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Magnetic ordering and superconductivity
in the R,lIr 3Ge; (R=Y, La, Ce—Nd, Gd—Tm, Lu) system
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We report crystal structure, electrical resistivity, magnetic susceptibility, isothermal magnetization, and heat-
capacity studies on polycrystalline samples of the intermetallic sBiEsGe; (R=Y, La, Ce—Nd, Gd—-Tm,
Lu) from 1.5 to 300 K. We find that the compounds fler=Y, La-Dy, crystallize in the tetragondbam
(U,Co;Si5 type) structure whereas the compounds f#=Er—Lu, crystallize in a different orthorhombic
structure with a space grolpmmn Samples of Hgr;Ge; were always found to be multiphase. The com-
pounds forR=Y-Dy which adopt thelbam type structure show a metallic resistivity with a tendency of
saturation at high temperatures whereas the compoundSRwiter, Tm, and Lu show an anomalous behavior
in the resistivity with a semiconducting increasepias we go down in temperature from 300 K. Interestingly
we had earlier found a positive temperature coefficient of resistivity for the Yb sample in the same temperature
range. We will compare this behavior with similar observations in the compoRgRs;,Ge;; and RBiPt.
La,Ir;Ge; and Y,Ir;Ges show bulk superconductivity below 1.8 K and 2.5 K, respectively. Our results confirm
that Celr;Ge; shows a Kondo-lattice behavior and undergoes antiferromagnetic ordering below 8.5 K. Most of
the other compounds containing magnetic rare-earth elements undergo a single antiferromagnetic transition at
low temperaturesT<12 K) while Gg)Ir;Ge;, Dy,Ir;Ge;, and NglIr;Ge; show multiple transitions. They's
for most of the compounds roughly scale with the de Gennes factor, which suggests that the primary mecha-
nism of interaction leading to the magnetic ordering of the magnetic moments may be the Ruderman-Kittel-
Kasuya-Yosida interaction. The ordering temperature of 8.5 K feirg®e; is anomalously large compared to
the Ty for Gd,Ir;Ge; which is about 12 K. There are signs of strong CEF influence on the measured properties
for the series.
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. INTRODUCTION studying the compound ¥br;Ge;. We found that apart from
showing interesting low-temperature propertfest also

Rare-earth ternary silicides and germanides of the typéormed in a crystal structure different from its Ce analog.
R,T3Xs5, whereT is a transition metal ani is either Si or  This prompted us to make a comprehensive study of the
Ge have been extensively investigated for their unusual magstructural and magnetic properties of the compRit;Ge;
netic and superconducting properties and the rich variety o$eries to look for systematic trends and variations in the
crystal structures they form in Refs. 1-5. In particular, com-physical properties across the series. Here we report our de-
pounds belonging to the,Fe;Sis series have prompted con- tailed resistivity, magnetic susceptibility, isothermal magne-
siderable efforts to understand their superconductivity andization, and heat-capacity results for the serigdr;Ge;
magnetisn? 8 Both TmyFe;Sis and LwFe;Sis compounds  (R=Y, La, Ce—Nd, Gd—Tm, Lufrom 1.5 to 300 K.
show superconductivity at low temperatures. In the Tm
sample, superconductivity at about 1.5 K is destroyed by the
onset of antiferromagnetic ordet & K and it reenters the Il EXPERIMENTAL DETAILS

normal stat® whereas LuFe,Sis has the highesTc=6 K Samples oR,Ir;Ge; (R=Y, La—Nd, Gd—Tm, L were

for an iron containing compourid.Recently it was reported made by melting the individual constituentsken in sto-
that EpFe;Sis was also found to be superconducting below lichjometric proportionsin an arc furnace under Ti gettered
K. In this crystal structure, Fe does not have any momenhigh-purity argon atmosphere on a water cooled copper
and it only helps in building up the large density of states athearth. The purity of the rare-earth metals and Ir was 99.9%
the Fermi level. Recently we have establishedF#Sis to  whereas the purity of Ge was 99.999%. The alloy buttons
be a heavy fermion compound with Kondo-Lattice behaviorwere flipped over and remelted five to six times to ensure
and antiferromagnetic ordering below 1.7*KThus it is homogeneous mixing. The samples were annealed at 950°C
clear that compounds of the seriBgFe;Sis exhibit unusual  for a period of 10 days before slowly cooling down to room
superconducting and magnetic properties. Rafr;Ge; se-  temperature. The x-ray powder diffraction pattern of the
ries of compounds formed in a crystal structure which issamples did not show the presence of any parasitic impurity
closely related to theR,Fe;Sis structure. The compound phases. The samples wiR=Y, La, Ce—Dy, were found to
CeIr;Ge; of this series has been studied in some detail byadopt the tetragondbam (U,Co;Sis type) crystal structure
various groups~1°but there have been little efforts to make as reported earlier for the compound,&¢Ge; (Ref. 15

a detailed study of the other compounds of the seriesvhereas the compounds fd®=Er—Lu, crystallize in an
R,lr;Ge;. Recently we had succeeded in preparing andrthorhombic crystal structure with a space gra@mmn
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TABLE |. Lattice parameters oR,Ir;Ges.
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which we had recently report&tfor the sample Yhir;Ge..
The x-ray pattern for the sample Ho;Ge; always showed FIG. 1. Variation of susceptibility ¥) of La,lr;Ge; and
many extra reflections which shows that Ho was the transiy,Ir;Ge; down to 1.5 K in a field of 1 mT showing the diamagnetic
tion point for the structural change. We also found that thedrop at the respective superconducting transition temperatures. No
Ho x-ray pattern was not just a simple mixturelbhmand  diamagnetism was seen for {ltsGe; (see text for details of the
Pmmnalthough many lines could be indexed to one or thehigh-temperature behavior

other of these two structures. The thifor possibly morg

phase could not be identified at present. Although the x rajeat pulse calorimeter. A calibrated germanium resistance
for the sample Eilr;Ge; did not show any extra peaks, pre- thermometerlLake Shore Inc., USAwas used as the tem-
liminary EPMA study showed the presence of a smallperature sensor in this range.

