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The ternary rare-earth antimonide YbCrSb3 was prepared by arc-melting of the elements. Its structure
was determined by single-crystal X-ray diffraction (Pearson symboloP20, orthorhombic, space group
Pbcm, Z ) 4, a ) 12.981(3) Å,b ) 6.140(1) Å,c ) 5.993(1) Å). YbCrSb3 is isostructural to LaCrSb3
and CeCrSb3, and extends theRECrSb3 series (previously known forRE) La, Ce, Pr, Nd, Sm, Gd, Tb,
Dy) to the latest rare-earth member yet and to one that is essentially divalent instead of trivalent. Electrical
resistivity measurements on single crystals and magnetic susceptibility measurements on powders revealed
a magnetic ordering transition atTC ) ∼280 K, the highest observed so far in theRECrSb3 series. The
isothermal magnetization at 100 K indicated an approach to saturation, but with low values (0.08µB/mol
at 9 T). These results suggest a ferromagnetic or canted antiferromagnetic structure.

Introduction

An extensive series of ternary rare-earth (RE) chromium
antimonides,RECrSb3, was first discovered by Brylak and
Jeitschko for the early rare earths (RE ) La, Ce, Pr, Nd,
Sm)1 and subsequently extended by us to the late rare earths
(RE ) Gd, Tb, Dy).2 They adopt a crystal structure with
strongly two-dimensional character imparted by the presence
of Sb square nets, a substructure now being recognized as
common to many Sb-rich compounds.3 As with many
intermetallic compounds consisting of rare-earth and transi-
tion metals, these antimonides exhibit varied electrical and
magnetic properties arising from the interaction of f and d
electrons.

The prototype compound, LaCrSb3, displays ferromagnetic
ordering4-9 at TC ) ∼120-140 K and a spin-reorientation
transition atTsr ) ∼95 K.10 It has been intensely studied
because the absence of f electrons in La3+ implies that any
magnetic ordering originates entirely from Cr d electrons,
so it serves as a reference to which otherRECrSb3 members
may be compared. There is ongoing debate about the nature
of the metallic magnetism and whether there is a coexistence
of localized and itinerant spins in LaCrSb3.10-12 For other

RECrSb3 members (RE) Ce, Pr, Nd, Sm), the presence of
f electrons on theRE atoms leads to the appearance of a
second ordering transition at lower temperatures (TC ) 10-
30 K).4,6,7,13,14The transition temperatures scale with the de
Gennes factor, consistent with strong interactions between f
and d electrons, to the extent that they converge to a single
ferrimagnetic transition for GdCrSb3 (TC ) ∼90 K).15,16

There has been impetus to study the later rare-earth
members of theRECrSb3 series, which to date have been
prepared for up toRE) Dy. Crystal chemical considerations
suggest that severe bond strain develops as substitution with
a smallerREatom contracts the crystal structure.2 Following
up on recently communicated preliminary results,17 we
present here full details on the new compound YbCrSb3,
which extends theRECrSb3 series to the latest rare-earth
member yet. Because Yb can be either divalent or trivalent,
there are important implications for both the crystal and
electronic structure. Even more remarkably, YbCrSb3 dis-
plays a single magnetic ordering transition at the highest
temperature observed so far,TC ) ∼280 K, in theRECrSb3

series.

Experimental Section

Synthesis.Starting materials were powders of Yb (99.9%, Cerac
or Alfa-Aesar), Cr (99.95%, Cerac), and Sb (99.995%, Cerac or
Alfa-Aesar). YbCrSb3 was originally identified from flux treatment
of the product of an arc-melting reaction of Yb, Cr, and Sb in a
2:4:5 molar ratio. A cold-pressed pellet (∼0.25 g) was prepared
and reacted in an Edmund Bu¨hler MAM-1 compact arc melter on
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a water-cooled copper bottom under an argon atmosphere. To
promote growth of suitably sized crystals, the resulting ingot was
ground, combined with 0.3 g Sn (which acts as a flux), and placed
in an evacuated fused-silica tube. The tube was heated at 1000°C
for 6 h, cooled to 600°C over 6 h, heated at 600°C for 24 h, and
then cooled to room temperature over 6 h. The Sn flux was removed
by treatment with hydrochloric acid, and the crystals, which were
generally less than 0.5 mm long, were washed with distilled water.
Energy-dispersive X-ray (EDX) analyses on a Hitachi S-2700
scanning electron microscope revealed the presence of Yb, Cr, and
Sb, and confirmed that Sn was not incorporated into the product.
A crystal identified in this manner was selected for structure
determination.

