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The low-temperature properties of a family of ytterbium-based compounds with the compositidgXgb
(T=Rh, Ir; X=Al, Ga) are studied by means of magnetic susceptibility, electrical resistivity, thermoelectric
power, and specific-he&@, measurements. YRh;Alg and Yhlr;Alg show the typical properties of heavy-
fermion antiferromagnets, namely they orderTat=3.5 K andTy=5.5 K, respectively, theiCp/T data
extrapolate toy,=230 mJ/mol Yb K below 0.5 K, and their entropy gain &}, reaches 01 In 2 only. The
transport data show evidence of low-lying crystal-electric-field levels separateti-gy=30 K from the
ground-state doublet. On the contrary,,®/,Ga, and YhIr;Ga show mixed-valent behavior, as observed in
most Yb-based intermetallics. The effect of the ligands on the ground-state properties is discussed and com-
pared with other lanthanide- and actinide-based isostrucRyBiXq homologues[S0163-18209)12225-2

I. INTRODUCTION who  determined their  crystallographic  structure
(Y,Co;Gay-type). Despite this orthorhombic structufgpace
The observation of the onset of superconductivity and ofgroup Cmcn) has a relatively large number of atoms per
non-Fermi-liquid effects at the transition between a magnetianit cell, it is an ordered structure with only one equivalent
ordered(MO) and nonmagnetic ground stai@S) has reat- crystallographic site for thd&R component. Very recently,
tracted considerable interest in the study of Kondo lattice®uschingeret al.”~® investigated the low-temperature prop-
(KL). Whereas a tremendous amount of information is preserties of a number oR,T;Xy compounds formed withR
ently available for Ce-based KL, rather little effort has been=La, Ce, and U, in combination with=Rh, Ir andX=Al,
devoted to investigate KL systems based on Yb, probablya. The four studied Ce-based compounds are nonmagnetic
because of the difficult task of the sample preparation.and present rather unusual GS properties. Their magnetic
Moreover, most of all known Yb-based intermetallics areresponse shows the typical behavior of MV compounds like,
found in a mixed-valentMV) regime and, in comparison to e.g., CeSg'° but their low-temperature transport and ther-
Ce systems, there is a relatively few number of Yb-basednal properties resemble the behavior of heavy-fermion sys-
compounds showing the typical properties of MO-KL or tems like, e.g., CeR&i,.1* 13 Very recent neutron diffrac-
heavy fermiong:® In these three-dimensional array off(dr  tion experiments on G&hAlg confirm the absence of
5f) moments embedded in a metallic environment, the namagnetic reflections down to 1.8 ®. Moreover, low-
ture of the GS is generally considered to result from a comtemperature measurements of the magnetization density re-
petition between intrasite Kondo effdetith a characteristic veal a complete localization of the magnetic moments at the
energy given by the Kondo temperature&kgTy Ce site, with no residual magnetization on any other site
xexp(—1/7)] and intersite magnetic RKKY-type interac- larger than~3% of the total moment Although a satisfac-
tions (described akgTriky*72).* The final balance be- tory explanation of the behavior of Ce in these compounds is
tween these two mechanisms is driven by the streggtf  still missing, this unconventional situation might invoke the
the hybridization between th& and conduction electrons. necessity of a description in terms of two different energy
Within this model, magnetic order of eventually reduced mo-scales for the same f4electrons’ On the contrary, the
ments by the Kondo effect is expected to occur Taiyky U-based counterparts appear as rather conventional MO sys-
>Ty, heavy-fermion behavior foffgecy=Tk, Whereas tems with ordering temperatures betwe® K and 35 K&
MV behavior for Ty> Trky - despite the fact that an interpretation of their GS properties
We present here a detailed study of two MO Yb-based KLin terms of an itinerant behavior of thé 8J electrons cannot
compounds: YRT3Alg (T=Rh, Ir). On the contrary, the be ruled ouf.
Ga-based homologues ¥YB;Ga, behave as “typical” MV The interesting properties of the Ce and U compounds
compounds. Besides being interesting because of their owtleserve to extend the study to other members oR}IB;Xg
properties, these compounds present the advantage of allofamily, in particular to those formed witR=Yb, for Yb3*
ing a comparison with isostructural Ce- and U-based comin its 4f3 electronic configuration, can be considered as
pounds formed with the same ligands, which show unusuainalogous in terms of holes to thé*4configuration of C&"