amount of second phase. The lattice constantb, andc
obtained from least-square fits of the x-ray patterns are listed
in Table | where the ¥Ir;Ge; sample is seen to have smaller
lattice parameters than the La sample as expected and then
they (a, b, andc) are seen to decrease linearly across the

series from Lalr;Ge to Dy,lr;Ges (Ibam structure and .

The low-temperature dependence of the dc magnetic sus-
f Enl Lu,l P . Th L -
fom EplisGes 10 LiplrsGe; (Pmmn structure.  The ceptibility (x) of La,lr;Ge; and Y,Ir;Ge; are shown in Fig.

U,Co;Si5 structure has only a single site for U whereas the :
; 1. The panel for Lgr;Ge; clearly shows an abrupt diamag-
Pmmncrystal structure allows two sites for the rare-earth™ . ) 3 ]
y netic drop just below 1.75 K which marks the onset of the

element. Hence, the net hybridization betweerandf- or- le into th ducti wate. In th | stat
bitals can be very different for these two crystal structuregaMP'€ 1Nt0 the superconducting state. in the normal state

which has to be taken into account in the analysis of maggnOt shown hergthe y of La2Ir3Ge_5 is diama_gnetic_ between
netic ordering temperatures 75 and 300 K but shows a Curie-Weiss like tail as we go
The temperature dependénce of dc susceptibijity\as down in temperature. It is possible that there is a small
measured using a commercial superconducting quantum jmount of Tt?lg'tne“?‘ lmgutr;;tytrl]n L\‘;’I ordlr [netals. I?owe;/er,
terference device magnetometer in the temperature ran%%e susceptibiiityy for bo € Y and Lu sampletno

Ill. RESULTS
A. Magnetic susceptibility and magnetization studies

1. Properties of ¥lIr ;Ges, La,lr3Ges, and Lu,lr ;Geg

from 1.8 to 300 K. The ac susceptibility was measured usin own hergare prac.tically temperature independent down to
a home-built susceptometéfrom 1.5 to 20 K. The absolute OW temperatures with only small upturns at the lowest tem-
accuracy with which magnetization measurements were peperatureg(probably due_ to paramagnetic |mpur|t1el_$ence_
formed is within 1%. The resistivity was measured using ar}he possibility of Ir having a significant amount (.)f |mpur|ty
ac resistance bridgé.inear Research Inc., USArom 1.5 to IS remote. For ¥lrsGe;, a someV\_/hat sharper diamagnetic
300 K. We used a four-probe dc technique with contacti_rans't'o_n below 2.5 K__as seen in the lower pa_mel of the
made using silver paint on thin slides cut from the anneale jgure signals the transition into the supercqnductmg state for
samples. The temperature was measured using a calibratedég'iS compound. We did not observe any diamagnetic signal
diode (Lake Shore Inc., USAsensor. All the data were col- 90Wn to 1.8 K for LylrsGes.

lected using an IBM compatible PC/AT via IEEE-488 inter-
face. The relative accuracy of the resistance measurements is
50 ppm while the accuracy of the absolute resistivity is only The temperature dependence of the inverse dc magnetic
5% due to errors in estimating the geometrical factors. Thesusceptibility ') of the magnetic R,lr;Ge; (R

heat capacity in zero field between 1.7 and 30 K was mea=Ce—Nd, Gd-Dy, Er, and Tinis shown in Fig. 2. The
sured with an accuracy of 1% using an automated adiabaticigh-temperature susceptibility (100<KT <300 K) for all

2. Properties of BIr ;Ge; (R=Ce-Dy)
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the magnetic samplésxcept Tm which does not order down to 1.7
FIG. 2. Variation of inverse dc susceptibility ¢/ of the mag-  K) on an expanded scale to highlight the respective magnetic tran-
netic sampleR,Ir;Ge; (R=Ce-Nd, Gd—Tm) from 1.8 to 300 K sitions. The multiple anomalies marked by arrows for some samples
in a field of 0.1 T. The solid line is a fit to the Curie-Weiss relation are best brought out by plotting the derivative of the susceptibility
(see text for details vs T (see text for details

t_he mag_netic members of_ the se_ries_ COL_JId be fitted to a modpounds(except Celr;Ge;), we get a relatively small and

fied Curie-Weiss expression which is given by negative value of the Curie-Weiss temperatufg) (A nega-
tive ¢, implies the presence of antiferromagnetic correla-

(1) tions. For Celr;Ge;, we obtain a negative and large value of

= —137 K indicating a strong hybridization offdorbitals

of Ce which leads to a high Kondo temperature as we will

whereC is the Curie constant which can be written in terms

of the effective moment as see whgn we dlscyss the reS|s'.[|V|ty results: This is in agree-
ment with an earlier report which also estimated a large
Na(ﬂeff)z(MB)ZN (e ?(g)? X value of —160 K for ¢,,. The value of6, for most of the