Samples for physical property measurements were prepared
similarly but with Yb, Cr, and Sb in a 1:1:3 molar ratio. Single
crystals or aggregates of crystals were screened by EDX measure-
ments. For magnetic measurements, single crystals were selected
manually and were ground finely into a powder; analysis by powder
X-ray diffraction on an Enraf-Nonius FR552 Guinier camera
confirmed that these specimens are phase-pure.

Arc-melting of a stoichiometric mixture of Yb, Cr, and Sb
followed by annealing at 1000°C without the addition of a Sn
flux yields a microcrystalline powder that consists of YbCrSb3 as
the majority phase but with minor amounts of CrSb and Sb. It is
important to add an excess of Yb and Sb during the arc-melting
reaction to compensate for evaporative losses. The cell parameters
refined for the YbCrSb3 phase from these reactions (a ) 12.99(4)
Å, b ) 6.13(2) Å, c ) 5.99(2) Å) are in good agreement with
those from the single-crystal data (Table 1).

Structure Determination. Intensity data for YbCrSb3 were
collected on a Bruker Platform/SMART 1000 CCD diffractometer
at 22°C usingω scans (0.2°). Crystal data and further details of
the data collection are given in Table 1. Calculations were carried
out with use of the SHELXTL (version 6.12) package.18 Face-

indexed numerical absorption corrections were applied. The cen-
trosymmetric space groupPbcm was chosen and initial atomic
positions were taken from the structure of LaCrSb3.2 Refinements
proceeded in a straightforward manner. Because partial occupancy
has been implicated in previous structure determinations of
LaCr0.95(2)Sb3 and CeCr0.901(9)Sb2.909(4),1,2 the occupancy of each site
in YbCrSb3 was refined successively. The occupancies converged
to values between 0.99(1) and 1.01(1) for all sites, from which we
conclude that YbCrSb3 is fully stoichiometric. The maximum peak
and deepest hole are located 0.74 and 0.67 Å, respectively, from
Yb. Final values of the positional and displacement parameters are
given in Table 2. Interatomic distances are listed in Table 3. Further
crystallographic data, in the form of a CIF, are available in the
Supporting Information. The CIF has also been sent to Fachinfor-
mationszentrum Karlsruhe, Abt. PROKA, 76344 Eggenstein-
Leopoldshafen, Germany as supplementary material No. CSD-
415273.

Electrical and Magnetic Measurements.The electrical resistiv-
ity of single crystals of YbCrSb3 was measured by standard four-
probe techniques on a Quantum Design PPMS system equipped
with an ac transport controller (model 7100) up to 330 K, the high-
temperature limit of our instrumentation. The current was 100µA
and the frequency was 16 Hz. The resistivity was measured along
the needle axis of the crystal, which corresponds to the crystal-
lographicc axis.

Measurements of dc magnetic susceptibility were made on a 19-
mg ground sample of YbCrSb3 between 2 and 330 K under zero-
field-cooled conditions in an applied field of 5000 Oe on a Quantum
Design 9T-PPMS dc magnetometer/ac susceptometer. The suscep-
tibility was corrected for sample and holder diamagnetism. Mea-
surements of ac magnetic susceptibility were made with a driving
amplitude of 5 Oe and a frequency of 1000 Hz.