low-temperature properties as well. with one 4f electron®® Since the unique low-temperature
The R,T3Xq series of compoundévhere R=lanthanide behavior of the Ce-basd®, T;Xg compounds appears to be
or the actinide uraniumT=transition element, an&k=p linked to the presence of a nearby magnetic instahiligy, a

|5,6

element like Al or Ga was first observed by Griet a phase transition between nonmagnetic and MQ;G&c-
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TABLE I. Values of the lattice parameters and unit-cell volumes 4
of the Yb,R;3Xy compounds(orthorhombic %Co;Ga-type struc-
ture, space grougmcm. The data of Griret al. (Ref. 6 for X
=Ga are included in parentheses for comparison.

Yb,RhAlg YbolrsAlg  Yb,Rh,Gay Yb,Ir;Gay

alA] 12.906 12.927 13.05(012.949 12.968(12.982
b [A] 7.542 7.483  7.4877.480 7.502(7.596
c[A] 9.381 9.367  9.4009.453  9.450(9.443
V[A®] 91313 906.13 918.4015.6 919.37(931.19
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cording to this electron-hole analogy, one can expect the Yk [ B=2T o

counterparts to present interesting low-temperature proper Y T .
ties as well. 1 10 100 400

After describing the experimental and crystallographic de- Temperature (K)
tails in Sec. Il, the magnetic, transport, and thermal proper- . o .
ties of the MO-KL YhT3Alg (T=Rh, Ir) are presented in FIG. 1. Magnetic susceptibility o, Of Yb,RhzAlg in a log-T
Sec. Ill. The properties of the Ga-based ,Y§Ga, (T scale in different applied magnetic fields. The dotted line represents
—Rh, Ir) are described in Sec. IV. The paper is concludedter N B=0-1 T for T>Ty, as explained in the tex(a) Inverse
in Sec. V, where we analyze the GS properties of these Ccm,?,_usceptlb|I|ty)(p0|y(T) in B=0.1 T as a function of temperature.

pounds and compare them with those of other lanthanide- o ) ) )
and actinide-based isostructuRJTsX, homologues. a semiadiabatié He calorimeter using the heat-pulse method

in temperatures 0.5 KT<10 K and in fields upto 4 T.

X O

Il. EXPERIMENTAL DETAILS
Ill. MAGNETIC KONDO-LATTICE BEHAVIOR

Polycrystalline samples were prepared by melting sto- IN Yb,RhzAlqg AND Yb,lr 3Alg
ichiometric amounts oR=Yb; T=Rh or Ir; andX=Al or ) )
Ga using the closed Ta-crucible technique, as described A. Magnetic properties

elsewheré® The purity of the constituents varies from 3N The mean value of the magnetic susceptibility was mea-
for Rh and Ir, to 7N in the case of Ga. Heating temperaturesured on random-powder, as described above. This proce-
of the order of 1400 °C during some minutes were enough taure eliminates any preferred orientation of the grains in the
obtain homogeneous samples. After the melting procedurbulk and allows to simulate a measurement on an isotropic
the samples were annealed inside the Ta crucible at 800 °@olycrystalline sample, hereaftgt,,,. The results are pre-
for two weeks in order to assure good homogenization. Theented in Fig. 1 and Fig. 2 for YRh;Alg and YhlrzAlg,
crystallographic characterization was performed by means afespectively. At high temperatureg,;(T) of both com-
X-ray powder diﬁractometry using Si as an internal Standardpounds reveal a Curie-WeiiQ\N) behavior, described by
All of them were confirmed to crystallize in the orthorhom- effective magnetic momentgqs=4.2ug and uep=4.3ug,
bic Y,Co;Gay-type structuré:’” We detect the presence of and extrapolated CW paramagnetic temperatufs=
the order of 2% of impurity phases in the worst cases, i.e.-10 K and ®p=—18 K for Yb,RhAlg and YhlrsAlg,
for Yb,Rh;Gay. The values of the lattice constants as well as
the volumes of the unit cells are displayed in Table I. 7 ———————rr ———
In order to characterize the physical properties we used - ok 7 T
standard experimental techniques. Magnetic susceptikility
and magnetizatioM measurements on fine-powder samples
were performed in a commercial SQUID magnetometer in 5
the temperature range 2 KI<<350 K and in magnetic
fields up toB=5.5 T. To this end~0.1 g of fine powder
were mixed with a small amount of paraffin in closed gelatin
capsules. After melting the wax inside the magnetomiter
330 K) the mixture was cooled down, either in zero-field or
in B=5 T to obtain random- or oriented-powder, respec-
tively. The (almost negligible magnetic contribution of cap- [
sule and wax was subtracted afterwards to obtain the final TF o
or M results. The Seebeck coefficiefr thermoelectric roox B=1T AT
power, TER was measured on bars using a steady-state 0, — —
method, as described elsewh&Ehe dc electrical-resistivity
p(T) data were taken simultaneously with the TEP in the
range 2 K<T<300 K. Additional p(T) measurements FIG. 2. Magnetic susceptibility oy Of Yb,IrsAlg in a logT
down to 0.5 K were performed in #He cryostat using the ac  scale in different applied magnetic fields) Inverse susceptibility
four-probe technique. The specific-h€xt was measured in  in B=0.1 T as a function of temperature.

