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Physical behavior of several YiM intermetallics has been studied by means of x-ray powder diffraction,
magnetization, dc magnetic susceptibility, heat capacity, and electrical resistivity measurements. The com-
pounds YA'Bi with T=Cu, Ag, Au and YB3 Sn with T=Ag, 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 staf80163-18299)12525-§

I. INTRODUCTION Il. EXPERIMENTAL

. . . Starting materials of 99.9% minimum purity were used in
Ternary equiatomic phases of ytterbium™d, whereT 16 form of ingots(Yb, Bi, Sn, Cu, Ag, Av, foils (Pd or

stands for al-electron transition metal and is an element powders(Rh, P). Due to the high vapor pressure of ytter-
from the IlIA, IVA or VA group of the Periodic Table, have bijum metal at elevated temperatures, synthesis of single-
attracted in recent years a widespread attention, mainly dushase material turned out to be quite cumbersome and was
to their highly unusual physical properties. Besides well-achieved following two different routes. In order to benefit
known mixed valent systems, like YbCuARef. 1) and from the advantages of a closed system, one method was to
YbPdIn? the YBTM series comprises antiferromagnetically enclose t_he starting materials in sma!l cylindrical tantalum
or ferromagnetically ordered Kondo lattices, e.g., YbPtG&£@ns, which were sealed by arc-welding under pure argon.
(Ref. 3 and YbNiSn? respectively. A great deal of interest 1N€ Samples, each with a total weight of about 0.5 g, were
has been devoted to ytterbium-based heavy fermion system@e€ltéd and, in order to attain proper homogenization, re-

such as antiferromagnetic YbNiARef. 5 or paramagnetic melted in an induction furnace under continuous shaking of
YbPdSb and YbPdE: The semi'metallic bismuthide the crucible in a stream of high purity argon. The tantalum

YbPtBi (Ref. § has deserved a special attention as that itcruubles were then sealed in quartz tubes under vacuum and

displays both a low-carrier conductivity and a huge IOW_annealed at 600 °C for 7 days and finally quenched in water.

i i S feld fficient that ds 8 J/ he samples synthesized by this method were found to be
Kezrr;pera ure sommerteid coetlicient that exceeds Mhelt homogeneously, covering large parts of the inner cru-

) cible wall in the form of a thin layer, which was usually
In the present paper we focus on the synthesis, structurgfshed to smaller pieces when opening the crucible. Thus
chemistry and physical properties of severalTh com-  samples prepared by this method proved unfit for any trans-
pounds, wherd' is either a platinum group or copper group port measurements and were therefore mainly used for x-ray
element andM is either Sn or Bi. To the best of our knowl- phase analysis and magnetic measurements.
edge, the only bismuthide that has been characterized mag- In order to produce samples of well defined shapes, con-
netically was YbPdB?:"*°In the course of the present study ventional arc-melting of 0.5 g samples under a protective
a paper by Katotet al. has appearéd that reported on a argon-gas atmospher®9.999 mass%on a water cooled
similar independent investigation on the magnetic and eleceopper hearth was applied as the second method of synthesis.
trical behavior of the YBSn stannides witff=Ag, Pt, and To achieve single-phase material usually several attempts
Au. were undertaken starting from various stoichiometries to
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TABLE |. Lattice parameters for YoM bismuthides and stannides.

Lattice parameters

Compound Space group Structure type  a (nm) b (nm) ¢ (nm) V (nmd) Ref.
YbPdBi E43m MgAgAs 0.659343) 0.28631) This work
0.65473) 0.2806 7
0.659 0.286 6
YbCuBi P6smc LiGaGe 0.4582@®) 0.78543) 0.14281) This work
0.45721) 0.786@1) 0.14231) 13
YbAgBI P6smc LiGaGe 0.48118) 0.77772) 0.15591) This work
0.48031) 0.77711) 0.15521) 13
YbAUBI E43m MgAgAs 0.68481) 0.32121) This work
0.68461) 0.32091) 13
YbPtSn P62m Fe,P 0.73862) 0.392136) 0.18522) This work
0.73791) 0.39331) 0.1855 14
YbRhSn P62m Fe,P 0.75381) 0.366868) 0.180%1) This work
0.752 0.367 0.1797 14
YbAgSn P3ml1 CaLiSn 0.4789(B) 1.087714) 0.21611) This work
0.47881) 1.087@1) 0.2158 15
0.479 1.0887 0.2163 11
YbAuUSN Pnma TiNiSi 0.73032) 0.470829) 0.81234) 0.27932) This work
0.7312 0.4716 0.8139 0.2807 11
YbZnSn P6;mc LiGeGa 0.46514) 0.747321) 0.13991) This work
0.46491) 0.74741) 0.1399 16

compensate for the weight losses by additional amounts gfresent more than 1300 compounds are known to form with
Yb, Bi and Sn. The molten alloy buttons were wrapped withthe equiatomic formula RE(AH)M (RE= rare earth, AE
protective Mo-foil and sealed under vacuum in quartz am-lkaline earth elemehtdopting a variety of over 30 struc-
poules followed by anneals at 600 °C for 7 days. After heature types. A successful classification was obtained by For-
treatment the buttons were usually cut into pieces of variousasini and Merl&? in terms of structure maps plotting, i.e.,
shapes using a diamond wire saw. the phases with valence electron concentration 7/3 and 8/3
The lattice parameters were determined by leastsquargser atom for the individual period number of the elemignt
refinement of the room-temperature Guinier-Huber x{@y  each as a function of the three electronegativities on the
Ka;) powder data, collected using 6N-germanium as an inMiedema scaleg} + ¢y — ¢ke, Versus the combination of
ternal standard. For quantitative refinement of the atom pothe elemental radiigg/(r1+ry).
sitions, the x-ray intensities were recorded from flat speci- A detailed compilation of our results and literature data
mens in a Siemens D5000 automatic powder diffractometesn the structure types and the lattice parameters of all the
with Cu Ka radiation. alloys synthesized in this study are given in Table I. The
Magnetic measurements were carried out in the temperanodel calculations were performed using the Lazy-Pulverix
ture range 1.7-300 K and in magnetic fields obtT em-  program!’ The bismuthides YbCuBi and YbAgBI, as well as
ploying a Quantum Design MPMS-5 SQUID magnetometerthe stannide YbZnSn, were found to crystallize in the hex-
The specific heat studies were done in the range 1-10 Il§gonal structure of the LiGaGe-tygspace grougP6;ma).
using a thermal relaxation method. The electrical resistivityThe same structure type was established previously for
was measured in the temperature interval 0.08—300 K usingpAuSb® The LiGaGe-type structure is a noncentrosym-
a conventional dc four-point technique. The polycrystallinemetric ordered variant of the Cahtype structure(space
specimens were parallelepipeds cut from larger pieces with groupP65/mma which is frequently adopted by 1:1:1 rare-
wire saw. The electrical leads were thin copper wires congarth ternaries. In YBM compounds with the Cajrtype
tacted to the samples by tin or indium soldering. Electricalstrycture, Yb is located in thet2position(0,0,1/4, while T
resistivity measurements belo4 K were carried out in @ andM atoms randomly share thef 4osition (1/3, 2/3,2),

