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Physical behavior of several YbTM intermetallics has been studied by means of x-ray powder diffraction,
magnetization, dc magnetic susceptibility, heat capacity, and electrical resistivity measurements. The com-
pounds YbTBi with T5Cu, Ag, Au and YbTSn with T5Ag, Au, Zn were shown to be nonmagnetic due to
the presence of divalent ytterbium ions. The bismuthide YbPdBi as well as the stannides YbRhSn and YbPtSn
were found to exhibit localized magnetism of almost trivalent Yb ions. The electrical behavior of these three
phases is characteristic of dense Kondo systems, and their low-temperature specific heat data indicate a
possible heavy fermion ground state.@S0163-1829~99!12525-6#
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I. INTRODUCTION

Ternary equiatomic phases of ytterbium YbTM, whereT
stands for ad-electron transition metal andM is an element
from the IIIA, IVA or VA group of the Periodic Table, have
attracted in recent years a widespread attention, mainly
to their highly unusual physical properties. Besides we
known mixed valent systems, like YbCuAl~Ref. 1! and
YbPdIn,2 the YbTM series comprises antiferromagnetica
or ferromagnetically ordered Kondo lattices, e.g., YbPt
~Ref. 3! and YbNiSn,4 respectively. A great deal of interes
has been devoted to ytterbium-based heavy fermion syst
such as antiferromagnetic YbNiAl~Ref. 5! or paramagnetic
YbPdSb and YbPdBi.6,7 The semimetallic bismuthide
YbPtBi ~Ref. 8! has deserved a special attention as tha
displays both a low-carrier conductivity and a huge lo
temperature Sommerfeld coefficient that exceeds 8 J/
K2.9

In the present paper we focus on the synthesis, struct
chemistry and physical properties of several YbTM com-
pounds, whereT is either a platinum group or copper grou
element andM is either Sn or Bi. To the best of our know
edge, the only bismuthide that has been characterized m
netically was YbPdBi.6,7,10In the course of the present stud
a paper by Katohet al. has appeared11 that reported on a
similar independent investigation on the magnetic and e
trical behavior of the YbTSn stannides withT5Ag, Pt, and
Au.
PRB 600163-1829/99/60~1!/422~12!/$15.00
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II. EXPERIMENTAL

Starting materials of 99.9% minimum purity were used
the form of ingots~Yb, Bi, Sn, Cu, Ag, Au!, foils ~Pd! or
powders~Rh, Pt!. Due to the high vapor pressure of ytte
bium metal at elevated temperatures, synthesis of sin
phase material turned out to be quite cumbersome and
achieved following two different routes. In order to bene
from the advantages of a closed system, one method wa
enclose the starting materials in small cylindrical tantalu
cans, which were sealed by arc-welding under pure arg
The samples, each with a total weight of about 0.5 g, w
melted and, in order to attain proper homogenization,
melted in an induction furnace under continuous shaking
the crucible in a stream of high purity argon. The tantalu
crucibles were then sealed in quartz tubes under vacuum
annealed at 600 °C for 7 days and finally quenched in wa
The samples synthesized by this method were found to
melt homogeneously, covering large parts of the inner c
cible wall in the form of a thin layer, which was usuall
crushed to smaller pieces when opening the crucible. T
samples prepared by this method proved unfit for any tra
port measurements and were therefore mainly used for x
phase analysis and magnetic measurements.

In order to produce samples of well defined shapes, c
ventional arc-melting of 0.5 g samples under a protect
argon-gas atmosphere~99.999 mass%! on a water cooled
copper hearth was applied as the second method of synth
To achieve single-phase material usually several attem
were undertaken starting from various stoichiometries
422 ©1999 The American Physical Society
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TABLE I. Lattice parameters for YbTM bismuthides and stannides.

Lattice parameters
Compound Space group Structure type a ~nm! b ~nm! c ~nm! V ~nm3! Ref.

YbPdBi F4̄3m MgAgAs 0.65934~3! 0.2863~1! This work

0.6547~3! 0.2806 7
0.659 0.286 6

YbCuBi P63mc LiGaGe 0.45829~9! 0.7854~3! 0.1428~1! This work
0.4572~1! 0.7860~1! 0.1423~1! 13

YbAgBi P63mc LiGaGe 0.48118~4! 0.7777~2! 0.1559~1! This work
0.4803~1! 0.777~1! 0.1552~1! 13

YbAuBi F4̄3m MgAgAs 0.6848~1! 0.3212~1! This work

0.6846~1! 0.3209~1! 13
YbPtSn P6̄2m Fe2P 0.7386~2! 0.39213~6! 0.1852~2! This work

0.7379~1! 0.3933~1! 0.1855 14
YbRhSn P6̄2m Fe2P 0.7538~1! 0.36686~8! 0.1805~1! This work

0.752 0.367 0.1797 14
YbAgSn P3m1 CaLiSn 0.47891~8! 1.0877~4! 0.2161~1! This work

0.4788~1! 1.0870~1! 0.2158 15
0.479 1.0887 0.2163 11

YbAuSn Pnma TiNiSi 0.7303~2! 0.47082~9! 0.8123~4! 0.2793~2! This work
0.7312 0.4716 0.8139 0.2807 11

YbZnSn P63mc LiGeGa 0.46514~4! 0.74732~1! 0.1399~1! This work
0.4649~1! 0.7476~1! 0.1399 16
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compensate for the weight losses by additional amount
Yb, Bi and Sn. The molten alloy buttons were wrapped w
protective Mo-foil and sealed under vacuum in quartz a
poules followed by anneals at 600 °C for 7 days. After h
treatment the buttons were usually cut into pieces of vari
shapes using a diamond wire saw.

The lattice parameters were determined by leastsqu
refinement of the room-temperature Guinier-Huber x-ray~Cu
Ka1) powder data, collected using 6N-germanium as an
ternal standard. For quantitative refinement of the atom
sitions, the x-ray intensities were recorded from flat spe
mens in a Siemens D5000 automatic powder diffractom
with Cu Ka radiation.