»
T
',":'o(ea e ocﬂ‘%

%" (10° m® / mol Yb)

x (10° m®/ mol Yb)




1138 O. TROVARELLI et al.

TABLE Il. Summary of the experimental data of the MgXq —r - - r - T T T
Yb,Rh Al M

compounds: magnetic ordering temperaflifg effective magnetic

moment uq, Curie-Weiss temperatur®p, temperature of the
maximum in the electrical resistivityl 4,, Of the minimum 16
Tmintep @nd maximumT ., tep Of the Seebeck coefficient, maxi-

mum in the susceptibilityl ., , extrapolatedy, coefficient, en-

tropy gainAS at Ty, and estimated value of the Kondo temperature § 1.2

TK.

.
m
=
=

Yb,RMAlg Yh,lrsAlg Yo,RGay Yb,lrsGay = 08
Ty [K] 35 55
et [ g /Y] 4.2 4.3 04
05 [K] —-10 —18
Tmaxp [K] 23 20 0.0
Tonin,Tep [K] 30; 2 40
Tmax,TEP[K] 5 4.5 B (T)
Tmaxy Elf] | vb K2 230 295 120 250 FIG. 3. Isothermal magnetizatidvi ), of Yb,Rh;Alg as a func-
Yo [MmJ/mo ] tion of field B at T<Ty, T=Ty, and T>Ty, respectively. The
AS(Ty) [RIn2] 0.60 0.65 isotherm atT=2 K of an oriented-powder samplé,, (dashed
Tk [K] 2.6 4.1 line) is included for comparisor{a) DerivativedM/JB)+ as a func-

tion of field for different temperatures.

respectively. These data are included in a summary of the

experimental results in Table Il. The.s values are close to
that of free-YB* ions (i.e., ues=4.5ug), indicating that the
GS corresponds to th& "2 configuration given by Hund’s
rules. The deviation from linearity observed belev25 K
[in particular for Yhlr;Alg, see Fig. 2a)] might be related to
the influence of crystal-electric-fielEP effects, which are
expected to split thed=7/5 ground spin-orbit multiplet in
four Kramer’s doublets.

At low temperaturesyp,(T) of Yb,RhAlg measured in
B=0.1 T shows a typical antiferromagneti&F) transition
at Ty=3.5 K (see Fig. ], whereas YhBIr;Alg presents an
unusually peaked AF-type anomaly B{=5.5 K that flat-
tens off rapidly belowT, (see Fig. 2 At higher fields both

rivative dM/dB)t vs B in Fig. 3@. The sharp peak &8*

=1 T (T=2 K) corresponds to the field-induced change in
the magnetization, which disappearsTag is reached. The
metamagnetic response is weaker in the case oiryhlq
(see Fig. 4, with a slightS-shape behavior leading to a broad
dM/9B)1 maximum centered @*=0.4 T. At the lowest
attainable temperaturge., T=2 K) and fieldsB>3 T the

M (B) curves indicate a tendency to a linear field dependence
rather than showing saturation. The value Mf,, in B
=55 T reaches (150.1)ug/Yb and (1.4-0.1)ug/Yb

for Yb,RhsAlg and Yhlr;Alg, respectively. These values are
lower than the free-ion value 4% /Yb, and can be taken as

curves evolve into a flat, enhanced susceptibility below 3 Kan indication of a similar magnitude of the magnetic moment