Cryogenics H&He* dilution refrigerator. there occurs a fully ordered arrangement of all atoms in com-
pounds adopting the low- symmetry structure of the LiGaGe-
lll. RESULTS AND DISCUSSION type. _
o ' A full atom order was also found for YbPdBi and
A. Structure determination and structural chemistry YbAUBi crystallizing in the cubic MgAgAs-type structure

Although systematic search for ternary equiatomic rargspace groug=43m). The stannides YbAgSn and YbAuSn
earth compounds has included the usually difficult to preparadopt the hexagonal CalLiSispace grougP3ml) and the
ytterbium alloys, the formation and details of crystal struc-orthorhombic TiNiSi-type Pnma structures, respectively.
tures for some of the combinations are still unclear. Atin turn, the compounds YbRhSn and YbPtSn adopt the hex-
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TABLE Il. Crystallographic data for YbPdBi. Structure type: MgAgAs, space grbdgm—T2, No.
216, origin at 8m, andZ=4; lattice parametera=0.6592(1) nm,V=0.2865(1) nr. B stands for the
isotropic thermal parameter. Residual valuBs=6.99, R:=6.05, R,=10.2, R,,=13.2, andy?=4.97.
Number of reflections used in refinement: 38; scan range<2®<110°; number of variables: 8.

Positional parameters B
Atom Site X y z (1072 nn?) Occupancy
Yb 4b 1/2 1/2 1/2 1.3%7) 1
Pd 4c 1/4 1/4 1/4 1.606) 1
Bi 4a 0 0 0 1.296) 1

Interatomic distanceém)
Central atom Yb Pd Bi
Ligand atoms 4 Pd 0.28545 4 Bi 0.28545 4 Pd 0.28545
6 Bi 0.32961 4Yb 0.28545 6 Yb 0.32961

agonal structure of the ZrNiAl-typéspace groupPEZm) inverse magnetic susceptibility is proportional to the tem-

which is a fully ordered derivative of the fR-type. perature, and a least-squares fit of experimesp(dl) to the
The crystal structures of YbPdBi and YbPtSn were re-Curie-Weiss law

fined by means of full matrix full profile Rietveld calcula-

tions employing the PC version of the program by Wiles and

Young?® The results shown in Table Il and Table IlI, respec-

tively, clearly demonstrate the complete atomic order in both
compounds. yields the parameters: 6,=9.2(8) K and e

=4.27(2) wug (see also Table IV This value of the effec-
tive magnetic moment is reduced with respect to a freg'Yb
B. Physical properties ion value of 4.55ug what suggests that the valence of ytter-
bium ions in YbPtSn may be slightly lower than3. The
positive sign of the paramagnetic Curie temperature indicates
The magnetic properties of YbPtSn are presented in Fighe presence of strong ferromagnetic interactions in this an-
1. In agreement with the literature d&tahe compound or- tiferromagnet. Such a situation is common in hexagonal
ders antiferromagnetically aty=3.5(4) K and exhibits Fe,P-type compounds where the magnetic moments couple
Curie-Weiss behavior in the paramagnetic region. The fielderromagnetically within th€001) planes and form an anti-
dependence of the magnetization, measured at 1.7 K, shoviisrromagnetic sequence of these layers alongcthgis (see
a pronounced metamagnetic transition in a field of 0.5 T. Infor example Ref. 20 At T<70 K the xy~(T) function of
high magnetic fields ther(B) variation tends to saturation YbPtSn is curvilinear, most probably due to thermal depopu-
and reachest& T avalue of 2.122) ug. Above 70 K, the lation of excited crystal-field levels.

C 1 ug
T-6, 8T-4,

x(T)= @

1. YbPtSn

TABLE Ill. Crystallographic data for YbPtSn, as derived from automatic powder diffractonjeter
=0.73856(2) nmc=0.39244(2) nmV=0.2865(1) nrf, space grougp®62m, andZ=3]. B stands for
the isotropic thermal parameter. Residual valigs: 7.43, Re=10.7,R,=11.4,R,,,= 14.8, andy?=10.9.
Number of reflections used in refinement: 130; scan rangex2@<110°; Number of variables: 11.