C(emu K/mo) =

other samples is between10 K and—20 K which although
@) smaller than the value for Ge;Ge;, is still somewhat larger
than, e.g., the values obtained for the compounds of the se-
wherex is the number of magneti® ions per formula unit.  ries R,RhySn. 8
The resulting fit is also shown in the Fig. 2. The values of The low temperaturg/(T) and/ordy(T)/dT data for all
Xo» Metf, and @, are given in Table I. The main contribu- the magnetic samplésxcept Tm which does not order down
tions to the temperature independggtare, namely, the dia- to 1.8 K) is shown in Fig. 3. The anomalies in the low-
magnetic susceptibility which arises due to the presence demperature susceptibility clearly show the antiferromagnetic
ion cores, the Pauli spin susceptibility of the conductionordering for all the compounds. For ge,Ge;, we also ob-
electrons, and the Landau diamagnetism. The estimated eferve an abrupt upturn in the susceptibility below 4.5 K after
fective moment in all the cases is found to be quite close tahe sample has undergone an antiferromagnetic transition at
the free ion moment dR®* ion telling us that we are dealing 8.5 K. This upturn iny below Ty was also observed in an
with trivalent rare-earth ions here. For most of the com-earlier work® There are no signatures of this transition in

3 Kg - 8 :
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TABLE Il. Parameters obtained from the high-temperature sus-
ceptibility fit to the Curie-Weiss expression given by the Ef.
M 1S theoretical free ion value.

Sample Xo Meff Hth p
emu/mol K s Mg (K)
Laylr;Gey —1.76x10°3
Ce,lr;Ge; 3.579x 10 * 2.535 254 —113.2 _
Prlr;Ge; —2.119x10°4  3.567 3.58 —20.69 OFF
Nd,Ir;Ges 3.842x10°* 3.46 3.62 —-7.57 :
Gd,Ir;Ges 6.498< 10 * 7.856 794 —13091 15
Th,lr;Ge; ~1.375¢10%  9.79 9.7  —14.02 = o8
Dy,lr;Ge; -2.332x10°®* 11.09 10.65 —18.85 L 00
Er,lr;Ge; —6.964x 104 9.64 959 —3.813 - °
Tm,Ir,Ge; ~ —1532%10°° 7.6 756  —8.99 @
Lu,lr;Ge —-2.x10* = 2
Y,lr;Gey 2.9x1074 s
8
the resistivity but there is a weak kink in the heat-capacity i
data. This feature seen in both the magnetic susceptibility 5

and heat-capacity measurements could be intrinsic to the
sample or may be due to a small ferromagnetic impurity
phase. Microanalysis studies are needed to verify whethe
this behavior is intrinsic to the sample. The low-temperature
x data for GdIr;Ge; also shows a second shoulder like fea-

ture around 4.5 K apart from the antiferromagnetic transition
at about 12 K. We will later see that two anomalies are also
observed in the resistivity and heat-capacity data for this
sample. The transition temperatures of various compound<
obtained from magnetic susceptibility measurements are
listed in Table Il. The ordering temperatures have been de
termined from peaks/inflection points in téxT)/dT vs T

plots. The d(xT)/dT vs T plots for NdlIr;Ge and agrees with the notion of antiferromagnetic orderingR3f spins
Dy,Ir;Ge; showed additional anomalies apart from the horeas the linear dependenceMfon H above T, (except for

single transition visi_ble in theg(T) data. This can be S€eN Th,Ir,Ge, and DylrsGe,) signifies that the sample is in the para-
(marked by arrowsin the bottom most panels of Fig. 3 magnetic state at this temperature.

where we show the(xT)/dT vs T plots for Ng,Ir;Ge; and
Dy,lr;Ges. Thus it can be seen that Nd;Ge; shows two
anomalies at 2.1 K and 2.82 K while Bly;Ge; shows three
anomalies at 2, 4.3, and 7.2 K. We will later show that thes
multiple anomalies are also observed in the resistivity an
heat-capacity measurements for these samplesd{pgd T
plot for Erlr;Ge;, shown in the same Fig. 3, also shows a
minima just aroud 2 K which could be a possible signature
of magnetic order. This is corroborated by anomalies at th
same temperature in the resistivity and heat-capacity da
which we will discuss below.

[= =]
T

e

_ FIG. 4. magnetizationM) of R,Ir;Ge (R
=Ce, Pr, Nd, Gd, Th, and Dy) vs magnetic fi¢ld) at various tem-
peratures. The nonlinearity ikl vs H at temperatures belowy

Isothermal

spins. This nonlinear behavior persists op/tK in thecase
of Ce compound. At higher temperaturéEXTy), one ob-
%erves the usual linear behavi@xcept for the Tb and Dy
amples which show a curvature even for temperatures above
Tn) in magnetization which characterizes the paramagnetic
state. The magnetization values of Ce are very small presum-
ably due to the presence of Kondo effect. The magnetization
for Prlr;Ge; at 1.8 K and 5 K starts out linearly but shows
& curvature for higher fields. Above 10 K the linear behavior
is observed. The magnetization data for,B¢Ge at 2 K
starts out linearly up to 1 T but shows a slight upturn at
higher fields which continues up to 6 T with no sign of
Isothermal magnetization measurements at temperatureaturation. A similar behavior is observed for other tempera-
both above and below the Neel temperatilife have been tures belowT (=12 K). At 20 K the magnetization is linear
performed on the samples undergoing magnetic order. Figunepto the highest fields with a slightly smaller slope than the
4 shows the magnetization curves for the samplegurve at 2 K. The magnetization data of Nd, Tb, and Dy at 2