Results

Structure. YbCrSb3 is a new member of theRECrSb3

series, which was previously believed to terminate atRE)
Dy. A plot of the unit cell volume reveals the expected
decrease resulting from the lanthanide contraction on going
from RE) La to Dy (Figure 1). However, YbCrSb3 deviates
from the extrapolated decrease, and in fact, has a unit cell
volume that more closely resembles that of SmCrSb3. This
observation argues strongly for the presence of divalent Yb,
in contrast to trivalentRE for all the other members. The
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Table 1. Crystallographic Data for YbCrSb3

formula YbCrSb3
formula mass (amu) 590.29
space group Pbcm(No. 57)
a (Å) 12.981(3)
b (Å) 6.140(1)
c (Å) 5.993(1)
V (Å3) 477.6(2)
Z 4
Fcalcd(g cm-3) 8.209
crystal dimensions (mm) 0.20× 0.04× 0.01
radiation graphite monochromated

Mo KR, λ ) 0.71073 Å
µ(Mo KR) (cm-1) 113.97
transmission factors 0.087-0.654
2θ limits 3.14° e 2θ(Mo KR) e 66.32°
data collected -19 e h e 19,

-9 e k e 9,
-9 e l e 9

no. of data collected 6074
no. of unique data,
includingFo

2 < 0
974

no. of unique data,
with Fo

2 > 2σ(Fo
2)

825

no. of variables 29
R(F) for Fo

2 > 2σ(Fo
2)a 0.059

Rw(Fo
2)b 0.161

GOF 1.173
(∆F)max, (∆F)min (e Å-3) 7.80,-3.19

a R(F) ) ∑||Fo| - |Fc||/∑|Fo|. b Rw(Fo
2) ) [∑ [w(Fo

2 - Fc
2)2]/∑ wFo

4

]1/2; w-1 ) [σ2(Fo
2) + (0.0920p)2 + 10.3941p] wherep ) {[max (Fo

2,0) +
2Fc

2]}/{3}.

Table 2. Positional and Equivalent Isotropic Displacement
Parameters for YbCrSb3

atom
Wyckoff
position x y z Ueq (Å2)a

Yb 4d 0.31066(6) 0.0014(1) 1/4 0.0134(2)
Cr 4c 0.9018(2) 1/4 0 0.0120(5)
Sb1 4d 0.06561(9) 0.1145(2) 1/4 0.0127(3)
Sb2 4d 0.2206(1) 0.4898(2) 1/4 0.0131(3)
Sb3 4c 0.50211(8) 1/4 0 0.0132(3)

a Ueq is defined as one-third of the trace of the orthogonalizedUij tensor.

Table 3. Selected Interatomic Distances (Å) in YbCrSb3

Yb-Sb2 3.217(1) (×2) Cr-Sb2 2.706(2) (×2)
Yb-Sb2 3.219(1) Cr-Sb1 2.726(1) (×2)
Yb-Sb3 3.246(1) (×2) Cr-Sb1 2.731(2) (×2)
Yb-Sb1 3.256(2) Cr-Cr 2.9963(6) (×2)
Yb-Sb3 3.279(1) (×2) Sb1-Sb2 3.058(2) (×2)
Yb-Sb2 3.352(1) Sb3-Sb3 2.9963(6) (×2)
Yb-Cr 3.498(2) (×2) Sb3-Sb3 3.0703(6) (×2)
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ionic radius of Sm3+ (crystal radius) 1.27 Å for CN9) is
similar to that of Yb2+ (∼1.33 Å).19

The structure of YbCrSb3 is shown in Figure 2. It is built
up by inserting Yb atoms between layers of condensed Cr-
centered octahedra,∞

2 [CrSb2], and nearly square nets of Sb
atoms, ∞

2 [Sb], that are stacked along thea direction. The
Yb atoms are found in nine-coordinate, monocapped square
antiprismatic geometry, with Yb-Sb distances ranging from
3.217(1) to 3.352(1) Å. These distances are comparable to
those found in other binary and ternary antimonides such as
YbSb2 (3.19(1)-3.57(1) Å)20 and Yb5In2Sb6 (3.168(1)-
3.546(1) Å)21 where divalent Yb can be assumed to be

present, but are longer than those in YbSb (3.041 Å),22 which
contains essentially trivalent Yb.23,24 The Cr-centered octa-
hedra share faces along thec direction and edges along the
b direction. The Cr-Sb distances, ranging from 2.706(2) to
2.731(2) Å, appear to be little changed from those in LaCrSb3

and CeCrSb3.1,2 Indeed, the average Cr-Sb distance is
essentially identical in LaCrSb3 (2.72 Å), CeCrSb3 (2.71 Å),
and YbCrSb3 (2.72 Å). Similarly, the Sb-Sb distances within
the square net in YbCrSb3 (2.9963(6)-3.0703(6) Å) are not
significantly different from those in LaCrSb3 (3.0581(5)-
3.1065(1) Å) and CeCrSb3 (3.040(1)-3.092(1) Å).