Positional parameters B

Atom Site X y z (1072 n?)  Occupancy

Yb 3f 0.59694) 0 0 1.995) 1

Pt1 d 1/3 2/3 1/2 2.587) 1

Pt2 la 0 0 0 2.4%9) 1

Sn Kol 0.25974) 0 1/2 1.818) 1

Interatomic distancegm)

Central atom Yb Pt1 Pt2 Sn

Ligand atoms 1 Pt2 0.29767 3Sn  0.27737 6 Sn  0.28545 2 P2 0.27442
4Ptl 029847 6Yb 0.29847 3Yb 0.29767 2 Pl 0.27737
2Sn 0.31705 2Yb 0.31705
4Sn 0.32681 4Yb 0.32681

2Sn 0.33229
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FIG. 1. Temperature dependence of the inverse molar magnetduare for YthS_n. 'I_'he inset pr_esents the heat capacity versus tem-
susceptibility of YbPtSn. The solid line represents a Curie-Weiss fiPerature. The solid lines are guides for the eye.
with the parameters given in Table IV. The right inset shows the
magnetic susceptibility at low temperatures. The upper inset disidly at the onset of antiferromagnetic ordering &t
plays the field variation of the magnetization, measured at 1.7 K=3.5 K. At the lowest temperatures studiédbwn to 50
with increasing(full circles) and decreasingppen circlesmagnetic = mK) the resistivity saturates at a value of @0 cm that
field. The dashed line marks a linear dependence below the metgields a residual resistivity ratitRRR) of about 20.
magnetic transition in a field of 0.5 T. The quantitative analysis of the measugeds T depen-
dence was made assuming that the Matthiessen rule is valid,

The above results corroborate fairly well the findings byi.e., that the resistivity of YbPtSn may be expressed as fol-
Katoh et al!! Actually, the only significant difference be- |ows:

tween the present and previous data concerns an extra

anomaly of unknown origin that was observedyiT) at 2.5 p(T)=po+ ppnt pm. @

K by the latter authors but is absent in tly¢T) variation

displayed in the inset to Fig. 1. Yet, the 2.5 K anomaly iswhere pg, ppn and py, stand for the residual, phonon and

seen in the specific heat of YbPtSn, shown in Fig. 2 as th&agnetic contributions to the total resistivity, respectively.

ratio C/T versusT? andC versusT (the insel. This anomaly Having no electrical resistivity data for any non-magnetic

has the form of a shoulder superimposed on a much large&gounterpart to YbPtSipreferably LuPtShit was assumed

specific heat peak occurring at 3.5 K, which unambiguoushthat a proper estimation gf,, may be derived on the basis of

corresponds to the antiferromagnetic phase transition. Belo#ie modified Bloch-Groeissen expression

2 K the specific heat can be well represented by the formula,

C/T=vy+pBT2, with y=370(20) mJ/Kmole and B T\%(6o/T x°dx .

=230(6) mJ/Kmole. Ppr(T)=4RT] @—D) fo e—Diaen
As shown in Fig. 3, the temperature dependence of the @)

electrical resistivity of YbPtSn is of semimetallic-type with a

room temperature value of about 1800 cm and a convex where @ is the Debye temperature arRlis a constant,

character down to about 50 K. Around 20 K th€T) func-  whereas the cubic terrd T3 describes interband scattering

tion exhibits a broad shallow minimum, and then drops rapprocesse$!

TABLE IV. Magnetic data for YA'M bismuthides and stannides; AF: antiferromagnet; P: Curie-Weiss
paramagnet; TIP: temperature independent paramagnet. For the meaning of the symbols see the text.

Eq. (1) Eq. (7)

Compound Magnetism perr (1) 6, (K) Xo (emu/molé 09 (K) N (%)
YbPdBi AF () [Ty=1 K] 4.11(5) -3.809)

YbCuBi TIP 1.627(8)x10°% —157 1713
YbAgBi TIP 0.126(6)x10™% —1.18 0.82)
YbAUBI TIP 1.719(8)x10°* 0.85  1.44)
YbPtSn AF[Ty = 3.54) K]  4.272) 9.2(8)

YbRhSn AF(?) [Ty = 2 K] 4513) —7.0110

YbAgSn TIP 20.914(9x10°* —2.77 21.02)
YbAuSn TIP —0.021(9)X10™* —4.48 0.1(1)

YbZnSn TIP 0.068(7)x10% —2.16) 0.21)
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200 - T T - - “normal” specific heat near 10 K has also been observed in
the aforementioned YbNIAl, despite its large Sommerfeld
coefficient y=350 mJ/Kmole, measured beloWy of 2.5
K. Such a behavior of the specific heat can be understood if
one takes into account that as in many other heavy fermion
antiferromagnets, the Kondo temperature in both compounds
drastically changes when passing throufy. Indeed, for
YbNiAl the Kondo temperature determined in the paramag-
netic region is only about 3 Kit seems likely that a similar
Ol 10 situation may occur also for YbPtSn, as impled by many
. . . Telmpmmrf ®) similarities between the two compounds. In this context it is
00 0 100 150 200 250 300 worthwhile noting th_at th_e s_uggested scenario of th_e coexist
ence of heavy fermion liquid and magnetic order is consis-
Temperature (K) tent with other measured bulk characteristics of YbPtSn.

FIG. 3. Temperature dependence of the electrical resistivity oF'rSt’ the measure.d value of the CoeffI.C.I@Un the cubic
YbPtSn. The solid line is a fit of the experimental data to Eqs_temperature contribution to the specific heat reproduces

(2)—(4) (see the text and Table)VThe inset presents in a semi- ratherlwell the. magnltL_Jde oy, _Ca!culgted with the as-
logarithmic scale the magnetic contribution to the total resistivity. SUmption of a linear spin-wave dissipation relatfdrThen,
The solid line marks a Kondo-like decrease of the resistivity. Thethe low temperature behavior of the resistivity, observed
dashed line shows & variation of the resistivity. over more than a decade of temperature val(fes 0.06
<T<1.7 K), is given by the quadratic term with a strongly
In turn, the magnetic contributiop,, was assumed to enhancedA coefficient, comparable to that found in many

50

have in the paramagnetic region a form heavy fermion systems. According to an experimental study
. of Kadowaki and Wood$&? A is proportional to the square of
pm(T)=pg—ckInT, (4)  the linear coefficient of the electronic specific heat via the

H H . 2 __ —5 4 H
where the first term accounts for the spin-disorder resistivit;}'n'_Versa_I relation:A/y*=10"° p{) cmmoléK*/mJ. This
and the second one describes scattering of the conductidAt®: being about 20 times larger thgn that char_acter|st|c of
electrons via Kondo-like processes simple metals and transition metals, is often considered as an
The solid line in Fig. 3 represents the least-squares fit ofmportant hallmark of heavy fermions. Although its almost