3. Magnetization studies of Rr ;Ge; (R=Ce—Nd, Gd-Dy)

Celr;Ges, PrlrGe, NdIrsGey, Galr;Ge;, ThylrsGe;,
and Dylr;Ge;. We observe a nonlinear behaviorMhvs H
at 2 K (<Ty) for all the samples. This nonlinear behavior
agrees with the notion of antiferromagnetic orderingR3t

K show anStype of shape with increasing field. The mag-
netization for NdIr;Ge; at 2 K starts out linearly but begins
to show an upturn starting at 1.5 T which continues up to a
field of 4 T after which it shows signs of saturating at higher
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fields reaching a value of 2.4 /f.u. which is slightly lower

than the value of 3.27g/f.u. for N®+ saturated moments.
Higher fields may be required to reach the full moment value
since the magnetization has not completely saturated eve
for the highest field(=6 T) used in our measurements. A €
similar behavior is also seen in the magnetization curve at Eé;’
K. At 15 K, we get the linear behavior expected in the para- = .
magnetic state. The magnetization for,fgGe; at 2 K starts <
out linear but shows an upward curvature for fields higher
than 1 T. At higher fields it saturates reaching a value of
7.6ug/f.u. which is lower than @z /f.u. expected for TH"
saturated moments. This behavior is also seen at 10 K whict
is higher thanTy for this compound. This indicates possible
short-range magnetic correlations even abdye A linear T(K)
behavior is again obtained at 20 K. The magnetization for 200
Dy,lIr;Ge; at 2 K and 5 K starts out with a slightly sublinear
behavior at low fields up to about 1 T after which it begins to

curve upwards up to a field of 2.5 T. For higher fields it sort %0 7
of saturates, reaching a value of about LQ4f.u. at 6 T
which is close to the free moment value of d/f.u. for
Dy®*" moments. A similar behavior for the magnetization
with saturation at 5 T is seen at a temperature of 15 K which
is much above the Neel temperatufe/K for Dy,Ir;Ge;. A
linear behavior for the magnetization is seen only at 35 K.

0 50 100 150 200 250 300

100

p {u€2 cm)

50

Clearly there are short-range magnetic correlations ever 0 o 1‘“‘2‘9 3 "t 5
aboveTy in this compound and this aspect would be worth 0 : : : :
further investigation prefrably by neutron scattering experi- 0 50 100 150 200 250 300

ments. T (K)

FIG. 5. Temperature dependence of resistivity 6f RyIr;Ge;
(R=Y and Lg from 1.5 to 300 K. The insets show the low tem-

The resistivity data 4) for Laylr;Ges and Y,Ir3Ges is  peraturep data. The superconducting transitions can be clearly seen
shown in Fig. 5. The insets show the low-temperature datgor both Lalr;Ge; and Y,Ir;Ges.
which clearly show a sharp drop in the resistivity marking
the onset of the superconducting transitions for both théecause it was very noisy and possibly the two transitions
samples below 1.7 K and 2.4 K, respectively. This drop corare very close together in temperatias will be seen in the
responds with the diamagnetic signal observed in the suscepiscussion of the heat capacity for this sam@ed may not
tibility measurement for both the samples. An earlier régort be individually distinguishable in the resistivity data. Figure
did not find any superconductivity for La;Ges. However, 7 shows the temperature dependence of resistivity data for
their investigations had been carried out only down to 1.8 KEr,Ir;Ge;, Tmylr;Ge;, and LylrsGe; which crystallize in
below which we observe the resistive drop and diamagnetithe orthorhombid®mmnstructure. It is evident from the top
signal in the susceptibility. We will later see that we alsopanel in this figure that the behavior for these compounds
observe an incomplete peak at roughly the same temperatuie anomalous showing a semiconducting risepofor all
in the heat-capacity measurements. The resistiyify)] for  three compounds as we cool down from 300 K. It is inter-
the samples witrR=Ce-Dy is shown in Fig. 6. The top esting to note that we had found a positive temperature co-
panel shows the resistivity data for the Ce, Pr, Gd, Th, an@ffecient of the resistivity for the sample Yb;Ge; (Ref. 16
Dy samples between 1.5 K and 300 K. The resistivity of thein the same temperature range. Similar behavior for the re-
Nd sample lies very close to the Pr sample data and hence gistivity has been observed earlier for the series of com-
not shown for clarity. The small panels in the same figurepoundsR;Ru,Ge, 5 (Ref. 20 andRBiPt (Ref. 21 where the
show the low temperature or dpT/dT data for the Ce—Dy resistivity for all samples except Yb showed a semiconduct-
samples. One can see that the resistivity data of all the magng response. The lower left side panels in Fig. 7 show the
netic rare-earth samples except that oflRGe; show a low-temperature data for the Er, Tm, and Ku samples indi-
change of slope at their respective magnetic transitions atidually. The Eplr;Ge; data is highly anomalous in the
roughly the same temperatures where anomalies are seendense that it initially increases with decreasing temperature
the susceptibility measurements. It can be seen that for thigke its isostructural neighbors Tm and Lu but then it reaches
GdyIr;Ge; and DylrsGe; samples, plottingl(p) T/dT vs T a broad maximum at nearly 100 K before starting to decrease
brings out the third anomaly in RDir;Ge; and the second more or less linearly with temperature. The resistivity then
anomaly in Gdir;Ge; which were not present in the(T) shows an upturn at about 5 (see the smaller panel for the
data. However, takingl(p)/dT for Nd,Ir;Ge; did not help  Er samplé before decreasing abruptly bel® K indicating

