb5: V 20.35 and Sb2 20.07;
Hf10NiSb5: Ni 20.22 and Sb 10.08). It is concluded that imply one-dimensional metallic properties of all members

of the Hf10MδSb62δ series since the Fermi level depends onmodel III should exhibit a higher total energy because the
Mulliken charges obtained are in direct contradiction to the the number of valence electrons. The band structure of mo-

del I of Hf10VSb5 does not exhibit bands crossing the Fermitrends expected based on electronegativity, especially for
Hf10VSb5: the V atom exhibits a higher negative charge in level along these symmetry lines, either, although that of

Hf10FeSb5 does.model III than the Sb2 atom despite the lower electronega-
tivity.

The entropy of an ordered structure generally differs
from the disordered one by the configurational entropy. An
estimation of the entropy of a completely disordered struc-
ture model Hf10MSb5, given by ∆S 5 2R Σ(Xi lnXi), [11]

gives a value of 11.5 J/(molK). Since the free energy, ∆G, is
determined by the equation ∆G 5 ∆H 2 T∆S, T∆S is, be-
sides the differences in the enthalpy, the factor which deter-
mines whether ordering occurs. According to our experi-
ments, the minimum formation temperature of Hf10MSb5

is T 5 1350°C, which corresponds to T∆S 5 0.2 eV. Since
this value is higher than the difference between the total
energies of models I and II calculated with the LMTO
method (0.02 eV in the case of Hf10NiSb5), one cannot ex-
pect complete (M,Sb) ordering from one chain to another.

The densities of states for the ordered structure model I
of Hf10NiSb5, as obtained by the LMTO method, are

Figure 7. Band structure of Hf10NiSb5 (LMTO approach); fatshown in Figure 6. This shows that in contrast to the results
bands projected on the Ni eigenvector contributions; symmetryof the Extended Hückel calculation, the peaks dominated points: Z 5 (21/2, 1/2, 1/2); Γ 5 (0, 0, 0); X 5 (0, 0, 1/2); P 5 (1/
4, 1/4, 1/4); N 5 (0, 1/2, 0) in units of the reciprocal primitiveby metal and antimony atoms do overlap. Furthermore, the
unit celloverlap between the Hf and Ni states is more extensive than

according to the EH calculations. The region around the
Fermi level, however, is similar. Spin-polarized calculations within the local spin-density

approximation were performed for the structure models
containing the metal atoms Mn, Fe, Co, and Ni. Only in
the case of Hf10FeSb5 was a magnetic ground state (0.6 µB)
calculated. This occurred with a lowering of the total en-
ergy of just 4 3 1025 eV relative to the non spin-polarized,
and thus nonmagnetic, model calculation. The lower total
energy is found to arise from a decrease in the number of
states at the Fermi level, i.e. from 151 to 141 states/(eV 3
cell). The relatively small effects are a consequence of the
small Fe content and the absence of any direct Fe2Fe inter-
actions in Hf10FeSb5, while the difference between the ener-
gies of magnetic and (hypothetical) nonmagnetic α-Fe of
0.426 eV arises from a significant enhancement of Fe2Fe
bonding. [12]

Figure 6. Calculated densities of states for Hf10NiSb5 (LMTO ap- In order to check for a magnetic superstructure we car-proach); DOS: Solid line: total DOS; dashes: Hf contribution
ried out a spin-polarized self-consistent calculation of the
tetragonal unit cell containing two (Fe,Sb) chains and thusThe significant densities of states at the Fermi level

should occur with metallic properties, which is confirmed two Fe atoms. The magnetic moments of the two Fe atoms
were calculated to be 11.2 and 20.3 µB, respectively. Thus,by several bands of Hf10NiSb5 crossing the Fermi level, as

shown in Figure 7 which emphasizes the Ni centered bands the magnetic cell of Hf10FeSb5 in structure model I corre-
sponds to the metric of the tetragonal unit cell in spacewith the fat band representation. The bands with a high Ni

character occur about 2 eV below the Fermi level, which is group P422, with ferrimagnetic coupling between the Fe
atoms of the two neighboring chains. However, differentreflected in a large Ni contribution to the densities of states

in that energy area. Referring to the body-centered unit cell, coupling of the magnetic moments of the Fe atoms resulted
for the structure models II and III, namely ferromagnetictwo bands cross the Fermi level parallel to the c* axis (sym-

metry lines ΓZ and XP), whereas no bands cross the Fermi coupling with magnetic moments of 2.1 and 2.4 µB, respec-
tively.level along the directions situated in the a*,b* plane, namely
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Physical Properties sisted of different domains, i.e. a mixture of the different