: _ universal value has never been fully explained, theoretical
EPE 5e Xﬁfnzn%niﬁi(lg 3::?/;; I;Etessnpgo EqéZ) (:20 gﬁzj arguments by Takimoto and Morifasuggest that it reflects
l - 1l g D» 0

K : : . ._strongly correlated nature of conduction electrons. For
Ck are listed n T_a_ble_ V. In the_lnset to Fig. 3, the_ magnetlcYthSn the ratio ofA and y?, wherey is extrapolated from
part of the resistivity is shown in a semilogarithmic scale. It

i ) 0
is clearly apparent from this figure that,(T) of YbPLSN the lowest temperature specific heat data, is about 50 %

behaves in a Kondo-like manner above 5 K. At low tempera_Iarger than the above universal value, but it is close to that
tures (T<1.7 K) py(T) of YbPtSn exhibits a Fermi liquid found in many well established heavy fermion antiferromag-

L) Pm nets, such as Cepp® CaAl,,>’ CeAuAl,?® and CePgln .2°
type behavior, i.e., it can be expressed as folldnate the T . ’ ! )
dashed line in the inset to Fig):3 Interestingly, in all these compoundsg, is of the order 1 K.

This coincidence may further suggest an antiferromagnetic

pr(T)=AT? (5) heavy fermion nature of YbPtSn. However, we stress that in
. order to fully conclude this coexistence, additional comple-
with the parameter A2.4(7) uQ cm/K2, mentary experiments, such as measurements of the magne-

An enhancedy value of 370 mJ/Rmole may suggest a toresistance abovEy as well as very low temperature spe-
possibility of the coexistence in YbPtSn of a heavy fermioncific heat studiegdown to 100 mK are required.
state and a long range antiferromagnetic order, as found in
several other antiferromagnetic Kondo lattices, e.g., in isos-
tructural YbNIAI® However, the above value of would
imply in terms of the Coqgblin and Schrieffer theétya As is apparent from Fig. 4, also YbRhSn exhibits well
Kondo temperature of about 11 K, and thus one would exlocalized magnetism due to the presence of stabfe"Yons.
pect an increase i€/T below 9—10 K. Apparently no such The effective magnetic moment derived from a Curie-Weiss
behavior is observed in Fig. 2, and the specific heat ofit [Eq.(1)] of experimental(T) above 30 K is almost equal
YbPtSn is dominated by a huge magnetic anomaly at théo the value expected for thef # configuration being 4.53)
lowest temperatures studied. On the other hand, a similarlyg. The paramagnetic Curie temperature amounts td)-7

2. YbRhSn

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

Po R Op Kx 10 oo Ck A
Compound £Qcm) (uQcm/K) (K) (uQcm/K®)  (uQem) (uQcm) (uQ cm/K?)
YbPtSn 92) 0.432) 204(2) 1.4(3) 94(3) 2.94) 2.4(7)

YbRhSn 8%2) 0.463) 19911) 0.92) 33(4) 3.03) 6.8(3)
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FIG. .4'. _Temperature dependeljce_ of the inverse molar_magn_etlc FIG. 6. Temperature dependence of the electrical resistivity of
susceptibility of YbRhSn. The solid line represents a Curle-WelssYthSn_ The solid line is a fit of the experimental data to Egs.
fit with the parameters given in Table IV. The inset shows the field(z)_(4) (see the text and Table)VThe inset presents in a semi-

\/fa“at!or: of thed rgagnetlz.atlon, mga.T,ured at 1t7 }f< \?ch IncreaSIn%garithmic scale the magnetic contribution to the total resistivity.
(full circles) and decreasingopen circles magnetic field. The solid line marks a Kondo-like decrease of the resistivity. The

. . . o dashed line shows & variation of the resistivity.
K. A slight deviation of the inverse susceptibility from a

straight line behavior, observed at lower temperatures, arises Th d d f the electrical resistivity of
presumably from crystal field interactions. e temperature dependence of the electrical resistivity o

From the low-temperature variation of the magnetic su:s—YthS_n is displa_yed in Fig. 6. The overall shape of i)
ceptibility and the field dependence of the magnetizatiorPUrVe IS Very similar to that obtained for YbPtSn. The room
measured at 1.7 Ksee the insets to Fig)4ne would con- €mperature resistivity equals to about 213) cm, yet the
clude that YbRhSn remains paramagnetic down to the lowedgRR value is only.2.5 here. Interestlngly, a minimum in
temperatures studied. However, the specific heat result€(T) around 25 K is followed by a rapid decrease in the
shown in Fig. 5, contradict this presumption. TBerersusT reS|st|V|Fy belav 5 K resemblmg th_e behavior of_ ant_n‘erro-
variation has two anomalies, a less pronounced feature at 2 agnetic YbPtSn. However, in this case the kinkpifTr)
and a more pronounced one at 1.5 K, below which the Spec_annot be attributed to the magnetic phase transition as
cific heat starts to decrease with decreasing temperature. IPRNSn orders below 2 K. Any suspicion that the observed
turn, the C/T ratio increases continuously from about 9 K anomaly is du'e to the presence of some free tin that becomes
down to 1.5 K and it is only slightly reduced between 1.5 Superconducting at low temperatures can be ruled out be-
and 1 K. Interestingly, the fotal entrofijncluding phonon cause no indication of such a transition is seen neither in the
contribution that is removed in the interval 1-10 K is 4.6 N€at capacitysee Fig. $nor in the dc magnetic susceptibil-
JIKmole, i.e., about ORIN2. At 10 K, C/T reaches only Ity measured in weak fieldgnot shown. Moreover, upon
about 80 mJ/Rmole and can be almost completely ac- applying magnetic f|eld,.the resistivity o_f YthSn measured
counted for by a phonon contribution. Therefore, it is doubt-2t 4-2 K decreases continuoushience, it seems likely that
ful that an additional paramagnetic entropy associated wit1® oPserved low-temperature behavior of the resistivity of
the ground state doublet is removed above 10 K. The entropgthsn may be. associated \.N'th the onset of 'ghe coherence
consideration implies very large values ©fT below 1 K, ffect or/and with the manifestation of an interplay of