Magnetic measurements were carried out in the temp
ture range 1.7–300 K and in magnetic fields up to 5 T em-
ploying a Quantum Design MPMS-5 SQUID magnetomet
The specific heat studies were done in the range 1–1
using a thermal relaxation method. The electrical resistiv
was measured in the temperature interval 0.08–300 K u
a conventional dc four-point technique. The polycrystalli
specimens were parallelepipeds cut from larger pieces w
wire saw. The electrical leads were thin copper wires c
tacted to the samples by tin or indium soldering. Electri
resistivity measurements below 4 K were carried out in a
Cryogenics He3-He4 dilution refrigerator.

III. RESULTS AND DISCUSSION

A. Structure determination and structural chemistry

Although systematic search for ternary equiatomic r
earth compounds has included the usually difficult to prep
ytterbium alloys, the formation and details of crystal stru
tures for some of the combinations are still unclear.
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present more than 1300 compounds are known to form w
the equiatomic formula RE(AE)TM ~RE5 rare earth, AE5
alkaline earth element! adopting a variety of over 30 struc
ture types. A successful classification was obtained by F
nasini and Merlo12 in terms of structure maps plotting, i.e
the phases with valence electron concentration 7/3 and
per atom for the individual period number of the elementM,
each as a function of the three electronegativities on
Miedema scale,fT* 1fM* 2fRE* , versus the combination o
the elemental radiir RE /(r T1r M).

A detailed compilation of our results and literature da
on the structure types and the lattice parameters of all
alloys synthesized in this study are given in Table I. T
model calculations were performed using the Lazy-Pulve
program.17 The bismuthides YbCuBi and YbAgBi, as well a
the stannide YbZnSn, were found to crystallize in the he
agonal structure of the LiGaGe-type~space groupP63mc).
The same structure type was established previously
YbAuSb.18 The LiGaGe-type structure is a noncentrosy
metric ordered variant of the CaIn2-type structure~space
groupP63 /mmc) which is frequently adopted by 1:1:1 rare
earth ternaries. In YbTM compounds with the CaIn2-type
structure, Yb is located in the 2b position~0,0,1/4!, while T
and M atoms randomly share the 4f position ~1/3, 2/3,z),
there occurs a fully ordered arrangement of all atoms in co
pounds adopting the low- symmetry structure of the LiGaG
type.

A full atom order was also found for YbPdBi an
YbAuBi crystallizing in the cubic MgAgAs-type structur
~space groupF4̄3m). The stannides YbAgSn and YbAuS
adopt the hexagonal CaLiSn~space groupP3m1) and the
orthorhombic TiNiSi-type (Pnma) structures, respectively
In turn, the compounds YbRhSn and YbPtSn adopt the h
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TABLE II. Crystallographic data for YbPdBi. Structure type: MgAgAs, space groupF4̄3m2Td
2 , No.

216, origin at 4̄3m, andZ54; lattice parameter:a50.6592(1) nm,V50.2865(1) nm3. B stands for the
isotropic thermal parameter. Residual values:RI56.99, RF56.05, Rp510.2, Rwp513.2, andx254.97.
Number of reflections used in refinement: 38; scan range: 20°,2u,110°; number of variables: 8.

Positional parameters B
Atom Site x y z (1022 nm2) Occupancy

Yb 4b 1/2 1/2 1/2 1.35~7! 1
Pd 4c 1/4 1/4 1/4 1.60~6! 1
Bi 4a 0 0 0 1.29~6! 1

Interatomic distances~nm!

Central atom Yb Pd Bi
Ligand atoms 4 Pd 0.28545 4 Bi 0.28545 4 Pd 0.28545

6 Bi 0.32961 4 Yb 0.28545 6 Yb 0.32961
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agonal structure of the ZrNiAl-type~space groupP6̄2m)
which is a fully ordered derivative of the Fe2P-type.

The crystal structures of YbPdBi and YbPtSn were
fined by means of full matrix full profile Rietveld calcula
tions employing the PC version of the program by Wiles a
Young.19 The results shown in Table II and Table III, respe
tively, clearly demonstrate the complete atomic order in b
compounds.

B. Physical properties

1. YbPtSn

The magnetic properties of YbPtSn are presented in
1. In agreement with the literature data11 the compound or-
ders antiferromagnetically atTN53.5(4) K and exhibits
Curie-Weiss behavior in the paramagnetic region. The fi
dependence of the magnetization, measured at 1.7 K, sh
a pronounced metamagnetic transition in a field of 0.5 T
high magnetic fields thes(B) variation tends to saturatio
and reaches at 5 T a value of 2.12~2! mB . Above 70 K, the
-

d
-
h
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inverse magnetic susceptibility is proportional to the te
perature, and a least-squares fit of experimentalx(T) to the
Curie-Weiss law

x~T!5
C

T2up
5

1

8

meff
2

T2up
~1!

yields the parameters: up59.2(8) K and meff
54.27(2) mB ~see also Table IV!. This value of the effec-
tive magnetic moment is reduced with respect to a free Yb31

ion value of 4.55mB what suggests that the valence of ytte
bium ions in YbPtSn may be slightly lower than13. The
positive sign of the paramagnetic Curie temperature indica
the presence of strong ferromagnetic interactions in this
tiferromagnet. Such a situation is common in hexago
Fe2P-type compounds where the magnetic moments cou
ferromagnetically within the~001! planes and form an anti
ferromagnetic sequence of these layers along thec-axis ~see
for example Ref. 20!. At T,70 K the x21(T) function of
YbPtSn is curvilinear, most probably due to thermal depo
lation of excited crystal-field levels.
r

42
TABLE III. Crystallographic data for YbPtSn, as derived from automatic powder diffractomete@a

50.73856(2) nm,c50.39244(2) nm,V50.2865(1) nm3, space groupP6̄2m, andZ53]. B stands for
the isotropic thermal parameter. Residual values:RI57.43, RF510.7, Rp511.4, Rwp514.8, andx2510.9.
Number of reflections used in refinement: 130; scan range: 20°,2u,110°; Number of variables: 11.