As we had speculated earlier, substitution with a smaller
REin theRECrSb3 series cannot proceed indefinitely because
of severe bond strain that ensues as the structure contracts.2

This contraction is not isotropic. Thea parameter (along the
stacking direction) changes considerably more than theb and
c parameters (parallel to the∞

2 [CrSb2] layers and ∞
2 [Sb]

nets). For example, on going from DyCrSb3 to YbCrSb3,
thea parameter increases by 8% while theb andc parameters
barely increase by 0.2%. In terms of the crystal structure,
the interpretation is that the∞

2 [Sb] nets remain invariant
while the ∞

2 [CrSb2] layers experience severe buckling in
order to maintain reasonable Cr-Sb bond lengths. As the

∞
2 [CrSb2] layer undulates along theb direction, the degree
of this buckling can be measured by the Cr-Cr-Cr angle,
which decreases from 104.5° in LaCrSb3 to 100.6° in
YbCrSb3. The latter value appears to be a lower limit, as
the Cr-Cr-Cr angle calculated for DyCrSb3 (assuming
atomic coordinates from YbCrSb3) is 102.2°. The resulting
distortions are probably very important in influencing the
electronic properties ofRECrSb3 compounds. The related
RENiSb3 structures exhibit severe distortions of Ni-centered
octahedra, which seem to be connected with the formation
not only of metal-metal bonds, but also of additional Sb-
Sb bonds.25, 26

Electrical Resistivity. The electrical resistivity of a single
crystal of YbCrSb3, measured along thec axis as a function
of temperature, is shown in Figure 3a. The profile indicates
metallic behavior, with absolute resistivities (F300 ) ∼110
µΩ‚cm,F5 ) ∼10µΩ‚cm) similar to those of otherRECrSb3

compounds. There is a change in slope, more clearly visible
in a plot of the derivative (inset of Figure 3a), that is a
recurring feature of allRECrSb3 members examined so far
and is attributed to a magnetic ordering transition. The
transition in YbCrSb3 occurs at ∼280 K, the highest
temperature observed so far in theRECrSb3 series. Similar
to LaCrSb3 and SmCrSb3,9,14 the low-temperature resistivity
data can be fit to aT3/2 dependence, as shown in Figure 3b,
that is characteristic of some ferromagnetic metallic systems.
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Figure 1. Plot of unit cell volumes forRECrSb3 compounds.

Figure 2. Crystal structure of YbCrSb3 viewed down thec axis. The large
lightly shaded circles are Yb atoms, the small solid circles are Cr atoms,
and the medium open circles are Sb atoms.
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Magnetic Properties.The zero-field-cooled dc magnetic
susceptibility of a polycrystalline sample of YbCrSb3 is
shown in Figure 4. The effective magnetic moment at 300
K is 3.36µB/f.u., but any simple interpretation of this value
in terms of localized Yb2+ and Cr3+ ions is problematic, as
with other RECrSb3 members. A rapid increase in the
susceptibility, characteristic of long-range ferromagnetic
ordering, occurs belowTC ) ∼280 K. This is supported by
the isothermal magnetization curves, shown in Figure 5,
which reveal the presence of a net magnetic moment below
TC. At 100 K, the magnetization increases rapidly at low

applied fields, but does not reach saturation up to 9 T. The
magnetization values are quite low (0.11µB/mol at 9 T),
about an order of magnitude less than that found in LaCrSb3.
The maximum in the ac magnetic susceptibility curve, shown
in Figure 6, pinpoints the transition temperature at 282 K,
but there is also a nonzero imaginary component (shown in
inset) that suggests the presence of uncompensated spin.