which would be consistent with our data crystal-field and Kondo-like interactions.
' The numerical analysis g¥(T) for YbRhSn, performed

using the approach described above, yielded the parameters

2 ' ' ' ' po, R ®p, pg, ¢k andA given in Table V. The solid line in

20 YbRhSn f— | Fig. 6 is the fit of the experimental data to E¢®.—(4), and
> ’ Sl | the inset to this figure presents the magnetic part of the re-
° T sistivity in a semilogarithmic scale. The solid line in the inset
ST § r 11 marks a pronounced Kondo-like decrease of the resistivity
% St | and the dashed line indicates the region wheré aéhavior
= Lor b is observedfor 0.06<T<1.9 K), with a strongly enhanced
O 2 4 6 3 10 A coefficient of 6.83) w€ cm/K2. It is worthwhile noting

05 Temperature (K) that this value oA is even larger than that found for YbPtSn,

which points to the possibility of a heavy fermion ground
0.0 - - ' state also in YbRhSn.
0 20 40 60 80 100
T (K°) 3. YbAgSn, YbAuSNH, YbzZnSn

FIG. 5. The heat capacity over temperature versus temperature The magnetic properties of YbAuSn and YbZnSn are pre-
square for YbRhSn. The inset presents the heat capacity vers@&ented in Figs. 7 and 8, respectively. The small magnitude of
temperature. The solid lines are guides for the eye. the magnetic susceptibility of both compounds in the whole
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FIG. 9. Temperature dependence of the inverse molar magnetic

. .'.:IG' /. Temperature dgp(_endence of the mqlar magnetic _Susceghsceptibility of YbPdBI. The solid line represents a Curie-Weiss fit
tibility of YbAuSn. The solid line represents a fit of the experimen- with the parameters given in Table IV. The inset shows the field

til dataﬂt\o qu(g) Wlt.htt.he p?rtimeters gll;/_ent_ln Table IV. Tdhetlnls(;t ariation of the magnetization, measured at 1.7 K with increasing
shows the Tield vanation of the magnetization, measured at L. ull circles) and decreasingopen circles magnetic field.

with increasing(full circles) and decreasin{ppen circley magnetic
field.

T . c® . NCyp3+ 6
temperature range studied, as well as low values of their X(T)=xo T_eg)_XO T—60" ©
magnetization measured at 1.7 K, unambiguously indicate a
nonmagnetic ground state with ytterbium ions exhibiting a . o e L
41 configuration. This finding corroborates the results ob-WhereXO is the F(’i?uh-llke Intrinsic SUSCEpthIhtY of the_ L1l
tained previously for YbAuSn by Katoét al!! Pronounced compound andj,” stands for the paramagnetic Curie tem-
tails in y(T), observed for these two ternaries at low tem.Perature of an impurity. The results of least-squares fitting

peratures, may be attributed to a small amount ot *Yions the experimental data of YbAuSn and YbZnSn to t).are

present in the samples in the form of paramagnetic impuri:glven in Table IV. In both samples the amount of free’¥b

. . . ions was estimated to be as low as 0.1-0.2% , which ex-
ties, most probably some ytterbium oxides or/and hydrox- lains the absence of any impurity lines on their x-ray pat-

ides. The amount of these admixtures can be estimated ags The intrinsic magnetic susceptibility of both stannides
suming that their contribution to the measured susceptibilitys o the order of 106-10"°5 emu/mole. but it is negative for

may be expressed in the(zi)form of an extra Curie-Weiss temypaysn and positive for YbZnSn. Nevertheless, the above
with the Curie constan€’ being a fractiom of the value  yesyit clearly confirms a divalent nature of ytterbium ions in
characteristic of a free Yi ion Cygp+=(8x4.53)">  these two compounds.

=6.02. Within this approach crystal-field effect acting on a A nonmagnetic ground state is also most probably real-
Yb3* ion is neglected. Thus, the total susceptibility is ap-ized in YbAgSn because the magnetic susceptibility of this
proximated by compound behaves in a similar manner to that of YbAuSn
and YbZnSn. Yet, the numerical analysisxdfT) in terms of

Eq. (6) gives in this case a rather large impurity contribution
(see Table IV. Nevertheless, the temperature independent
pararlqagnetism in YbAgSn was also claimed by Katoh
et al:

4. YbPdBI

As indicated by its temperature- and field-dependent mag-
netic behavior, YbPdBi does not order magnetically down to
1.7 K (see Fig. 9. In the whole temperature range studied
the magnetic susceptibility follows a Curie-Weiss law with
the parametersf,=—3.8(9) K and ues=4.11(5) ug.

This effective magnetic moment is slightly reduced with re-
spect to the value expected for a free3Yhon (4.54 ug),
which suggests that the ytterbium atoms in YbPdBi may

FIG. 8. Temperature dependence of the molar magnetic susceP@ve Some tendency to valence fluctuations. Previously,
tibility of YbZnSn. The solid line represents a fit of the experimen- Intermediate-valent character for this compound was claimed
tal data to Eq(6) with the parameters given in Table IV. The inset Py Dharet al® because of a reduceg. and a considerable
shows the field variation of the magnetization, measured at 1.7 Kleviation of the cubic lattice parameter from the extrapola-
with increasing(full circles) and decreasin¢ppen circlesmagnetic ~ tion based on the lanthanide contraction along the REPdBI
field. series(see also Ref. 31

X, (107 emuw/mole)
[\

Temperature (K)
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FIG. 10. The heat capacity over temperature versus temperature FIG. 11. Temperature dependence of the electrical resistivity of
square for YbPdBI. The inset presents the heat capacity versus tentbPdBi. The inset displays the resistivity versus temperature in a
perature. The solid lines are guides for the eye. semilogarithmic scale. The dashed line showE avariation of the

resistivity.