Positional parameters B
Atom Site x y z (1022 nm2) Occupancy

Yb 3f 0.5969~4! 0 0 1.99~5! 1
Pt1 2d 1/3 2/3 1/2 2.53~7! 1
Pt2 1a 0 0 0 2.45~9! 1
Sn 3g 0.2597~4! 0 1/2 1.81~8! 1

Interatomic distances~nm!

Central atom Yb Pt1 Pt2 Sn
Ligand atoms 1 Pt2 0.29767 3 Sn 0.27737 6 Sn 0.28545 2 Pt2 0.274

4 Pt1 0.29847 6 Yb 0.29847 3 Yb 0.29767 2 Pt1 0.27737
2 Sn 0.31705 2 Yb 0.31705
4 Sn 0.32681 4 Yb 0.32681

2 Sn 0.33229
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The above results corroborate fairly well the findings
Katoh et al.11 Actually, the only significant difference be
tween the present and previous data concerns an e
anomaly of unknown origin that was observed inx(T) at 2.5
K by the latter authors but is absent in thex(T) variation
displayed in the inset to Fig. 1. Yet, the 2.5 K anomaly
seen in the specific heat of YbPtSn, shown in Fig. 2 as
ratio C/T versusT2 andC versusT ~the inset!. This anomaly
has the form of a shoulder superimposed on a much la
specific heat peak occurring at 3.5 K, which unambiguou
corresponds to the antiferromagnetic phase transition. Be
2 K the specific heat can be well represented by the form
C/T5g1bT2, with g5370(20) mJ/K2mole and b
5230(6) mJ/K4mole.

As shown in Fig. 3, the temperature dependence of
electrical resistivity of YbPtSn is of semimetallic-type with
room temperature value of about 180mV cm and a convex
character down to about 50 K. Around 20 K ther(T) func-
tion exhibits a broad shallow minimum, and then drops r

FIG. 1. Temperature dependence of the inverse molar magn
susceptibility of YbPtSn. The solid line represents a Curie-Weis
with the parameters given in Table IV. The right inset shows
magnetic susceptibility at low temperatures. The upper inset
plays the field variation of the magnetization, measured at 1.
with increasing~full circles! and decreasing~open circles! magnetic
field. The dashed line marks a linear dependence below the m
magnetic transition in a field of 0.5 T.
tra

e
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idly at the onset of antiferromagnetic ordering atTN
53.5 K. At the lowest temperatures studied~down to 50
mK! the resistivity saturates at a value of 9mV cm that
yields a residual resistivity ratio~RRR! of about 20.

The quantitative analysis of the measuredr vs T depen-
dence was made assuming that the Matthiessen rule is v
i.e., that the resistivity of YbPtSn may be expressed as
lows:

r~T!5r01rph1rm , ~2!

where r0 , rph and rm stand for the residual, phonon an
magnetic contributions to the total resistivity, respectively

Having no electrical resistivity data for any non-magne
counterpart to YbPtSn~preferably LuPtSn! it was assumed
that a proper estimation ofrph may be derived on the basis o
the modified Bloch-Gru¨neissen expression

rph~T!54RTS T

QD
D 4E

0

QD /T x5dx

~ex21!~12e2x!
2KT3,

~3!

where QD is the Debye temperature andR is a constant,
whereas the cubic termKT3 describes interband scatterin
processes.21

tic
t

e
s-
K

ta-

FIG. 2. The heat capacity over temperature versus tempera
square for YbPtSn. The inset presents the heat capacity versus
perature. The solid lines are guides for the eye.
eiss
xt.
TABLE IV. Magnetic data for YbTM bismuthides and stannides; AF: antiferromagnet; P: Curie-W
paramagnet; TIP: temperature independent paramagnet. For the meaning of the symbols see the te

Eq. ~1! Eq. ~7!

Compound Magnetism meff (mB) up ~K! x0 ~emu/mole! up
( i ) ~K! n ~%!

YbPdBi AF ~?! @TN51 K# 4.11~5! 23.8~9!

YbCuBi TIP 1.627(8)31024 21.5~7! 1.7~3!

YbAgBi TIP 0.126(6)31024 21.1~8! 0.8~2!

YbAuBi TIP 1.719(8)31024 0.8~5! 1.4~4!

YbPtSn AF@TN 5 3.5~4! K# 4.27~2! 9.2~8!

YbRhSn AF~?! @TN 5 2 K# 4.51~3! 27.0~10!

YbAgSn TIP 20.914(9)31024 22.7~7! 21.0~2!

YbAuSn TIP 20.021(9)31024 24.4~8! 0.1~1!

YbZnSn TIP 0.068(7)31024 22.1~6! 0.2~1!
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In turn, the magnetic contributionrm was assumed to
have in the paramagnetic region a form

rm~T!5r0
`2cKln T, ~4!

where the first term accounts for the spin-disorder resisti
and the second one describes scattering of the condu
electrons via Kondo-like processes.

The solid line in Fig. 3 represents the least-squares fi
the experimentalr(T) data of YbPtSn to Eqs.~2!–~4! ~for
T.5 K), and the so-derived values ofr0 , R, QD , r0

` and
cK are listed in Table V. In the inset to Fig. 3, the magne
part of the resistivity is shown in a semilogarithmic scale
is clearly apparent from this figure thatrm(T) of YbPtSn
behaves in a Kondo-like manner above 5 K. At low tempe
tures (T,1.7 K) rm(T) of YbPtSn exhibits a Fermi liquid
type behavior, i.e., it can be expressed as follows~note the
dashed line in the inset to Fig. 3!:

rm~T!5AT2, ~5!