Before analyzing the characteristics of the ordered phased the GS doublet given by the CEF.
of Yb,Rh;Alg and Yhylr;Alg we investigate the influence of
the magnetocrystalline anisotropy on their paramagnetic sus 1.4 .
ceptibility. This can be estimated by comparingq(T) " Yo
with susceptibility measurements on oriented-powder 12 2
samplesy(T), which allows to simulate a measurement
along the easy-magnetization direction. Such a comparisor 1.0
provides information about the single-ion anisotropy ex-

M .z
rAl, Pt

pected to arise from the local CEF interaction at Ehsite. = 0.8
The oriented-powdey(T) data of YgRh;Alg4 are included tm -
as a dashed line in Fig. 1, where a rafig,/ xpoy~1.6 is =06
observed a3 approached . This value can be taken as an =
indication that the magnetic anisotropy in yRh;Alg might 0.4
be of “easy-axis” type, since for an “easy-axis” paramag-

net one expects < xqop/ xpoly<3, Whereas for an “easy- 02
plane” picture 1< x,p/ xpoy<3/2 is expected. On the con-
trary, x(T) of Yh,lr;Alg is observed to be almost isotropic, 0.0
i.€., Xop/ Xpoly~1 in the whole temperature range.

In order to investigate the nature of the magnetic response
of Yb,RhzAlg and YiylrsAlg in more detail, isothermal mag- — FiG. 4. Isothermal magnetizatidWl ), of Yb,Ir;Alg as a func-
netization curves are plotted in Figs. 3 and 4, respectivelytion of field B at T<Ty, T=Ty, and T>Ty, respectively. The
Clear metamagnetic behavior without hysteresis effects i¥=2 K isotherm of an oriented-powder samlt,, (dashed ling
present in YbRh;Alg below Ty . The effect of the metamag- is included for comparison(@ Derivative JM/3B)t as a function
netic transition can be better observed after plotting the deef field for different temperatures.

B(T

~
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FIG. 5. Electrical resistivity p(T) in a logT scale for FIG. 6. Electrical resistivity p(T) in a log-T scale for
Yh,lIr;Alg. The arrow indicates the magnetic transitiga) p(T)

Yb,Rh;Al4. The arrow indicates the magnetic transiti¢a). p(T) } ! > magne | )
data in a lineaif scale. The solid line is a fit to the high- data in a lineaff scale. The solid line is a fit to the high-
temperature data as explained in the text.

temperature data as explained in the text.

A comparison of theM,,(B) isotherm atT=2 K with  After showing a minimum af=100 K, p(T) increases as
px—InT, down to~25 K, accounting for a large relatiye

data measured on oriented-powdéy, shows that the ratio
Mop/Mpgy in B=5.5 T reaches~1.5 for Yb,RhzAlg and  increase of-15% for Yh,Ir;Alg. Thus, at high temperatures
Mop/Mpoy~1 for YhbylrsAlg (cf. Fig. 3 and Fig. 4 being  the total resistivity can be described aéT)=p,+ por(T)
these ratios similar as those observed for the magnetic sus-p,{T)=p'+aT—cInT, wherep,, ppn, and ppag ac-
ceptibility (i.e., xop/Xpoy) N the paramagnetic state. This count for the scattering due to lattice imperfections,
observation indicates that the magnetocrystalline anisotropghononic and magnetic contributions, respectivélin this
is also present beloWy and survives up to large fields. equation,py,gis the sum of the spin-disorder resistivity and
Thus, the weak metamagnetic response ofli#l, seems the (—InT) Kondo term'® whereasa andc are constants. A
to be connected with its almost isotropic magnetic propertiesfit according to this expression reveals satisfactory agree-
The present results regarding the macroscopic magnetiment with thep(T) data above~40 K, as shown in Figs.
properties of YbRhsAlg and Yhlr;Alg are in agreement 5(a) and §a). Below this temperature maxima are present at
with preliminary results obtained from very recent neutron-T .., ;=23 K for Yb,RhAlg (Fig. 5 and atT,,,~20 K
diffraction measurements performed on powder down to 1.%or Yh,Ir;Al, (Fig. 6), below whichp(T) decreases rapidly
K.241718n the paramagnetic regime, data taken dowTto in both compounds.
>Ty confirm that the nuclear structure corresponds to the As the temperature is further decreased and approaches
Cmcmspace group. At lower temperatures additional intenthe onset of magnetic ordering a difference is observed be-
sities due to the onset of magnetic ordering allows to obtainween bothp(T) curves. In the case of ¥Rh;Alg, it tends
information about the magnetic structure of these comio flatten off belowT .y, and shows an abrupt drop at 3.5 K
pounds. In both cases the magnetic unit cell coincides withhat develops from almost constap(T) values (Fig. 5).
the nuclear one and this fact is described by a propagatioThis behavior resembles that of Ybgw, in which a sharp
vectork=(000). A quantitative refinement of the intensities and symmetric maximum ip(T) at Tpay,=20 K is attrib-
indicates that the magnetic structure consists of ferromagdted to a competition between incoherent Kondo scattering
netic (00) layers az= 1/4 andz=3/4 which are AF stacked and low-lying CEF level® In the case of YRIr;Alg, p(T)
+ —+— along thec axis. In the case of YfRh;Aly the decreases monotonically beloly,,,, and a kink is present