Dhar et al. measured also the heat capacity of YbPdBI,
and from the results concluded on a heavy-fermion characteesistivity. At ambient temperatures the resistivity exhibits a
of its electronic ground stafeTheir specific heat data, plot- negative temperature coefficient, goes through a broad maxi-
ted in the formC/T versusT?, were reminiscent of heavy- mum centered at about 25 K, and then drops rapidly at low
fermion behavior: they showed a sharp upturn at low temiemperatures, finally saturates below 0.5d4€e the inset to
peratures and reached as large value as °nitie at 2 K,  Fig. 11). The maximum irp(T) may arise due to the onset of
the lowest temperature obtained. In Fig. 10, our low-coherence among the Yb ions but it may also reflect an in-
temperature heat capacity of YbPdBi, measured down to 1.ferplay of Kondo and crystal-field interactiofisee below.

K, is presented. In agreement with the previous results th&he magnetic phase transition manifests itself as a small kink
ratio C/T is larger than 500 mJAnole at all temperatures in p(T) and a sharp minimum in the temperature derivative
studied. Moreover, the observed riseGhT continues down of the resistivity. Below 1 K, the resistivity exhibits a
to the lower limit of our measurement, exceeding at thisT?-dependence with the coefficients and A [see Eqs(2)
temperature a value of 2.5 J#ole. Thus, one would con- and (5)] equal to 51(2) uQ cm and 7@3) uQ cm/K?, re-
clude that YbPdBi is indeed a strongly correlated electrorspectively. This huge value @& is among the largest ever
system with considerably enhanced effective electronicgeported for any materials, including heavy fermion systems.
masses. However, an inspection of the specific heat itselfnfortunately, no experimental information on the Sommer-
(see the inset to Fig. 1&hows that this interpretation is not feld coefficient in YbPdBi at the lowest temperatures is
correct—a sharp increase @(T) below 1.5 K and its huge known. Although Dhaet al® has determined from their high
values are obvious signatures of a magnetic phase transitidamperature (18 T<20 K) specific heat data an enhanced
taking place just below the lowest temperature measured. A value of 470 mJ/mole K LeBraset al. showed in Ref. 10
small anomaly in theC(T) variation observed here at 1.9 K that almost all specific heat in this temperature region can be
is most probably due to the presence in the sample of som&ccounted for by the Schottky anomaly. In turn, the latter
small amount of YbPd which orders antiferromagnetically atauthors obtained for theC,;/T ratio a value of about
this temperaturé? 1.8 Jimole K at 0.5 K, the lowest temperature measured,

The occurrence of a magnetic phase transition in YbPdBbut no attempt has been made to derivef@) value. Such
was explicitly evidenced in a more recent work by LeBrasa determination would be difficult and not very reliable due
et al}® The latter authors measured the specific heat down tto the low value ofTy.

0.5 K and found a cleax-type anomaly at 1 K. Moreover, in  The "%b Mdssbauer absorption spectroscopy investiga-
the dc magnetic susceptibility they observed at this temperaions allowed LeBragt all° to conclude that the point sym-
ture a change in the curvature gfT) into a ferromagnetic- metry of Yb ions in YbPdBI is lower than cubic. This sym-
like convex one, and from’%b Mdssbauer spectroscopy metry lowering was ascribed by the latter authors to a local
measurements they determined the saturated Yb moment efatic Jahn-Teller effect within thEg cubic quartet. Thus,
1.25 ug. Interestingly, the entropy released by the magnetiche crystal-field level scheme of the ¥bion would consist
transition was estimated to be 0.4RIn2 at 1.3 K, i.e., muchof four Kramers doublets. Such a level scheme, with the
smaller than expected for a doublet ground state. Also thenergies of excited states 23, 80, and 90 K, is compatible
measured peak value of thef-dlerived specific heat with the inelastic neutron scattering dafsand was used in
C4:(1K)=3.1 J/Kmole was much smaller than expected forRef. 10 for successful interpreting the M&bauer spectra and

a second-order transition for a Kramers doubl@2.5 the high-temperature specific heat results. Moreover, the
J/IKmole. This considerable reduction in both characteristicsmaximum in the electrical resistivity occurring at about 25 K
was ascribed to a Kondo screening effect. The Kondo tem(see Fig. 11 may be associated with the thermal population
perature was estimated to be of the order of 1 K. of the first excited doublet in the presence of the Kondo

A clear Kondo behavior in YbPdBi is apparent from Fig. effect, whereas the total crystal field splitting of about 90 K
11, which shows the temperature variation of the electricamay explain the formation near this temperature of a charac-
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FIG. 12. Temperature dependence of the molar magnetic sus- FIG. 14. Temperature dependence of the molar magnetic sus-
ceptibility of YbCuBi. The solid line represents a fit of the experi- ceptibility of YbAuBI. The solid line represents a fit of the experi-
mental data to Eq(6) with the parameters given in Table IV. The mental data to Eq(6) with the parameters given in Table IV. The
inset shows the field variation of the magnetization, measured at 1.dotted line is a guide for the eye, showing the antiferromagnetic
K with increasing(full circles) and decreasinppen circlesmag-  maximum due to the presence of X impurity. The inset pre-
netic field. sents the field variation of the magnetization, measured at 1.7 K

with increasing(full circles) and decreasin{ppen circley magnetic
teristic negative minimum in the temperature variation of thefield. The dashed line displays a metamagnetic transition §O¥b
thermoelectric powef However, as pointed out by LeBras  antiferromagnet.
al.,'% the proposed crystal-field level scheme cannot account
for the gn_h:_;mced contribution to thé«derived s_pecific heat paramagnetic impurities. In the case of YbAuBi a sharp
in the vicinity of 10 K. Therefore, it seems likely that the maximum in the susceptibility occurring @, =3.2(4) K,

behavior ofC/T does reflect the formation in YbPdBIi of & y,qether with a salient metamagnetic-like transition observed
heavy fermion state which coexists at the lowest temperag, ‘e o(B) dependencésee the inset to Fig. 14allow to