with the parameter A52.4~7! mV cm/K2.
An enhancedg value of 370 mJ/K2mole may suggest a

possibility of the coexistence in YbPtSn of a heavy fermi
state and a long range antiferromagnetic order, as foun
several other antiferromagnetic Kondo lattices, e.g., in is
tructural YbNiAl.5 However, the above value ofg would
imply in terms of the Coqblin and Schrieffer theory22 a
Kondo temperature of about 11 K, and thus one would
pect an increase inC/T below 9–10 K. Apparently no such
behavior is observed in Fig. 2, and the specific heat
YbPtSn is dominated by a huge magnetic anomaly at
lowest temperatures studied. On the other hand, a simil

FIG. 3. Temperature dependence of the electrical resistivity
YbPtSn. The solid line is a fit of the experimental data to E
~2!–~4! ~see the text and Table V!. The inset presents in a sem
logarithmic scale the magnetic contribution to the total resistiv
The solid line marks a Kondo-like decrease of the resistivity. T
dashed line shows aT2 variation of the resistivity.
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‘‘normal’’ specific heat near 10 K has also been observed
the aforementioned YbNiAl, despite its large Sommerfe
coefficientg5350 mJ/K2mole, measured belowTN of 2.5
K.5 Such a behavior of the specific heat can be understoo
one takes into account that as in many other heavy ferm
antiferromagnets, the Kondo temperature in both compou
drastically changes when passing throughTN . Indeed, for
YbNiAl the Kondo temperature determined in the parama
netic region is only about 3 K.5 It seems likely that a similar
situation may occur also for YbPtSn, as impled by ma
similarities between the two compounds. In this context i
worthwhile noting that the suggested scenario of the coex
ence of heavy fermion liquid and magnetic order is cons
tent with other measured bulk characteristics of YbPtS
First, the measured value of the coefficientb in the cubic
temperature contribution to the specific heat reprodu
rather well the magnitude ofTN , calculated with the as-
sumption of a linear spin-wave dissipation relation.23 Then,
the low temperature behavior of the resistivity, observ
over more than a decade of temperature values~for 0.06
,T,1.7 K), is given by the quadratic term with a strong
enhancedA coefficient, comparable to that found in man
heavy fermion systems. According to an experimental stu
of Kadowaki and Woods,24 A is proportional to the square o
the linear coefficient of the electronic specific heat via t
universal relation:A/g2.1025 mV cm mole2K4/mJ2. This
ratio, being about 20 times larger than that characteristic
simple metals and transition metals, is often considered a
important hallmark of heavy fermions. Although its almo
universal value has never been fully explained, theoret
arguments by Takimoto and Moriya25 suggest that it reflects
strongly correlated nature of conduction electrons. F
YbPtSn the ratio ofA andg2, whereg is extrapolated from
the lowest temperature specific heat data, is about 50
larger than the above universal value, but it is close to t
found in many well established heavy fermion antiferroma
nets, such as CePb3,26 CaAl2,27 CeAuAl3,28 and CePd2In .29

Interestingly, in all these compoundsTN is of the order 1 K.
This coincidence may further suggest an antiferromagn
heavy fermion nature of YbPtSn. However, we stress tha
order to fully conclude this coexistence, additional comp
mentary experiments, such as measurements of the ma
toresistance aboveTN as well as very low temperature sp
cific heat studies~down to 100 mK! are required.

2. YbRhSn

As is apparent from Fig. 4, also YbRhSn exhibits w
localized magnetism due to the presence of stable Yb31 ions.
The effective magnetic moment derived from a Curie-We
fit @Eq. ~1!# of experimentalx(T) above 30 K is almost equa
to the value expected for the 4f 13 configuration being 4.51~3!
mB . The paramagnetic Curie temperature amounts to –7~1!

f
.

.
e

ext.
TABLE V. Electrical resistivity for YbPtSn and YbRhSn. For the meaning of the symbols, see the t

r0 R QD K3106 r0
` cK A

Compound (mV cm) (mV cm/K) ~K! (mV cm/K3) (mV cm) (mV cm) (mV cm/K2)

YbPtSn 9~2! 0.43~2! 204~2! 1.4~3! 94~3! 2.9~4! 2.4~7!

YbRhSn 85~2! 0.46~3! 199~1! 0.9~2! 33~4! 3.0~3! 6.8~3!
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K. A slight deviation of the inverse susceptibility from
straight line behavior, observed at lower temperatures, ar
presumably from crystal field interactions.

From the low-temperature variation of the magnetic s
ceptibility and the field dependence of the magnetizat
measured at 1.7 K~see the insets to Fig. 4! one would con-
clude that YbRhSn remains paramagnetic down to the low
temperatures studied. However, the specific heat res
shown in Fig. 5, contradict this presumption. TheC versusT
variation has two anomalies, a less pronounced feature at
and a more pronounced one at 1.5 K, below which the s
cific heat starts to decrease with decreasing temperatur
turn, theC/T ratio increases continuously from about 9
down to 1.5 K and it is only slightly reduced between 1
and 1 K. Interestingly, the total entropy~including phonon
contribution! that is removed in the interval 1–10 K is 4.
J/Kmole, i.e., about 0.8R ln 2. At 10 K, C/T reaches only
about 80 mJ/K2mole and can be almost completely a
counted for by a phonon contribution. Therefore, it is dou
ful that an additional paramagnetic entropy associated w
the ground state doublet is removed above 10 K. The entr
consideration implies very large values ofC/T below 1 K,
which would be consistent with our data.

FIG. 4. Temperature dependence of the inverse molar magn
susceptibility of YbRhSn. The solid line represents a Curie-We
fit with the parameters given in Table IV. The inset shows the fi
variation of the magnetization, measured at 1.7 K with increas
~full circles! and decreasing~open circles! magnetic field.