structure models, since the models I, II and III exhibit mag-
The metal-rich composition, the presence of Hf2Hf con- netic moments of 0.6, 2.1 and 2.4 µB, respectively (accord-

tacts along all three directions, and the results of the elec- ing to the LMTO calculations).
tronic calculations discussed above strongly suggest metallic
properties for all Hf10MδSb62δ phases. The temperature de-
pendence of the resistivity of a cold-pressed bar of the
sample II (nominal composition Hf10CrSb5) is typical for a
metallic sample (linearly increasing resistivity with increas-
ing temperature), but the ρ(10K)/ρ(280K) ratio of 0.94 is rather
high. According to the Matthiesen rule ρ(T) 5 ρi 1 ρL(T),
the impurity contribution ρi to the measured resistivity ρ(T)
is basically independent of the temperature. [13] It is con-
cluded that the contribution ρi is relatively large in this case,
relative to the intrinsic lattice resistivity ρL(T), thus leading
to a small temperature dependence of the resistivity meas- Figure 9. Field dependence of the magnetization M of Hf10FeSb5

at 5 Kelvin. 1: 1. Series, M measured from 0 to 55000 Gauss; 3:ured. This could be a consequence of either large grain
2. Series, field dropped rapidly from 55000 to 500 Gauss, then Mboundaries or of an oxidation of the surface by oxygen, measured from 500 Gauss to 210000 Gauss; filled circles: 3. Series,
field increased rapidly to 0, then M measured from 0 to 8500 Gausswhich we tried to minimize by working under an inert at-

mosphere in a glove-box as far as possible.
The metallic properties reflect themselves in the Pauli

paramagnetism experimentally observed for the bulk Conclusionssamples of the initial compositions Hf10MSb5 with M 5 V,
Co, and Ni (Figure 8). Aside from small Curie tails at low The new antimonides Hf10MδSb62δ (M 5 V, Cr, Mn, Fe,
temperatures, the curves are basically temperature indepen- Co, Ni, Cu) were synthesized and subsequently charac-
dent, indicating that no unpaired localized electrons are terized by single crystal structure studies, calculations of the
present in the samples investigated. On the other hand, the electronic structures, and measurements of the magnetic
sample with the initial composition Hf10FeSb5 exhibits a and electrical properties of selected samples. The com-
slope typical of weak ferromagnetic or ferrimagnetic mate- pounds Hf10MδSb62δ, exhibiting a phase range of at least
rials. This is in agreement with the results of the spin-polar- 0.80(4) # δ # 1.54(6), crystallize in the W5Si3 structure
ized LMTO calculation, which yielded a magnetic moment type. The X-ray experiments revealed no long-range or-
only in the case of Hf10FeSb5. dering of the M/Sb atoms on the Si site. The calculations

Similar results were found experimentally for the anti- suggest that an ordering within a given (M,Sb) chain is
monides Zr5MSb3 (Ti5Ga4 type): in the case of M 5 Fe likely to occur, but the correlation between the chains are
ferromagnetic properties were observed, while Zr5CoSb3 too small for systematic ordering between the chains. The
and Zr5NiSb3 showed Pauli paramagnetism.[14]

disordering can be explained by an increase of the configu-
rational entropy, compared to the ordered structure model.
The phases Hf10MδSb62δ are metallic without localized
magnetic moments, except for M 5 Fe, where weak ferro-
magnetic properties are detected experimentally, in agree-
ment with theoretical calculations based on the spin-polar-
ized LMTO method.

Experimental Section
Syntheses: In order to minimize the loss of antimony during the
process of arc-melting, we first prepared HfSb2 as the antimony
source in a fused silica tube at 650°C, starting from the elements

Figure 8. Temperature-dependence of the molar susceptibilities at in the stoichiometric 1:2 ratio (Hf: STREM, powder, 99.6% (includ-
1 Tesla. 3: Hf10FeSb5; 1: Hf10VSb5; filled circles: Hf10CoSb5; filled ing up to 2.2% zirconium), Sb: MERCK, powder, 99.8%). The
squares: Hf10NiSb5 compounds Hf10MSb5 were synthesized by arc-melting of stoichio-

metric ratios of Hf, HfSb2 and M on a water-cooled copper hearthTo check for the ferromagnetic behavior, a field-depen-
under a flow of argon (3 L/min). With weight losses of typicallydent magnetization was measured at 5 Kelvin (Figure 9).
between 1 and 4 weight-%, the yields can be optimized by adding

Whilst the slope is familiar from ferromagnetic compounds, a small excess of antimony. Attempts to synthesize Hf10MSb5 with
the hysteresis is almost zero, pointing to a very weak ferro- different 3d metals M (from vanadium to copper, all powder; V:
magnetic material. The magnetic moment per Fe atom of ABCR, 245 micron, 99.7%; Cr: VENTRON, 250 mesh, 99.8%;
2 µB, as determined from an estimation of the saturation Mn: VENTRON, 2325 mesh, 99.9%; Fe: STREM, 99.999%; Co:

ALFA, 250 mesh, 99.8%; Ni: VENTRON, 2150 mesh, 99.9%; Cu:magnetization, suggests that the sample investigated con-
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Table 5a. Crystallographic data for Hf10V0.80(4)Sb5.20 andTable 3. Selected reactions with Hf: (M 1 Sb) 5 10: 6 (M 5 V, Cr,

Mn, Fe, Co, Ni, Cu) Hf10V0.88(4)Sb5.12

Empirical formula Hf10V0.80(4)Sb5.20 Hf10V0.88(4)Sb5.12No. M M: reaction conditions main products
Sb ratio

Synthesis arc-melting arc-melting 1
annealingI V 1: 5 arc-melting Hf10VδSb62δ*

II Cr 1: 5 arc-melting Hf10CrδSb62δ Molar mass 2458.8 g/mol 2453.1 g/mol
T. of data collection 295 K 295 KIII Mn 1: 5 arc-melting Hf10MnδSb62δ

IV Fe 1: 5 arc-melting Hf10FeδSb62δ Crystal size /mm3 0.04 3 0.02 3 0.01 0.03 3 0.02 3 0.01
Space group I4/mcm I4/mcmV Co 1: 5 arc-melting Hf10CoδSb62δ

VI Ni 1: 5 arc-melting Hf10NiδSb62δ a/pm 1097.1(2) 1097.1(2)
c/pm 558.17(9) 560.4(1)VII Cu 1: 5 arc-melting Hf10CuδSb62δ

VIII V 1: 5 arc-melting, then Hf10VδSb62δ* V/(106pm3) 671.8(2) 674.5(2)
No. of f. u.; F(000) 2; 1003 2; 1002annealing at 900°C

IX Ni 1: 5 arc-melting,then Hf10NiδSb62δ* Calculated density 12.15 g/cm3 12.08 g/cm3

Absorption coefficient 87.58 mm21 22.87 mm21annealing at 900°C
X Mn 1: 5 annealing at 1350°C Hf10MnδSb62δ* Range of 2θ 3° 2 60° 3° 2 60°

No. of independent 298 (Rint 5 0.083) 297 (Rint 5 0.065)XI Fe 2: 4 arc-melting Hf10FeδSb62δ* 1 ?
XII Fe 1.75: 4.25 arc-melting Hf10FeδSb62δ 1 ? reflections

No. of observed reflections 232 214XIII Fe 1.5: 4.5 arc-melting Hf10FeδSb62δ
XIV Fe 1.25: 4.75 arc-melting Hf10FeδSb62δ (I>2σ(I))

No. of parameters 17 17XV Fe 0.75: 5.25 arc-melting Hf10FeδSb62δ
XVI Fe 0.5: 5.5 arc-melting Hf10FeδSb62δ 1 Hf5Sb3 R(F), Rw(F2), GOF 0.028, 0.065, 1.05 0.023, 0.040, 0.97

Extinction coefficient 0.00009(5) 0.00035(4)XVII Fe 0.25: 5.75 arc-melting Hf10FeδSb62δ 1 Hf5Sb3
Absorption correction numerical numerical
Min., max. transmission 0.10, 0.67 0.09,0.37*: Single crystal structure study. Max., min. peak in 2.42 e2/(106pm3), 2.50 e2/(106pm3),
final diff. map 22.94 e2/(106pm3) 22.94 e2/(106pm3)

Table 4. Lattice parameters of Hf10MSb5

2100 mesh, 99.4%) instead of hafnium resulted in the formationNo. M a/pm c/pm V/(106pm3)
of Ti5NiSb3

[15] as the main product. A reaction using titanium as
the 3d metal did not yield the hypothetically isostructuralI V 1095.54(9) 558.08(9) 669.8
“Hf10TiSb5”, but resulted in the formation of the hitherto un-II Cr 1094.06(5) 556.54(1) 666.2
known compound (Hf,Ti)7Sb4