tures with a long range magnetic ordering. This hypothesis iS¢ ipe the low temperature behavior gfT) measured on
now supported by our resistivity dat.a but further §tud|es athis specimen to antiferromagnetic ®;. For the other two
very low temperatures are needed in order to reliably ConE:ompounds it is impossible to assign any particular foreign
clude on this point. phase as they remain paramagnetic down to the lowest tem-
peratures studied. However, because of extreme sensitivity
of the ternary bismuthides to air and moisture, it seems likely
As shown in Figs. 12-14, all three 1:1:1 bismuthidesthat the impurities formed were some ytterbium oxides or/
which contain ad®—type noble metal were found to be and hydroxides.
nonmagnetic with ytterbium ions exhibiting &% ground In a manner similar to that described for the stannides, the
state. Pronounced tails ig(T), observed for these com- experimentaly(T) data obtained for YbCuBi, YbAgBI, and
pounds at low temperatures, may be attributed to some smaflbAuBi were least-squares fitted to E&) and the results of
amount of YB* ions present in the samples in the form of this analysis are given in Table IV. In the bismuthide
samples the amount of paramagnetic impurities was found to

5. YbCuBi, YbAgBIi, YbAuBI

2.0 T . . . . be slightly larger than in the stannides, about 1-2%. The
YbAeBi intrinsic susceptibilityx, for all three compounds was of
P g paramagnetic type with magnitudes of the order of
g 15 1 1075-10"* emu/mole.
\§ . 1 The above magnetic characteristics of YbCuBi, YbAgBI
g 10 E 1] and YbAuBi correspond well with the results of electrical
o 4 resistivity measurements reported by Meetoal 3* All three
g T=17K | compounds were established to be metals, and the electrical
5 05 ] resistivity of YbAgBi and YbAuBi was found to be fully
Field (T) describable by the sum of the residual resistivity and modi-
oo fied Bloch-Gruneissen[see Eq.(4)] terms. It is worthwhile

0 50 100 150 200 250 300
Temperature (K)

noting at this place that the paramet®&9, andK derived
by the latter authors for these two bismuthides have the same
order of magnitude as those values estimated in the present

FIG. 13. Temperature dependence of the molar magnetic sudvork for YbPtSn and YbRhSn. This coincidence may be