FIG. 5. The heat capacity over temperature versus tempera
square for YbRhSn. The inset presents the heat capacity ve
temperature. The solid lines are guides for the eye.
es

-
n

st
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K
e-
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-
th
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The temperature dependence of the electrical resistivit
YbRhSn is displayed in Fig. 6. The overall shape of ther(T)
curve is very similar to that obtained for YbPtSn. The roo
temperature resistivity equals to about 215mV cm, yet the
RRR value is only 2.5 here. Interestingly, a minimum
r(T) around 25 K is followed by a rapid decrease in t
resistivity below 5 K resembling the behavior of antiferro
magnetic YbPtSn. However, in this case the kink inr(T)
cannot be attributed to the magnetic phase transition
YbRhSn orders below 2 K. Any suspicion that the observ
anomaly is due to the presence of some free tin that beco
superconducting at low temperatures can be ruled out
cause no indication of such a transition is seen neither in
heat capacity~see Fig. 5! nor in the dc magnetic susceptibi
ity measured in weak fields~not shown!. Moreover, upon
applying magnetic field, the resistivity of YbRhSn measur
at 4.2 K decreases continuously.30 Hence, it seems likely tha
the observed low-temperature behavior of the resistivity
YbRhSn may be associated with the onset of the cohere
effect or/and with the manifestation of an interplay
crystal-field and Kondo-like interactions.

The numerical analysis ofr(T) for YbRhSn, performed
using the approach described above, yielded the param
r0 , R, QD , r0

` , cK andA given in Table V. The solid line in
Fig. 6 is the fit of the experimental data to Eqs.~2!–~4!, and
the inset to this figure presents the magnetic part of the
sistivity in a semilogarithmic scale. The solid line in the ins
marks a pronounced Kondo-like decrease of the resisti
and the dashed line indicates the region where a T2 behavior
is observed~for 0.06,T,1.9 K), with a strongly enhanced
A coefficient of 6.8~3! mV cm/K2. It is worthwhile noting
that this value ofA is even larger than that found for YbPtS
which points to the possibility of a heavy fermion groun
state also in YbRhSn.

3. YbAgSn, YbAuSn, YbZnSn

The magnetic properties of YbAuSn and YbZnSn are p
sented in Figs. 7 and 8, respectively. The small magnitud
the magnetic susceptibility of both compounds in the wh

tic
s
d
g

re
us

FIG. 6. Temperature dependence of the electrical resistivity
YbRhSn. The solid line is a fit of the experimental data to E
~2!–~4! ~see the text and Table V!. The inset presents in a sem
logarithmic scale the magnetic contribution to the total resistiv
The solid line marks a Kondo-like decrease of the resistivity. T
dashed line shows aT2 variation of the resistivity.
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428 PRB 60D. KACZOROWSKI et al.
temperature range studied, as well as low values of t
magnetization measured at 1.7 K, unambiguously indica
nonmagnetic ground state with ytterbium ions exhibiting
4 f 14 configuration. This finding corroborates the results o
tained previously for YbAuSn by Katohet al.11 Pronounced
tails in x(T), observed for these two ternaries at low te
peratures, may be attributed to a small amount of Yb31 ions
present in the samples in the form of paramagnetic imp
ties, most probably some ytterbium oxides or/and hydr
ides. The amount of these admixtures can be estimated
suming that their contribution to the measured susceptib
may be expressed in the form of an extra Curie-Weiss t
with the Curie constantC( i ) being a fractionn of the value
characteristic of a free Yb31 ion CYb315(834.53)1/2

56.02. Within this approach crystal-field effect acting on
Yb31 ion is neglected. Thus, the total susceptibility is a
proximated by

FIG. 7. Temperature dependence of the molar magnetic sus
tibility of YbAuSn. The solid line represents a fit of the experime
tal data to Eq.~6! with the parameters given in Table IV. The ins
shows the field variation of the magnetization, measured at 1.
with increasing~full circles! and decreasing~open circles! magnetic
field.

FIG. 8. Temperature dependence of the molar magnetic sus
tibility of YbZnSn. The solid line represents a fit of the experime
tal data to Eq.~6! with the parameters given in Table IV. The ins
shows the field variation of the magnetization, measured at 1.
with increasing~full circles! and decreasing~open circles! magnetic
field.
ir
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x~T!5x01
C( i )

T2up
( i )

5x01
nCYb31

T2up
( i )

, ~6!

wherex0 is the Pauli-like intrinsic susceptibility of the 1:1:
compound andup

( i ) stands for the paramagnetic Curie tem
perature of an impurity. The results of least-squares fitt
the experimental data of YbAuSn and YbZnSn to Eq.~6! are
given in Table IV. In both samples the amount of free Yb31

ions was estimated to be as low as 0.1–0.2 % , which
plains the absence of any impurity lines on their x-ray p
terns. The intrinsic magnetic susceptibility of both stannid
is of the order of 1026-1025 emu/mole, but it is negative fo
YbAuSn and positive for YbZnSn. Nevertheless, the abo
result clearly confirms a divalent nature of ytterbium ions
these two compounds.

A nonmagnetic ground state is also most probably re
ized in YbAgSn because the magnetic susceptibility of t
compound behaves in a similar manner to that of YbAu
and YbZnSn. Yet, the numerical analysis ofx(T) in terms of
Eq. ~6! gives in this case a rather large impurity contributi
~see Table IV!. Nevertheless, the temperature independ
paramagnetism in YbAgSn was also claimed by Kat
et al.11

4. YbPdBi

As indicated by its temperature- and field-dependent m
netic behavior, YbPdBi does not order magnetically down
1.7 K ~see Fig. 9!. In the whole temperature range studie
the magnetic susceptibility follows a Curie-Weiss law wi
the parametersup523.8(9) K and meff54.11(5) mB .
This effective magnetic moment is slightly reduced with r
spect to the value expected for a free Yb31 ion (4.54 mB),
which suggests that the ytterbium atoms in YbPdBi m
have some tendency to valence fluctuations. Previou
intermediate-valent character for this compound was claim
by Dharet al.6 because of a reducedmeff and a considerable
deviation of the cubic lattice parameter from the extrapo
tion based on the lanthanide contraction along the REP
series~see also Ref. 31!.