magnetic moments are aligned parallel or antiparallel to th&t 5.5 K, below whichp(T) decreases more rapidly with
decreasing temperatufsee Fig.  The strong reduction of

c-axis direction, i.e.,+ for z=1/4 and — for z=3/4}'
the scattering rate dt=T) in both compounds is clearly due

whereas for YbIrsAlg they are oriented within the-b
planel*® These results allow to confirm the “easy-axis” to the onset of magnetic ordering, corresponding to a relative

and the “easy-plane” picture deduced from the magneticdecrease op(T) below Ty of more than a factor of four,
compared to the value of the overall resistance ratio

measurements for YRh;Alg and Yhlr;Alg, respectively
p(300 K)/p(0.5 K)=5. Concerning the(T) dependence
, at low temperatures, it can be describedpasT", with n
B. Transport properties =2.8 andn=2.5 for Yb,RhzAlg and YhlrzAlg, respec-
The high-temperature dependence of the electrical resigively, suggesting that electron-magnon scattering is the
tivity of Yb,RhAlg and Yhlrs;Alg are rather similar in  dominant scattering mechanism well beldy.
many aspects: Starting from room temperature values of the The temperature dependence of the TEP opRtiaAlg
order of 500 ) cm, p(T) decreases almost linearly with and Yklr;Alg also shows comparable trends, as shown in
decreasing temperature, as shown in Fig) and Fig. §a). Fig. 7. Starting from small positive values at room tempera-
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FIG. 7. Thermoelectric power of ¥YRhAlg and YhlrsAlg in
the temperature range 1.5<Kr<300 K. (a) Low-temperature
data neaiT).

FIG. 8. Low-temperature specific heat divided by temperature of
Yb,Rh;Alg measured ilB=0, 0.5, 1, 2, and 4 T(a) Entropy gain
as a function of temperature f&=0, 2, and 4 T.

ture, the sign of the TEP changes-a250 K. For both com- 230 mJ/mol Yb ¥ for Yb,RhAl; and 225 mJ/mol
pounds, TEP decreases with decreasing temperature reachigg K2 for Yb,Ir;Alg, respectively(see Table .
pronounced minima ak i, 1ep=30 K and 40 K, with rather

large negative values of the order of 15 uV/K for

Yb,RhAlg and —25 uV/K for Yb,lrsAlg, respectively. A IV. MIXED-VALENT BEHAVIOR OF Yb  ;RhsGag
shallow maximum is formed for both compounds at AND Yb,Ir 5Gag