[16] as the main product. Table 4 listsIII Mn 1093.70(4) 556.52(6) 665.7
IV Fe 1091.5(1) 555.22(8) 661.5 the lattice parameters obtained from the ground samples with the
V Co 1091.3(1) 553.7(1) 659.4 Guinier technique (Cu-Kα, using silicon as internal standard).VI Ni 1092.6(1) 552.7(1) 659.8
VII Cu 1093.74(5) 554.01(6) 662.7 A single crystal of the sample I was investigated on an IPDS dif-

fractometer (STOE). Parts of I and VI were annealed over a period
of three weeks at 900°C in tantalum tubes, placed in fused silica
tubes sealed under vacuum. No differences were observed betweenVENTRON, 99.9%) were successful in all cases, according to the

powder diagrams of all reaction products and EDX investigations the powder diagrams obtained before and after the annealing pro-
cedure. Nevertheless, the annealed samples of the initial compo-on selected samples (Hf10VSb5 and Hf10NiSb5, numbers I and VI

in Table 3). An analogous reaction using titanium (Ti: ALFA, sitions Hf10VSb5 (VIII) and Hf10NiSb5 (IX) were investigated also

Table 5b. Crystallographic data for Hf10Mn1.1(1)Sb4.88, Hf10Fe1.54(6)Sb4.46 and Hf10Ni1.18(6)Sb4.82

Empirical formula Hf10Mn1.16(10)Sb4.84 Hf10Fe1.54(6)Sb4.46 Hf10Ni1.18(6)Sb4.82

Synthesis annealing arc-melting arc-melting 1 annealing
Molar mass 2437.9 g/mol 2410.0 g/mol 2441.0 g/mol
T. of data collection 295 K 295 K 295 K
Crystal size /mm3 0.02 3 0.02 3 0.01 0.03 3 0.02 3 0.02 0.01 3 0.01 3 0.005
Space group I4/mcm I4/mcm I4/mcm
a/pm 1094.0(2) 1085.9(2) 1097.1(2)
c/pm 555.2(1) 554.0(1) 558.9(1)
V/(106 pm3) 664.5(3) 653.2(2) 672.7(2)
No. of f. u.; F(000) 2; 996 2; 988 2; 999
Calculated density 12.19 g/cm3 12.27 g/cm3 12.05 g/cm3

Absorption coefficient 88.35 mm21 89.68 mm21 87.80 mm21

Range of 2θ 3° 2 60° 3° 2 60° 3° 2 60°
No. of independent reflections 292 (Rint 5 0.196) 288 (Rint 5 0.092) 298 (Rint 5 0.088)
No. of observed reflections (I>2σ(I)) 144 213 223
No. of parameters 17 17 17
R(F), Rw(F2), GOF 0.041, 0.082, 0.89 0.028, 0.058, 0.99 0.031, 0.069, 0.93
Extinction coefficient 0.00000(4) 0.00001(4) 0.00052(8)
Absorption correction numerical numerical numerical
Min., max. transmission 0.12, 0.23 0.09, 0.37 0.14, 0.59
Max., min. peak in final diff. map 3.46 e2/(106pm3), 2.27 e2/(106pm3), 4.04 e2/(106pm3),

24.53 e2/(106pm3) 22.64 e2/(106pm3) 23.14 e2/(106pm3)
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by single crystal structure analyses. Reactions starting from HfSb2, the tetrahedron method[26] on a grid of 1331 irreducible k points.

The 5f orbitals of hafnium and the 4f orbitals of antimony wereHf, and different M atoms, carried out in sealed tantalum tubes
without previous arc-melting, did not result in the formation of the included by using a downfolding technique. The symmetry points

of the band structure were chosen according to Bradley and Crack-Hf10MδSb62δ phases after annealing for six days at temperatures
of 1300°C. At a reaction temperature of 1350°C, Hf10MnδSb62δ nell. [27]

formed, and a single crystal study was also performed using a small Transport Properties: Temperature dependent resistivity measure-
crystal of this sample (X). ments were performed on a cold-pressed bar with the nominal com-
A study of the phase range was carried out in the Hf2Fe2Sb sys- position Hf10CrSb5. The pellet was contacted at four points, which
tem by arc-melting different mixtures, corresponding to the starting enables a measurement independent of the resistivities of the con-
compositions of “Hf10FeδSb62δ” with δ 5 2, 1.75, 1.5, 1.25, 0.75, tacts.
0.5 and 0.25. At δ 5 2 and 1.75, the phase Hf10FeδSb62δ formed Magnetic Properties: Magnetic data were obtained for the bulk
together with other unidentified products, and at δ 5 0.5 and 0.25, samples of Hf10M1Sb5 with M 5 Fe, V, Co, and Ni. Temperature-
the hitherto unknown binary antimonide Hf5Sb3

[17] was detected, dependent measurements were made at 1 Tesla in the temperature
as well as Hf10FeδSb62δ. It is concluded that the phase range is range of 1.82300 K on a Quantum Design MPMS SQUID mag-
within 0.5 < δ < 1.75. Correspondingly, a single crystal study of netometer. The data were corrected for the diamagnetic atom cores.
the sample with δ 5 2 (XI) yielded the formula Hf10Fe1.54(6)Sb4.46,
and thus δ 5 1.54(6).
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