p-

K

p-

K

FIG. 9. Temperature dependence of the inverse molar magn
susceptibility of YbPdBi. The solid line represents a Curie-Weiss
with the parameters given in Table IV. The inset shows the fi
variation of the magnetization, measured at 1.7 K with increas
~full circles! and decreasing~open circles! magnetic field.
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Dhar et al. measured also the heat capacity of YbPd
and from the results concluded on a heavy-fermion chara
of its electronic ground state.6 Their specific heat data, plot
ted in the formC/T versusT2, were reminiscent of heavy
fermion behavior: they showed a sharp upturn at low te
peratures and reached as large value as 1 J/K2mole at 2 K,
the lowest temperature obtained. In Fig. 10, our lo
temperature heat capacity of YbPdBi, measured down to
K, is presented. In agreement with the previous results
ratio C/T is larger than 500 mJ/K2mole at all temperature
studied. Moreover, the observed rise inC/T continues down
to the lower limit of our measurement, exceeding at t
temperature a value of 2.5 J/K2mole. Thus, one would con
clude that YbPdBi is indeed a strongly correlated elect
system with considerably enhanced effective electro
masses. However, an inspection of the specific heat it
~see the inset to Fig. 10! shows that this interpretation is no
correct—a sharp increase inC(T) below 1.5 K and its huge
values are obvious signatures of a magnetic phase trans
taking place just below the lowest temperature measured
small anomaly in theC(T) variation observed here at 1.9
is most probably due to the presence in the sample of s
small amount of YbPd which orders antiferromagnetically
this temperature.32

The occurrence of a magnetic phase transition in YbP
was explicitly evidenced in a more recent work by LeBr
et al.10 The latter authors measured the specific heat dow
0.5 K and found a clearl-type anomaly at 1 K. Moreover, in
the dc magnetic susceptibility they observed at this temp
ture a change in the curvature ofx(T) into a ferromagnetic-
like convex one, and from170Yb Mössbauer spectroscop
measurements they determined the saturated Yb mome
1.25 mB . Interestingly, the entropy released by the magne
transition was estimated to be 0.4Rln2 at 1.3 K, i.e., mu
smaller than expected for a doublet ground state. Also
measured peak value of the 4f -derived specific hea
C4 f(1K)53.1 J/Kmole was much smaller than expected
a second-order transition for a Kramers doublet~12.5
J/Kmole!. This considerable reduction in both characterist
was ascribed to a Kondo screening effect. The Kondo te
perature was estimated to be of the order of 1 K.

A clear Kondo behavior in YbPdBi is apparent from Fi
11, which shows the temperature variation of the electr

FIG. 10. The heat capacity over temperature versus tempera
square for YbPdBi. The inset presents the heat capacity versus
perature. The solid lines are guides for the eye.
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resistivity. At ambient temperatures the resistivity exhibits
negative temperature coefficient, goes through a broad m
mum centered at about 25 K, and then drops rapidly at
temperatures, finally saturates below 0.5 K~see the inset to
Fig. 11!. The maximum inr(T) may arise due to the onset o
coherence among the Yb ions but it may also reflect an
terplay of Kondo and crystal-field interactions~see below!.
The magnetic phase transition manifests itself as a small k
in r(T) and a sharp minimum in the temperature derivat
of the resistivity. Below 1 K, the resistivity exhibits
T2-dependence with the coefficientsr0 and A @see Eqs.~2!
and ~5!# equal to 51(2) mV cm and 70~3! mV cm/K2, re-
spectively. This huge value ofA is among the largest eve
reported for any materials, including heavy fermion system
Unfortunately, no experimental information on the Somm
feld coefficient in YbPdBi at the lowest temperatures
known. Although Dharet al.6 has determined from their high
temperature (13,T,20 K) specific heat data an enhanc
g value of 470 mJ/mole K2, LeBraset al. showed in Ref. 10
that almost all specific heat in this temperature region can
accounted for by the Schottky anomaly. In turn, the lat
authors obtained for theC4 f /T ratio a value of about
1.8 J/mole K2 at 0.5 K, the lowest temperature measure
but no attempt has been made to derive theg(0) value. Such
a determination would be difficult and not very reliable d
to the low value ofTN .

The 170Yb Mössbauer absorption spectroscopy investi
tions allowed LeBraset al.10 to conclude that the point sym
metry of Yb ions in YbPdBi is lower than cubic. This sym
metry lowering was ascribed by the latter authors to a lo
static Jahn-Teller effect within theG8 cubic quartet. Thus,
the crystal-field level scheme of the Yb31 ion would consist
of four Kramers doublets. Such a level scheme, with
energies of excited states 23, 80, and 90 K, is compat
with the inelastic neutron scattering data,33 and was used in
Ref. 10 for successful interpreting the Mo¨ssbauer spectra an
the high-temperature specific heat results. Moreover,
maximum in the electrical resistivity occurring at about 25
~see Fig. 11! may be associated with the thermal populati
of the first excited doublet in the presence of the Kon
effect, whereas the total crystal field splitting of about 90
may explain the formation near this temperature of a cha

re
m-

FIG. 11. Temperature dependence of the electrical resistivity
YbPdBi. The inset displays the resistivity versus temperature i
semilogarithmic scale. The dashed line shows aT2 variation of the
resistivity.
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teristic negative minimum in the temperature variation of
thermoelectric power.7 However, as pointed out by LeBraset
al.,10 the proposed crystal-field level scheme cannot acco
for the enhanced contribution to the 4f -derived specific hea
in the vicinity of 10 K. Therefore, it seems likely that th
behavior ofC/T does reflect the formation in YbPdBi of
heavy fermion state which coexists at the lowest tempe
tures with a long range magnetic ordering. This hypothes
now supported by our resistivity data but further studies
very low temperatures are needed in order to reliably c
clude on this point.