TmaxTEF=5 K. For Yb,RhAlg, the TEP passes through a = The magnetic susceptibility of ¥Rh,Ga, and YbIr;Ga
clear minimum again alyin rer=2 K [see Fig. Ta)]. Thus,  are plotted in Fig. 10 as a function of temperature. THE)
weak anomalies in the TEP at temperatures close to the reyrves show rather small absolute values at room tempera-
spectiveTy values might be caused by the onset of magnetigyre in comparison to the ¥R;Al, compounds, but similar
correlations, as predicted in the phenomenological model by magnitude as those of prototypical MV systems, like
Fischer! Both TEP curves are symmetrically similewith  ypAl, or YbAI,.23 Their distinctive feature is a broad maxi-
inverted sign}s to th.ose of _ archetypal Ce-based yyym at temperatured ., =120 K for Yb,Rh,Ga, and
KL-systems’* The opposite TEP signs of Yb- and Ce-basedy =250 K for Yb,Ir;Gay, respectively, characteristic of
systems reflect the hole-electron symmetry of the Y524 \y compoundsi82324 Applying the empirical formula
and Ce-4* configurations>?? T maxy=2500(3- v) as proposed by Klaass# al,? which
relates the temperature of the maximumydfT) to the Yb
valence v, one obtainsy=2.9+ for the Ga-based com-

pounds. This situation was already anticipated in Ref. 6,
The low-temperature specific-heat data and the entropy

gain AS(T) of Yb,RhAlg and Yhlr;Alg are plotted as 1.6
Cp/T vs Tin Fig. 8 and Fig. 9, respectively. Sharp anoma-
lies atTy=3.5 K (for Yb,RhzAlg) and atTy=5.5 K (for
Yb,lr;Alg) correspond to the AF transitions observed in the
magnetic and transport properties. B&a /T curves atB N
=0 T are quite similar in shape. The only qualitative differ-
ence is a broad shoulder at ardud K for Yb,Rh;Alg, de- =
spite the marked differences regarding the magnetic anisot'g 08
ropy of both compound&f. Sec. Il A). In applied magnetic <
field the transitions afly remain sharp up t=0.5 T, E I
showing slight shifts to lower temperatures as expected fora 04k
AF transitions. At higher fields the peak &, gradually I
diminishes. An almost “squared” shape @, /T develops
in B=2 T for both compounds, and B=4 T only a broad
maximum remains. 00 ———————————
The Cp temperature dependence b 1.5 K can be de-
scribed asCp/T=y,+BT?, corresponding to the expected
dispersion relation of AF magnons. No clear indication of FIG. 9. Low-temperature specific heat divided by temperature of
the opening of a gap in the magnon spectrum can be ob¥h,Ir,Aly measured iBB=0, 1, and 2 T.(a Entropy gain as a
served down to 0.5 K. The values ofy, are function of temperature.

C. Specific heat

Temperature (K)
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N — ——r — change in the valence of Yb gives rise to a MV-GS. This
Yb,Ir,Ga, or ' 1 situation is found for the compounds studied here, formed
s 1 los  With T=Rh and Ir, as well as fof =Co® In the latter case,

e Sy T ' Yb,CozAlg orders magnetically affy=1.2 K, whereas
e o4 g ] Yb,Co0;Ga shows MV behavior with a maximum ip(T) at

Tmaxy,=50 K. This behavior can be anticipated from the

a
K ° 1°°T(K)2°° . 1004 value of the unit-cell volume, which is clearly lower for
— = i tabilization of the ¥b con-
9 ] Al (Table |, suggesting a s
&

figuration with respect to the compounds wih- Ga?°
I 0.02 Further support to this result can be obtained from an
Yb,Rh,Ga, analysis of the coordination polyhedron around Ehatoms

%0%4,0., ] following the Brunner-Schwarzenbach methiiSdn which
e, all interatomic distances between an atom and its neighbors
00— T T T T T T e @™ are plotted in a next-neighbor histogram. From the informa-
tion of the atomic coordinates of sonki®T;Xg compounds
available in the literatur 2 it is possible to determine that

FIG. 10. Magnetic susceptibility in a log-scale for YgRh;Ga, the coordination polyhedron around tReatoms is formed
(B=0.1 T) and for YBIr;Ga in B=0.1 T andB=1 T (full by a total of 11X ligands as nearest neighbors, and a total of
line). (a) Electrical resistivityp(T) of Yb,Ir;Ga in the temperature 6 T ligands as next-nearest neighbors. This result seems to
range 4 K<T<300 K. be an intrinsic feature of the )C0;Gay-type structure and

corroborates our observation about the strong influence of
where an analysis in terms of the evolution of the unit-cellthe X atoms on the valence state of the,YhXs compounds.
volume as a function of th&*" ionic radius along the lan- In the following we shall concentrate our discussion on
thanide series shows a deviation from the general monotonigie low-temperature properties of ¥Rh;Alg and YhylrAlg.
dependence fdR=Yb, which hints to a valence state differ- Their transport and specific-heat data clearly indicate that the
ent from 3+. GS properties follow from a competition between Kondo