Discussion

YbCrSb3 undergoes long-range magnetic ordering at a
considerably higher temperature (by more than 100 K) than
any otherRECrSb3 member so far. There is strong evidence
that Yb is present in its divalent state, implying anf 14

configuration which would not contribute any localized
moments to the overall magnetization. Because the only other
member of theRECrSb3 series whose magnetism is governed
solely by the presence of transition-metal moments is
LaCrSb3, it is appropriate to compare the behavior of these
two compounds. Initial powder neutron diffraction studies
on LaCrSb3 suggested a bulk ferromagnetic structure orig-
inating from alignment of itinerant Cr moments.5 Later,
single-crystal neutron diffraction studies revealed the obser-
vation of weak reflections attributable to an antiferromagnetic
spin sublattice.10 The presence of a net magnetic moment in
LaCrSb3 is then the result of canted antiferromagnetic spin
ordering leading to the formation of a weak ferromagnet with
TC of 126 K. The net moment resides along theb axis, with

Figure 3. (a) Electrical resistivity measured along the needle axis (parallel
to thec direction) of a single crystal of YbCrSb3. The inset shows a plot of
the derivative near the transition atTC ) ∼280 K. (b) Fit of the
low-temperature resistivity data to aT3/2 dependence.

Figure 4. Zero-field-cooled dc magnetic susceptibility of a powder sample
of YbCrSb3 (Hdc ) 5000 Oe).

Figure 5. Isothermal magnetization of YbCrSb3 at 100 and 310 K.

Figure 6. Real and imaginary (inset) components of the ac magnetic
susceptibility of YbCrSb3.
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a canting angle of 18° away from this axis, placing the easy
magnetization axis perpendicular to the chains of face-sharing
Cr-centered octahedra.10 A similar model could account for
the low saturation magnetization in YbCrSb3, if the canting
angle is even more pronounced. However, evidence of spin
reorientation observed for LaCrSb3 was not seen in YbCrSb3.
Because the ∞

2 [CrSb2] layers are quite far apart (at a
separation equal to thea parameter,∼13 Å), the magnetic
coupling interactions are much stronger within these layers
than between them, as confirmed by single-crystal magne-
tization measurements on LaCrSb3.9 Becausea contracts
more rapidly thanb or c on proceeding to the laterRE
members ofRECrSb3, the higherTC observed in YbCrSb3
compared to LaCrSb3 would then be consistent with a
tendency toward a more three-dimensional magnetic struc-
ture.

If a naive, localized picture is envisioned for the bonding
as occurring through full transfer of electrons from theRE
and Cr atoms to the Sb substructure, and one-electron bonds
(“half-bonds”) are assumed for the∼3.0 Å Sb1-Sb2 and
Sb3-Sb3 contacts, then a formulation such as (RE3+)(Cr3+)-
(Sb2.5-)(Sb2.5-)(Sb1-) is a reasonable first approximation for
the trivalentREmembers. Continuing with this assumption,
one could propose the formulation (Yb2+)(Cr4+)(Sb2.5-)-
(Sb2.5-)(Sb1-) for YbCrSb3. Given that the Cr-Sb bond
lengths do not change significantly on going from LaCrSb3

to YbCrSb3, it is difficult to envision that there is a drastic

change in the (localized) oxidation state of Cr. Although there
has been debate about the relative importance of localized
states of Cr inRECrSb3 compounds,12 it seems possible that
a change to a divalent state for theREcould be sufficient in
itself to alter the distribution of itinerant Cr states to affect
the net magnetic moment. To determine whether the Yb
atoms are purely divalent will require a more careful analysis
of the electronic structure.

A weakly ferromagnetic model is the most reasonable one
to propose at this stage for YbCrSb3, but further investigation
is needed to clarify the detailed electronic and magnetic
structure. We are optimizing the synthesis of YbCrSb3 in
preparation for neutron diffraction measurements. The hypo-
thetical compound “CaCrSb3”, isoelectronic to YbCrSb3,
would also be worthwhile targeting.
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