5. YbCuBi, YbAgBi, YbAuBi

As shown in Figs. 12–14, all three 1:1:1 bismuthid
which contain ad102type noble metal were found to b
nonmagnetic with ytterbium ions exhibiting a 4f 14 ground
state. Pronounced tails inx(T), observed for these com
pounds at low temperatures, may be attributed to some s
amount of Yb31 ions present in the samples in the form

FIG. 12. Temperature dependence of the molar magnetic
ceptibility of YbCuBi. The solid line represents a fit of the expe
mental data to Eq.~6! with the parameters given in Table IV. Th
inset shows the field variation of the magnetization, measured a
K with increasing~full circles! and decreasing~open circles! mag-
netic field.

FIG. 13. Temperature dependence of the molar magnetic
ceptibility of YbAgBi. The solid line represents a fit of the expe
mental data to Eq.~6! with the parameters given in Table IV. Th
inset shows the field variation of the magnetization, measured a
K with increasing~full circles! and decreasing~open circles! mag-
netic field.
e

nt

a-
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paramagnetic impurities. In the case of YbAuBi a sha
maximum in the susceptibility occurring atTN53.2(4) K,
together with a salient metamagnetic-like transition obser
in the s(B) dependence~see the inset to Fig. 14!, allow to
ascribe the low temperature behavior ofx(T) measured on
this specimen to antiferromagnetic Yb2O3. For the other two
compounds it is impossible to assign any particular fore
phase as they remain paramagnetic down to the lowest
peratures studied. However, because of extreme sensit
of the ternary bismuthides to air and moisture, it seems lik
that the impurities formed were some ytterbium oxides
and hydroxides.

In a manner similar to that described for the stannides,
experimentalx(T) data obtained for YbCuBi, YbAgBi, and
YbAuBi were least-squares fitted to Eq.~6! and the results of
this analysis are given in Table IV. In the bismuthid
samples the amount of paramagnetic impurities was foun
be slightly larger than in the stannides, about 1–2 %. T
intrinsic susceptibilityx0 for all three compounds was o
paramagnetic type with magnitudes of the order
1025-1024 emu/mole.

The above magnetic characteristics of YbCuBi, YbAg
and YbAuBi correspond well with the results of electric
resistivity measurements reported by Merloet al.34 All three
compounds were established to be metals, and the elect
resistivity of YbAgBi and YbAuBi was found to be fully
describable by the sum of the residual resistivity and mo
fied Bloch-Grüneissen@see Eq.~4!# terms. It is worthwhile
noting at this place that the parametersR, QD andK derived
by the latter authors for these two bismuthides have the s
order of magnitude as those values estimated in the pre
work for YbPtSn and YbRhSn. This coincidence may
taken as a proof of the correctness of the approach applie
these two independent studies. In the case of YbCuBi
resistivity measured in Ref. 34 behaved in a more com
cated manner, ascribed to the presence of microcracks an
some anomalous electronic band structure effects.

s-

.7

s-

.7

FIG. 14. Temperature dependence of the molar magnetic
ceptibility of YbAuBi. The solid line represents a fit of the exper
mental data to Eq.~6! with the parameters given in Table IV. Th
dotted line is a guide for the eye, showing the antiferromagn
maximum due to the presence of Yb2O3 impurity. The inset pre-
sents the field variation of the magnetization, measured at 1.
with increasing~full circles! and decreasing~open circles! magnetic
field. The dashed line displays a metamagnetic transition in Yb2O3

antiferromagnet.
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IV. CONCLUSIONS

A great interest in ytterbium-based compounds com
from the fact that Yb can exhibit two valence states, t
correspond to two almost degenerate 4f configurations: non-
magnetic 4f 14(Yb21) and magnetic 4f 13(Yb31). Due to this
feature Yb is usually considered as a ‘‘hole’’ counterpart
Ce that also shows two terminal electronic configuratio
which are closely spaced in energy: magnetic 4f 1(Ce31) and
nonmagnetic 4f 0(Ce41). It is commonly believed that the
main mechanism determining the ground state behavio
cerium and ytterbium intermetallics is the interaction b
tween 4f electrons ands, p, andd electrons of neighboring
ligands. This so-calledf 2spd hybridization tends to reduc
the 4f -level occupation number and thus destabilize
magnetic state of cerium ion or the nonmagnetic state
ytterbium ion. As a result of the valence instability a numb
of interesting phenomena develops, like Kondo effe
heavy-fermion behavior, spin fluctuations, intermediate
lence. However, in contrast to cerium intermetallics wh
these spectacular effects are observed quite frequently,
few ytterbium systems are known where a pronoun
Kondo effect and the formation of heavy fermion state occ
This is certainly because of a stronger localization of thef
wave functions~smaller spatial extent! in Yb31 ion as com-
pared to that in Ce31 ion.35

For weak f -spd hybridization the 4f 14 configuration is
rather stable and therefore most ytterbium intermetallics c
tain Yb21 ions.36 The compounds studied in the present p
per are here the best examples. The bismuthides YbC
YbAgBi, and YbAuBi as well as the stannides YbAgS
YbAuSn, and YbZnSn have been shown to be tempera
independent paramagnets due to the presence of non
netic Yb21 ions. Indeed, the 4f -ligand hybridization is ex-
pected to be very weak in all these ternaries mainly beca
of filled d-shell of the transition metal component. In such
situation cerium compounds usually exhibit well localiz
magnetism due to the presence of stable Ce31 ions, as is the
case of the cerium-based counterparts CeAgSn and CeA
which order antiferromagnetically at low temperatures.37

Upon replacing a noble-metal element by an element w
unfilled d-shell it is expected that the 4f -ligand hybridization
increases in its strength, and thus a valence may chang
the higher state. For example, in CeRhSn the 4f -shell is
indeed unstable and the compound exhibits the prope
characteristic of intermediate valent systems.38 In turn, in the
case of YbRhSn, studied in the present paper, a rather
localized magnetism due to the presence of almost triva
ytterbium ions is observed. A similar valence change occ
upon replacing a noble-metal element by Pt~YbPtSn! and Pd
~YbPdBi!. All three compounds order magnetically at lo
temperatures and their overall electrical properties are c
acteristic of Kondo lattices. Moreover, their low-temperatu
specific heat data indicate a possible heavy fermion gro
state.