At lower temperatureg/(T) has a minimum at~-50 K, effect, RKKY interaction, and CEF effects. In particular, our
below which x(T) increases again leading to a pronouncedp(T) and TEP datacf. Figs. 5, 6, and J7show a striking
tail in both compounds. In order to check for the magneticsimilarity to those of YbCgAu and YbCyPd?*3132 The
response of this contribution at low temperatures, (&) latter compounds are described as magnetic KL systems with
data are compared in Fig. 10 for different applied magnetigransition temperaturesy<1 K, Kondo temperature$y
fields. A very weak suppression of the lowtail in higher ~ =0.5 K3*and low-lying CEF excited levels separated by an
fields is observed. These tails correspond to a Curie-like temenergyA .er=45 K from the GS doublet* We propose that
perature dependence for<15 K with an effective moment in the case of YeRh;Alg and YhylrgAlg the respective high-
of 0.27 ug/Yb for B=0.1 T and 0.29ug/Yb for B temperature maxima ip(T) and minima in TEP are due to
=1 T, which cannot only be explained by the presence othe interaction of Kondo-type incoherent scattering on low-
Yb impurities (mainly Yb,O3;, Ref. 23. Magnetization lying CEF levels situated ak =30 K. This is supported
curves as a function of field for %lr;Ga (not presented by the features observed in the transport properties, where
herg show that afT=10 K, M is linear inB up to 5.5 T, Kondo-type correlations are responsible for the enhanced
with a slope corresponding to the value pfT=10 K) of  logarithmic increase ob(T) and the enhanced negative val-
Fig. 10. AtT=2 K, M shows a slight curvature which can be ues of TEP(cf. Figs. 5, 6, and ) The same picture also
accounted for the saturation of only a tiny fraction of theholds for YhCo;Alg as well, where the low-temperature
order of 0.4% of YBO; present in the sample. Thus, the low transport and thermal properties were observed to be influ-
temperature increase gf T) seems to be intrinsic to these enced by CEF effects in an analogous Wayhus, the pres-
compounds as proven to be so for other MV systems likeence of low-lying CEF levels seems to be characteristic of
CeSn (Refs. 24 and 256or CePd.?* the Yb-based?,T3;Xq compounds.

The temperature dependence of the electrical resistivity of Now, in order to get insight into the influence of the
Yh,Ir;Ga is shown in Fig. 10a). Starting from room tem- Kondo effect on the GS doublet we analyze @&e/T results
perature,p(T) drops almost linearly with decreasing tem- in some detail. The enhanc€} /T values abovd  (i.e., of
perature. Down to 4.2 K the resistance ratio isthe order of 300 mJ/mol Yb ¥ cf. Figs. 8 and Dindicate
p(300 K)/p(4 K)=5. In general, this temperature depen-that the magnetic ordering of these compounds develops
dence resembles that of typical Yb-based MV compound$rom a correlated paramagnetic state. Moreover, the large
such as YbCyGa (Ref. 26 or YbInAu,,?” which possess a residual y,=230 mJ/mol Yb K values are typical of
characteristic temperatuiig,=300 K. magnetic KL systems in which, due to Kondo compensation,
not all the electronic degrees of freedom are condensed into
the MO-GS. Further indication of the influence of the Kondo
effect is given by the fact that, despite sharp anomalies that

The present results clearly show that the nature of the G8ccur at Ty, the respectiveCp jumps [i.e., ACp(Ty)
properties of the Yb-basel,T;Xy compounds is given by =6.6 J/mol Yb K correspond to only=55% of the ex-
the X ligand. Whereas the compounds witl+ Al are found  pected value in a mean-field descriptipine., ACp(Ty)
to be trivalent, in those with the isoelectrotie=Ga a slight =3/2R=12.5 J/mol Yb K.%® This observation is backed