ceptibility of YbAgBi. The solid line represents a fit of the experi- taken as a proof of the correctness of the approach applied in
mental data to Eq(6) with the parameters given in Table IV. The these two independent studies. In the case of YbCuBi the
inset shows the field variation of the magnetization, measured at 1./esistivity measured in Ref. 34 behaved in a more compli-
K with increasing(full circles) and decreasingopen circles mag-  cated manner, ascribed to the presence of microcracks and/or
netic field. some anomalous electronic band structure effects.
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IV. CONCLUSIONS =Pd is kept, only two such ytterbium ternaries are known to
form, namely YbPdBi and YbPdSb. Interestingly, both these
A great interest in ytterbium-based compounds comegompounds have rather similar magnetic properties, which
from the fact that Yb can exhibit two valence states, thatmay suggest that the hybridization effect has there a similar
correspond to two almost degenerafecbnfigurations: non-  character and magnitude. Also, the specific heat values for
magnetic 4 Yb?") and magnetic #3(Yb3*). Due to this  YbPdBi and YbPdSb, determined in the temperature range
feature Yb is usually considered as a “hole” counterpart t013—20 K, are alike and approximately equally enhanced. Be-
Ce that also shows two terminal electronic configurationsjow 10 K C/T exhibits a pronounced upturn in both
which are closely spaced in energy: magnefit(€e**) and compound$. Depending on the preparation conditions the
nonmagnetic #°(Ce*"). It is commonly believed that the YbPdSb compound either remains paramagnetic down to
main mechanism determining the ground state behavior i9.01 K, showing only short-range dynamic correlations of
cerium and ytterbium intermetallics is the interaction be-antiferromagnetic character below 5 K, or exhibits a first-
tween 4 electrons and, p, andd electrons of neighboring order phase transition to long-range antiferromagnetism be-
ligands. This so-called— spd hybridization tends to reduce low 1 K.3° In both cases YbPdSb was characterized as a
the 4f-level occupation number and thus destabilize theKondo lattice with RKKY exchange interactions, which are
magnetic state of cerium ion or the nonmagnetic state obf the same order of magnitude as the Kondo temperature,
ytterbium ion. As a result of the valence instability a numberthus being located very close to the magnetic-nonmagnetic
of interesting phenomena develops, like Kondo effect,instability on the Doniach’s diagram. Very similar magnetic
heavy-fermion behavior, spin fluctuations, intermediate vabehavior in YbPdSb and YbPdBi can be easily understood
lence. However, in contrast to cerium intermetallics wheretaking into account that upon replacing Sb by Bi thel
these spectacular effects are observed quite frequently, onhybridization due to the transition metal atom is probably
few ytterbium systems are known where a pronouncedinaltered, while thef-p hybridization is also hardly modi-
Kondo effect and the formation of heavy fermion state occurfied, as bothM elements are pnictogens with the sapie
This is certainly because of a stronger localization of tfie 4 configuration of their outer electronic shell.
wave functiongsmaller spatial extepin Yb®* ion as com- It is worthwhile noting at this place that another YB#®d
pared to that in C¥ ion.*® ternary phase, but with=In, is an intermediate valence
For weakf-spd hybridization the 44 configuration is  systen? However, YbPdIn crystallizes with a hexagonal
rather stable and therefore most ytterbium intermetallics constructure of the ZrNiAl-type, and thus cannot be directly re-
tain YB?* ions3® The compounds studied in the present pa-lated to the two cubic compounds discussed above. It is be-
per are here the best examples. The bismuthides YbCuBgause the different ground state properties in YbPdIn may be
YbAgBIi, and YbAuBi as well as the stannides YbAgSn, caused to some extent also by a different site symmetry of
YbAuSn, and YbZnSn have been shown to be temperaturthe ytterbium atom.
independent paramagnets due to the presence of nonmag-Now, let us turn to YBBi (T=Au, Pd and Pt com-
netic YI?" ions. Indeed, the #ligand hybridization is ex- pounds, which adopt the MgAgAs-type structure. As already
pected to be very weak in all these ternaries mainly becausdiscussed above, in YbAuBi both tHed and f-p interac-
of filled d-shell of the transition metal component. In such ations are presumably weak and the Yb ion exhibits the non-
situation cerium compounds usually exhibit well localized magnetic divalent state. In YbPdBi and YbPtBi the hy-
magnetism due to the presence of stablé'Cens, as is the bridization is supposed to have a similar magnitude as in
case of the cerium-based counterparts CeAgSn and CeAuSvibAuBi but the strength of thé-d hybridization consider-
which order antiferromagnetically at low temperatutés. ably increases. This latter effect results in a dramatic change
Upon replacing a noble-metal element by an element within the magnetic behavior. Both YbPdBi and YbPtRief. 9
unfilled d-shell it is expected that thef4igand hybridization  contain almost trivalent ytterbium ions, as indicated, e.g., by
increases in its strength, and thus a valence may change #Curie-Weiss character of the magnetic susceptibility with
the higher state. For example, in CeRhSn tHesHell is  u.4 close to 4.54ug, and order magnetically at low tem-
indeed unstable and the compound exhibits the propertigseratureg1 and 0.4 K, respectively The Pt-based bismuth-
characteristic of intermediate valent systethin turn, in the  ide is a well established semimetallic heavy-fermion system
case of YbRhSn, studied in the present paper, a rather welly~8 J/mol K?) with very low carrier concentratiohThe
localized magnetism due to the presence of almost trivalenground-state properties of this compound are governed by
ytterbium ions is observed. A similar valence change occurshree competing energy scales, related to the magnetic ex-
upon replacing a noble-metal element by(PbPtSn and Pd  change, the crystal-field splitting and the Kondo-screening
(YbPdBI). All three compounds order magnetically at low effect, respectively. As a result of the concerted action of
temperatures and their overall electrical properties are chathese three interactions, all of order 1 K, an antiferromag-
acteristic of Kondo lattices. Moreover, their low-temperaturenetic ordering develops with strongly reduced local moment
specific heat data indicate a possible heavy fermion groun.1 wg), and simultaneously beloiiy a superzone gap is
state. formed® The Kondo effect in the electrical resistivity of
A qualitative analysis of the influence of tlied andf-p  YbPdBI, is even more pronounced than that in YbPtBi. Also
hybridization on the magnetic behavior in Y® intermetal-  the energy associated with the crystal-field effect in YbPdBi
lics can be made by comparing the properties of isostructuras much larger than that for the Pt-containing counterpart
compounds with differenT and M elements, respectively. (see above These differences arise presumably due to a
For example, let us consider the Yhl series of compounds different strength of thé-d hybridization in the two com-
crystallizing with the cubic MgAgAs-type structure. Tf pounds. Thus, in view of the above analysis of the effect of
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varying the interactions of ytterbiumf4electrons withp- ~ to be responsible for the complexity of magnetic structures
andd-electrons of neighboring ligands along the YbPdnd and phase transitions in annferromagnetlc Tb_l\ﬁjAIn this
YbTBi series, respectively, when keeping the structural facaSe two nearest neighbors to a given magnetic ion are them-
tors constant, one may conclude that the main mechanis$flves nearest neighbors and antiferromagnetic coupling
which determines the magnetic behavior of the compound@mong them cannot be completely satisfied. This effect gives
studied is most probably just tHed hybridization. rise to the_ splitting (_)f the system of eq_uwalent magnetic
Finally, it is worth to comment on the complex low- moments into two dlf_ferent types of antiferromagnetically
temperature magnetic behavior in YbRhSn and YbPtSn, eviordered moments which behave separately. As a result, a
denced by multiple phase transitions found in heat capacit§ompPlex phase diagram with several phase transitions is ob-
studies. The formation of a complex magnetic ground state igerved. In view of the magnetic data obtained in the present
characteristic of many cerium and ytterbium compoundé"’ork it seems likely that a similar situation may oceur in
crystallizing with orthorhombic or hexagonal structures YORhSn and YbPtSn. Hence, both compounds are promising
where the magnetic exchange interactions are strongly anis§@ndidates for studying complex magnetic structures by neu-
tropic and heavily frustrated because of the topology of theron diffraction. Moreover, ytterbium is a suitable NMR and
crystal lattice. In CePtSn and CePtAl, which adopts theMossbauer nucleus and therefore further studies employing
orthorhombic &-TiNiSi-type crystal structure, the low- these two microscopic techniques is also of great interest.
temperature magnetic properties with two and three succes-
sive magnetic phase transitions, respectively, are governed
by an interplay between strong crystal-field effects and com-
peting magnetic exchange interactions between Ce-Ce near- The authors gratefully acknowledge the support of the
est and next-nearest neighb8#41 A similar mechanism was Austrian-Polish  Scientific-Technical exchange program
recently proposed to interpret a complexity of the magnetidproject N§. The research was in part supported by the Aus-
ground states occurring in isostructural ytterbium densdrian FFWF under Grant No. P9707. In the initial stage of the
Kondo systems: antiferromagnetic YbPtAlnd ferromag- work a series of samples was prepared at the Dipartimento de
netic YoNiSn*® The stannides YbRhSn and YbPtSn crystal-Chimica e Chimica Industriale, Sezione di Chimica Inor-
lize in the hexagonal ZrNiAl-type structure, where the devel-ganica e Metallurgia at the University of Genova, Italy. The
opment of magnetic frustration is even more likely due to ahelp and interest of Professor A. Saccone and Professor R.
triangular coordination symmetry of the magnetic ions. Such-erro are appreciated. The work at Florida was supported by
a geometrical frustration in triangular lattice has been showithe National Science Foundation, Grant No. DMR-9400755.
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