B. Resistivity studies onR,Ir ;Ge; (R=Y, La—Tm)
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FIG. 6. Temperature dependence of resistivity 6f R,Ir;Ge; FIG. 7. Temperature dependence of resistivity 6f R,Ir;Ge;

(R=Ce-Nd, Gd-Dy. The large panel at the top shows the data(R=Er, Tm, and Ly from 1.5 to 300 K is shown in the top mul-
from 1.5 K to 300 K. The small panels below show the low tem- tipanel figure. The vs T behavior at low temperatures is shown in
peraturep or dpT/dT data to highlight the anomalies at the mag- the small panels in the bottom left side of the figure. The)in T
netic transitions for the individual samples. data is shown in the three small panels on the bottom right side of
the figure. The Inf) vs T plots show the absence of an activated

a possible magnetic ordering. Evidence of magnetic ordebehavior for the resistivity of these samplésee discussion for
has earlier been seen in tdg/dT vs T plot which showed details.
an anomaly at 2 K and we will later see that the heat capacity
for this sample also shows a peak around 2 K. There is no The values ofpy, a andn are given in Table Il. For
evidence of any ordering in the resistivity data for LaxIrsGes and Y,Ir;Ge;, the optimum value oh was found
Tm2|r3(_;e5 down to 1.8 K. There is an abrupt drop of almost to be 3.6 and 3.3, I’espectively. These values do not agree
70% in thep for Lu,lr;Ge; belonv 2 K which may possibly with Wilson’s s-d scattering model which predictsTe de-
be the onset of superconductivity although the resistivitypendence ofp(T) for T<6,/10.%* The discrepancy could
does not fall completely to zero. Our heat-capacity data als@'ise due to a variety of reasons such as, complex structure of
shows an incomplete anomaly just b&l@ K as will be the_ Fermi surface, phonon-drag effects, and lattice anharmo-
discussed later. The vs 1T plots shown in the smaller nicity.
panels on the lower right-hand side of the same figure will be The p of most of the magnetic rare-earth samplexcept
explained in the section where we discuss our results. The&Ir3Ge;) shows a power-law dependence in the low-
transition temperatures observed from resistivity data aréemperature paramagnetic region( T<25 K) with n dif-
compared with those obtained from susceptibility and heatferent from Eq.(2) in all cases except for Git;Ges. The
capacity studiesdescribed latérin Table II. value ofn for both Tlylr;Ges and Dy,Ir;Ge; is nearly equal

In the normal state, i.e., above the superconductingfo 2.1, however, the values for fr;Ge (n=2.4) and
magnetic transition temperatures, we have been able to fit tH¥d,Ir;Ge; (n=1.7) deviate markedly from th&? depen-
low-temperature Tc or Ty to 25 K) dependence of to a  dence and are not understood at present.

power law which can be written as At high temperatures (75 KT<300 K), the resistivity
data(for R =Y, La, Ce-Dy deviate significantly from the
p = potaTh 3 expected linear temperature dependence and show a ten-
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TABLE Ill. Transition temperatured, (Ty or/and T;) ob- TABLE IV. Parameters obtained from the low-temperature re-
tained from different measurement techniques. Most of thenTqre sistivity fit of R,Ir;Ge;.
values except for Y, La, and Lu compounds.

Sample Po a
Sample Fromy Fromp FromC, pnlcm nQ cm/K" n
Tp (K) Tp (K) Ty (K) La,lr;Gey 19.35 0.037 3.6
Y,lrsGey 2.62 2.652 2.48% Y,Ir;Gey 33.17 0.12 3.28
La,lr;Ge; 1.742 1.72 1.752 Pr,Ir;Ges 16.71 6.71 2.42
Celr;Ge; 8.9 8.5 8.7 Nd,Ir;Ge; 27.5 45 1.71
Pr,Ir;Ge; 2.1 2.04 Gd,Ir;Ge; 73.35 4 2
Nd,Ir;Ge 2.1,2.82 3 2.08,2.75 Th,lr;Ge 84.85 7.30 2.12
Gaylr;Ge; 4.4,11.9 4.2,11.5 4.5,11.21 Dy,Ir;Ge; 88.47 9.59 2.12
Th,Ir;Ge; 6.4 5.9 6.0
Dy,lr;Gey 2.0,4.3,7.2 1.98,4.7,7.8 2.07,4.79,7.3
EnlrsGe 1.97 1.91 scattered at most at every atom. Thus the resistance will tend
Tm,IrsGe, to attain a saturation valuey, ..
Lu,lrsGe, 1.94b 1.85° The high temperature (75KT<300 K) p data of the
samples withR=Y, La—Dy (which show metallic behavipr
aSuperconducting transitionT(). could be fitted nicely to the parallel resistor model. The val-
®Onset of superconductivity. The transition is not complete. ues of the various parameters obtained from the fit to this