o
[
T

% (10° m®/ mol Yb)
[=3
S
c'0

o
n
T

Temperature (K)
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by the value of the entropy gain dt=Ty, which is only  different extent on the hybridization strength provided in
=60% of the expecteRIn2 value for a GS doublet, as each case by the environmental conditions aroundRtlag-
shown in Figs. &) and 9a). oms. In the case oR=Ce/ ™ there is a slight systematic
The value of the Kondo temperatufig for these com- increase of the temperature of the high-temperature maxima
pounds can be estimated from t8g data following an ap-  of the transport propertie§.e., p and TEP from the com-
proach based on molecular-field calculations for #€1/2  pounds withX=Ga to those withX= Al (the effect of Al and
resonant-level modéf. Within this framework a close rela- Ga are inverted in Ce compounds as an indirect consequence
tionship betweem Cp(Ty) and the ratio betweef, andTy  of the electron-hole symmetry, Ref. J16But since these
can be established.This procedure was proved to work out compounds are already in the MV regime, it is not so clear
satisfactorily well for a variety of Ce- and Yb-based mag-whether.7 depends solely on th¥ ligands or not. However,
netic KL systems.*® According to this picture, the observed as stated above, the origin of the heavy-fermion-like behav-
values of ACp(Ty) correspond to the ratidx /Ty=0.75, ior observed at lower temperatures remains an open question.
leading toTx=2.6 K andTx=4.1 K for Yb,Rh;Alg and In contrast, the U-based compounds resemble the situa-
Yb,lr3Al, respectively. These estimatd@g values are one tion found for R=Yb, namely the GS properties seem to
order of magnitude smaller than the high temperaj(€) depend mainly on th& ligand. This analogy is observed
and TEP anomalies, confirming that the latter are indeed refrom their magnetic and transport propertiéssince the
lated to CEF effects. compounds withX=Ga show lower transition temperatures
In summary, our results indicate that @Alg and  and maxima in their transport properties at lower tempera-
Yb,lIr;Alg can be classified as two heavy-fermion AF sys-tures in comparison with th= Al counterparts. This obser-
tems with competing Kondo and RKKY interactions of simi- vation is emphasized by the fact thatlt3Alg and Yiylr;Alg
lar magnitude(i.e., Ty=Tgrkky), leading toy, values of possess identical magnetic structutes.
~230 mJ/mol Yb K and a reduced entropy gain &f,. As a conclusion, the change of theligand strongly in-
The transport data show evidence of low-lying CEF levelsfluences the hybridization strength and therefore the GS
separated b ce=30 K from the GS doublet. On the other properties of the Yb-baseR,T;Xq. The compounds with
hand, the gallides YARh;Ga and Yhklr;Ga appear as MV~ X= Al show the typical characteristics of heavy-fermion an-
compounds with characteristic temperatures two orders offerromagnets, whereas those with isoelectrodie Ga
magnitude larger than those of the Al-based homologueshow MV behavior with an increase in two orders of mag-
These relatively largd ¢ values overcome the CEF splitting nitude in the value ok . This is a clear consequence of the
and therefore the total degeneracy of xe7/2 multiplet has  sensitivity of Yb to changes in the nearest-neighbor coordi-
to be taken into account in order to describe their GS propnation polyhedron formed solely by ligands. This drastic
erties. change in the GS properties fé&2=Yb contrasts to the
In the last part of this discussion, we take profit of thesmooth trend observed for the Ce-based compounds and
variety of members of th&R,T;Xgy series to compare the might shed light into the formation of heavy fermions in
magnetic properties of a large number of isostructuralyb-based systems. In particular, it may give a hint of why
f-electron systems formed with the samieand X ligands.  Yb-based compounds present either a MO-@8entually
Starting with the known La-based compounds, i.e.with alowTg) or a MV-GS with largeT values, and there-
La,RhzAlg2 La,RhGay, and Lalr;Ga,> they behave as fore it may help to understand why there are extremely few
normal metals showing Pauli-type paramagnetism. No supeprototypical examples of magnetically nonordered Yb com-
conductivity was detected down to 2°ROn the other hand, pounds close to a magnetic instability at ambient pressure.
the compounds formed witR=Nd and Tb, i.e., NeRh;Al4
and ThRhzAlg, behave as normérivalend rare-earth based ACKNOWLEDGMENTS
compounds with AF transitions afy=6 K and 20 K,
respectively’® in agreement with their respective De  The authors acknowledge G. Ehlers, A. Hiess, S. Coad, J.
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