A qualitative analysis of the influence of thef -d and f -p
hybridization on the magnetic behavior in YbTM intermetal-
lics can be made by comparing the properties of isostruct
compounds with differentT and M elements, respectively
For example, let us consider the YbTM series of compounds
crystallizing with the cubic MgAgAs-type structure. IfT
s
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5Pd is kept, only two such ytterbium ternaries are known
form, namely YbPdBi and YbPdSb. Interestingly, both the
compounds have rather similar magnetic properties, wh
may suggest that the hybridization effect has there a sim
character and magnitude. Also, the specific heat values
YbPdBi and YbPdSb, determined in the temperature ra
13–20 K, are alike and approximately equally enhanced.
low 10 K C/T exhibits a pronounced upturn in bot
compounds.6 Depending on the preparation conditions t
YbPdSb compound either remains paramagnetic down
0.01 K, showing only short-range dynamic correlations
antiferromagnetic character below 5 K, or exhibits a fir
order phase transition to long-range antiferromagnetism
low 1 K.39 In both cases YbPdSb was characterized a
Kondo lattice with RKKY exchange interactions, which a
of the same order of magnitude as the Kondo temperat
thus being located very close to the magnetic-nonmagn
instability on the Doniach’s diagram. Very similar magne
behavior in YbPdSb and YbPdBi can be easily understo
taking into account that upon replacing Sb by Bi thef -d
hybridization due to the transition metal atom is probab
unaltered, while thef -p hybridization is also hardly modi-
fied, as bothM elements are pnictogens with the samep3

configuration of their outer electronic shell.
It is worthwhile noting at this place that another YbPdM

ternary phase, but withM5In, is an intermediate valenc
system.2 However, YbPdIn crystallizes with a hexagon
structure of the ZrNiAl-type, and thus cannot be directly r
lated to the two cubic compounds discussed above. It is
cause the different ground state properties in YbPdIn may
caused to some extent also by a different site symmetry
the ytterbium atom.

Now, let us turn to YbTBi ~T5Au, Pd and Pt! com-
pounds, which adopt the MgAgAs-type structure. As alrea
discussed above, in YbAuBi both thef -d and f -p interac-
tions are presumably weak and the Yb ion exhibits the n
magnetic divalent state. In YbPdBi and YbPtBi thef -p hy-
bridization is supposed to have a similar magnitude as
YbAuBi but the strength of thef -d hybridization consider-
ably increases. This latter effect results in a dramatic cha
in the magnetic behavior. Both YbPdBi and YbPtBi~Ref. 9!
contain almost trivalent ytterbium ions, as indicated, e.g.,
a Curie-Weiss character of the magnetic susceptibility w
meff close to 4.54mB , and order magnetically at low tem
peratures~1 and 0.4 K, respectively!. The Pt-based bismuth
ide is a well established semimetallic heavy-fermion syst
(g'8 J/mol K2) with very low carrier concentration.9 The
ground-state properties of this compound are governed
three competing energy scales, related to the magnetic
change, the crystal-field splitting and the Kondo-screen
effect, respectively. As a result of the concerted action
these three interactions, all of order 1 K, an antiferrom
netic ordering develops with strongly reduced local mom
(0.1 mB), and simultaneously belowTN a superzone gap is
formed.8 The Kondo effect in the electrical resistivity o
YbPdBi, is even more pronounced than that in YbPtBi. Al
the energy associated with the crystal-field effect in YbPd
is much larger than that for the Pt-containing counterp
~see above!. These differences arise presumably due to
different strength of thef -d hybridization in the two com-
pounds. Thus, in view of the above analysis of the effect
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varying the interactions of ytterbium 4f -electrons withp-
andd-electrons of neighboring ligands along the YbPdM and
YbTBi series, respectively, when keeping the structural f
tors constant, one may conclude that the main mechan
which determines the magnetic behavior of the compou
studied is most probably just thef -d hybridization.

Finally, it is worth to comment on the complex low
temperature magnetic behavior in YbRhSn and YbPtSn,
denced by multiple phase transitions found in heat capa
studies. The formation of a complex magnetic ground stat
characteristic of many cerium and ytterbium compoun
crystallizing with orthorhombic or hexagonal structur
where the magnetic exchange interactions are strongly an
tropic and heavily frustrated because of the topology of
crystal lattice. In CePtSn and CePtAl, which adopts
orthorhombic «-TiNiSi-type crystal structure, the low
temperature magnetic properties with two and three suc
sive magnetic phase transitions, respectively, are gove
by an interplay between strong crystal-field effects and co
peting magnetic exchange interactions between Ce-Ce n
est and next-nearest neighbors.40,41A similar mechanism was
recently proposed to interpret a complexity of the magne
ground states occurring in isostructural ytterbium de
Kondo systems: antiferromagnetic YbPtAl42 and ferromag-
netic YbNiSn.43 The stannides YbRhSn and YbPtSn cryst
lize in the hexagonal ZrNiAl-type structure, where the dev
opment of magnetic frustration is even more likely due to
triangular coordination symmetry of the magnetic ions. Su
a geometrical frustration in triangular lattice has been sho
n
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to be responsible for the complexity of magnetic structu
and phase transitions in antiferromagnetic TbNiAl.44 In this
case two nearest neighbors to a given magnetic ion are th
selves nearest neighbors and antiferromagnetic coup
among them cannot be completely satisfied. This effect gi
rise to the splitting of the system of equivalent magne
moments into two different types of antiferromagnetica
ordered moments which behave separately. As a resu
complex phase diagram with several phase transitions is
served. In view of the magnetic data obtained in the pres
work it seems likely that a similar situation may occur
YbRhSn and YbPtSn. Hence, both compounds are promi
candidates for studying complex magnetic structures by n
tron diffraction. Moreover, ytterbium is a suitable NMR an
Mössbauer nucleus and therefore further studies emplo
these two microscopic techniques is also of great interes
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