model are listed in Table IV. Théy values estimated from

dency to saturate. This has been seen in many compounéiging the heat-capacity datédiscussed beloware also
where the value ofp becomes sufficiently large for the given in Table IV. No attempt was made to fit the parallel
mean-free path to shorten to the order of a few atomic spadesistor model to the data of Celr;Ge; since this com-
ings. When that happens, the scattering cross section will npound exhibits Kondo behavior.
longer be linear in the scattering perturbation. Since the
dominant temperature-dependent scattering mechanism iSC. Heat-capacity studies orR,Ir ;Ge; (R=La—Tm, Lu, Y)
electron-phonon interaction here, tpewill no longer be
proportional to the mean-square atomic displacement, Whicp0
is proportional toT for a harmonic potential. Instead, the
resistance will rise less rapidly than linearly Thand will
show negative curvaturalfp/dT?> <0). This behavior was
also seen in our previous studies on silicides an
germanide$:*®

One of the models which describe the high temperatur
p(T) of these compounds is known as the parallel resisto
model?® In this model the expression @fT) is given by,

The temperature dependence of the heat capacity from 1.8
30 K of various compounds of the seriBslr;Ge; are
shown in Figs. 8, 9, and 10. The main figure shows the
magnetic contribution €, to the heat capacity and the
Oestimated entropyS,,g). TheCp data has been omitted for
clarity. The insets show th€,,4/T (Cp/T for nonmagnetic
gample}; vs T? data at low temperatures to highlight the
gmomalies at the various transitions for the respective
samples. For the magnetic sampkgr;Ge; (R=Ce-Dy),
we had a choice to use eitherJlgGe; or Y,lr;Ge as the
1 1 1 nonmagnetic counterpart to estimate the lattice contribution.
— + ’ (4) We have used Ldr;Ge; for the purpose since we find that in
p(T) pi(T)  pmax some cases the lattice contribution is overestimated if we use
) ) ) . Y,lr3Ges. For the samples witiR=Er and Tm, we have
where ppay i the temperature independent saturation resisygeq | yir,Ge; as the reference sample. The temperature
tivity and p4(T) is the ideal temperature-dependent reS'St'V'dependence oF, of the La, Y, Lu, and some of the magnetic

ity. Further, the ideal resistivity is given by the following gamples above their magnetic transition temperatures could

expression: be fitted to the expression,
T\3(6o/T x3dx Co=7yT+ABT?, (6)
p1(T)=po+Cy R f 1= — 17 . , I ,
p/ Jo [1—exp—x)][expx)—1] wherey is due to the electronic contribution ayidis due to

(5 the lattice contribution. From thg value, we can estimate
ethe value of the Debye temperatu#g using the relation,

wherep is the residual resistivity and the second term is du
to phonon-assisted electron scattering similar tostoescat- 127* Nr kg\?®
tering in transition metal compound@y, is the Debye tem- DZ(T ) (7)

perature andC; is a numerical constant. The origin pf,ay
in this model can be qualitatively explained by noting thatwhereN is the Avogadro’s number,is the number of atoms
infinite scattering can only bring the mean-free path down tger formula unit, andkg is the Boltzmann's constant. The
an average interatomic spacing and not lower than that besstimated values of the Debye temperatéreis listed in
cause one may be reasonable in saying that the electrons aFable IV where they are compared with the values estimated
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FIG. 8. Temperature dependence of the heat capacity of FIG. 9. Temperature dependence of the heat capacity of
R,Ir;Ge; (R=La, Ce, Pr, and Ndfrom 1.8 to 30 K. The magnetic ReI'3Ges (R=Gd, Tb, Dy, and Y from 1.8 to 30 K. The magnetic
entropy Cpnag and the calculated values of the entrofy,, (after ~ €NtropyCrag and the calculated values of the entrdfy,, (after
the subtraction of the lattice contribution froB),) are shown. The  the subtraction of the lattice contribution frozﬁb) are plotted. The
inset shows the low temperatu, /T vs T? data. Large peaks inset shows the low temperatu®,/T vs T° data. Large peaks

observed at the respective magnetic transitions indicate bulk magPserved at the respective magnetic transitions indicate bulk mag-
netic ordering ofR** moments. netic ordering ofR** moments.

from the fit to the high-temperature resistivity data with thefield's electronic heat-capacity coefficieptwas found to be
parallel resistor model. We find that for the La and Y com-188 mJ/Ce mol K which classifies it as a moderately heavy
pounds the estimateg values are 16 m® molK® and  fermion system. However, estimation gffrom data above
19.4 mJR mol K?, respectively, which are quite high for Ty can be easily influenced by magnetic correlations and
nonmagnetic samples and could possibly indicate a larg€EF effects and may not be strictly correct. For a correct
density of states at the Fermi level. The absence of supercoestimation of the true value of, data down to much lower
ductivity in Lu,Ir;Ge; abowe 2 K isattributed to its relatively  temperatures would be required. The estimated entropy at 30
low vy value which we found to be 9 mJ/Lu mofK K is found to be 8.83 J/ Ce mol K which is much less than
The temperature dependence qgf £ from 1.8 to 30 K of  the expected value d®In(2J+1) (with J=5/2 for Cq. The
Celr;Ge; is shown in Fig. 8. The inset shows t0g,,4/T vs  reduced value of the entropy implies that there are higher
T2 data at low temperatures. The large peak seen at 8.3 K ilying CEF levels which have not been populated at these
the inset confirms the bulk ordering of the Cemoments. temperatures and so the whole entropy is not released. The
This temperature is comparable to the values of the transitioKondo effect seen in the resistivity data could also be partly
temperature as obtained by tlyeand p(T) measurements. responsible for the reduced entropy. The experimentally ob-
This transition temperature also closely resembles the prevtained values of the entropy and the expected values have
ously reported value®. It must be noted that we observe a been compared for all compounds in Table V.
small shoulder at 4.3 K in th€,,4 (see the small kink in the The temperature dependence®f,4 from 1.8 to 30 K of
insed data where we had observed a strong ferromagnetiPr,Ir;Ge; is also shown in Fig. 8. The inset clearly shows a
upturn in they data. The extrapolated value for the Sommer-distinct peak at & value corresponding to a temperature
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anomaly indicating the presence of low-lying excited CEF
levels which become populated as the temperature is in-
creased. Similar behavior has been observed in many other
Pr based compounds like JRhSis (Ref. 4 and
Pr,Rh;Sns. 28 For the former case the authors have used a
singlet ground state and a doublet excited state for the CEF
levels to explain the data. The estimated entropy of 15.8 J/Pr
mol K at 30 K is again found to be less than the expected
' value ofRIn(2J+1) clearly suggesting the influence of CEF
levels at these temperatures.

The temperature dependence®yf 4 from 1.8 to 30 K of
Nd,Ir;Ge; (Fig. 8) shows two distinct and separate anoma-
lies (seen more clearly in th€,,,4/T vs T2 insed at 2 K and
2.8 K corroborating the two anomalies seen earlier in the
dx/dT plot. The estimated entropy at 30 K in this case is
again much lower than the expected valueRoh(2J+1)
(see Table V.

The temperature dependence of the heat capacity for
Gd,Ir;Ge; from 1.8 to 30 K is shown in Fig. 9. We observe
a large\ type anomaly at 11.2 K which clearly indicates
bulk magnetic ordering of Gd moments. A broad shoulder
is also visible at 4.2 K which corresponds with the second
peak seen earlier in thg and dp/dT data at roughly the
same temperature. This second anomaly can be associated
with the way the (2+1) multiplet under consideration
evolves within the ordered state. This low-temperature hump
following a magnetic transition at a higher temperature has
been seen in some other Gd based compounds such as Gd-

FIG. 10. Temperature dependence of the heat capacity oBiPt (Ref. 21 and GdCuSi,.?* The inset with the low tem-
RolrsGes (R=Er, Tm, and Ly from 1.8 to 30 K. The magnetic peratureC,,4/T vs T? data shows the two anomalies more
entropy Cpag and the calculated values of the entrdfy.q (after  clearly. The estimated entropy at 30 K is found to be 16.8
the subtraction of the lattice contribution fro@),) are shown. The  3/Gd mol K which is nearly equal to the expected value of

inset shows the low temperatu, /T vs T* data. The incomplete R |n(23+1). Note that affy, the entropy has already reached
peaks in the insets for the Er and Lu samples show the magnetiggor of its value at 30 K.

and superconducting transitions, respectively. Onset of magnetic or-
der is also seen at low temperatures for the Tm compound.

Er,lr;Ges

N

20 I
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WININIINY
Yy 22

AR, ~\\\\\\\\\\\\\\\\:L XYL
2 il

P gy e I |

20

Crnag' Smag: (J/RE mol K)

The data for ThIr;Ge;, also shown in Fig. 9 show a huge
(10 J/Tb mo) peak at the magnetic ordering temperature of 6

K. The magnetic heat capacity shows what looks like the

just abovg 2K. This a”Of.“‘.i'.Y in the heat cgpgcity, along Witnow-temperature tail of a Schottky like hump around 29 K.
the peak in the susceptibility data at a similar temperaturel.he reduced entropy value at 30 K is indicative of CEF

clearly establishes bulk antiferromagnetic ordering for theeffects being important at these temperatures.

compound although we did not see any change in slope in )
S The Cpag vs T data for DylrsGes shown in the same
the resistivity data down to 1.7 K. We observe a broad humF?igure shows three distinct anomalies at 2.1 K, 4.8 K, and 7.4

arourd 7 K in the Cpy data. This could be a Schottky type K. We had also seen three anomalies at roughly these tem-

peratures in thedy/dT and dp/dT plots for this sample.

These features below the first main transition could be due to
reorientation of the spins in the ordered state. Usually the
change is small enough to escape a distinct detection in a

TABLE V. Parameters obtained from the fit of the high tempera-
ture (75-300 K p(T) data to the parallel resistor model in
R,Ir,Ge;. 6p(HC) is the value estimated from heat-capacity stud-

s magnetic measurement. However, in the reorientation of
Sample Prax o c1 Op(fit)  Op(HC) spins, some degree of freedom is involved and hence a sig-
pQcm  pQcm wQem  (K) (K) nature in the heat capacity. Reorientation of spins is just a
conjecture at the present time and it is possible that this
Y,lr;Ges 335 53 824 376 318 compound actually has a complicated magnetic structure at
La,lr;Ge; 572 40 1337 433 319 low temperatures. This issue can be settled with neutron dif-
Pr,lr;Ge; 744 48 781 266 289 fraction to probe the low-temperature magnetic structure and
Nd,Ir;Ge; 749 51 865 324 287 the changes it undergoes across the three transitions. The last
Ga,Ir;Ge; 258 100 394 214 232 panel in the same figure shows tlip data for Y,Ir;Ge;.
Th,lr;Ge; 548 99 532 206 247 The inset showing th€p /T vs T? data at low temperatures
Dy,IrsGes 487 128 1169 362 337 shows an anomaly peaked®&t=6 K? which corresponds to

the superconducting transition seen at 2.5 K in ghand y
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measurements. The value 6C/yT. is found to be 0.64 compounds. These values are significantly higher than those
which is much reduced from the value 1.43 for a BCS typeof R,Rh;Sn; (Ref. 18 for example. This explains the higher
superconductor. This indicates thatI;Ge; may be a values of theT's of the compounds of thR,Ir;Ge; series.
weakly coupled superconductor. The data begins to deviate from the Curie-Weiss behavior at
Figure 10 shows the heat-capacity data for the compoundswer temperatures because of the influence of crystalline
Rolr3Ge; (R=Er, Tm, Lu) forming in the crystal structure electric fields and because of the growing of magnetic corre-
different from the rest of the compounds. TBg,.q data for  |ations. In the section where we described the results from
Er,Ir;Ge; show an upturn at low temperatures starting at 6 Ksysceptibility measurements we mentioned that we have used
and undergoes a maximum peak around 1.9 K. However, Wge (1 T)/dT vs T plots to determine the antiferromagnetic
could not trace the complete transition down to lower t€M+ansition temperatures. Near an antiferromagnetic transition
peratures_because of e>_<per|mentgl limitations. This correg o temperature dependencedsfT)/dT mimics the mag-
Zlios%raiievt\j"tgam:r anomalies seen in @We/dT and p data netic heat capacity cun/@.This was demonstrated beauti-
The data for T@Ire,Gej seen in the same figure also show fully in Fig 3 where we had plottedi(yT)/dT vs T for
Nd,Ir;Ge; and Dylr;Ge;. Comparing this curve with the

an upturn below 3.5 K which continues down to 1.8 K. This io h ity of N d Dvl
may be the onset of the magnetic ordering offTnmoments magnetic heat ce_lpa_lcny 0 hsGe; and DylrsGe;, one
an see a clear similarity in the shape of the curves near the

in this sample which we have not been able to capture petan < 5
cause of the transition being below 2 K. The estimated envarious transitions. The transition temperatures, however,
tropy of only 9.2 J/Tm mol K at 30 K is much reduced from ¢an be deduced unambigously by this method only by taking
the expected value of Ing2-1) (with J=6 for Tm). How-  into account data from other measurements also because tak-
ever, it must be noted that we see a strong indication that th&d the derivative sometimes gives some spurious peaks and
compound may order belo2 K and a lot of entropy would in general the noise is enhanced in the derivative and so one
be sitting under the peak at the transition when it occurs. Théas to be careful in determinin by this method. We now
heat-capacity data for Lir;Ge; is also shown in Fig. 10. turn our attentions to the resistivity data. From Table Il it
The Cp vs T? inset shows an incomplete anomaly around 2can be seen that most of the samples have resistivity values
K which corresponds with the abrupt drop in resistivity at thetypical of rare-earth intermetallic compounds at low-
same temperature and could be a signature of supercondu&mperatures. The power-law fit to the low-temperature data
tivity in this compound although we could not observe anyfor Laylr;Ge; and YIr;Ge; in their normal state as de-
diamagnetic signal in our magnetic measurements down técribed in the Section 11l B shows that the data deviate from
1.8 K. the expectedr® dependence predicted by the Wilsossl
scattering model. There are cases of many nonmagnetic in-
termetallic alloys where the low temperature resistivity data
deviates from theT® dependence and follow a power-law

In this section we will make an attempt to understand thédehavior withn<<3. However, it is difficult to find many
temperature dependence of the measured physical propertié@mpounds showing>3 as we find for both Ldr;Ge; and
and the models which we have used to understand their b&/,Ir;Ges. The reasons are not well understood at present but
havior and look for systematic trends followed across thecould be due to lattice anharmonicity or phonon drag effects.
series. We begin with the susceptibility behavior. The high-Attempts to fit the resistivity data in the paramagnetic region
temperature data for all samples could be fitted to a modifiedor the compounds containing magnetic rare-earth show that
Curie-Weiss law. The extracted effective moments for allonly GalIr;Ges follows a T? dependence suggesting domi-
samples are close to their theoretical values for R&eions  hance of scattering by spin fluctuations at these temperatures
showing that we are dealing with trivalent moments here andor this compound. Both Tir;Ge; and Dylr;Ge; show a
that there is no contribution from the Ir. It must be recalledpower-law behavior witm=2.1 which is close to thd?
that the YBIr;Ge; sample showed a much reduced momentdependence. However, for both,PsGe; and NgIr;Ge; we
estimated from the high-temperature data and that was attriffind a marked deviation from th&? law with n being equal
uted to the fact that the rare-earth element has two inequivdo 2.4 and 1.7, respectively. The¥é* and T’ dependences
lent sites in the crystal structure and so the Yb could have #r p at low temperatures is quite puzzling and not under-
different valence at the two sité&We see here that both the stood at present. The ge;Ge; compound shows heavy fer-
Er and Tm samples, which form in the same crystal structurenion behavior and the expectd@d behavior might occur at
as the Yb sample show trivalent behavior with,IE{Ge;  very low temperatures. We could also fit the data belgy
undergoing magnetic ordering bal® K asseen in the heat for many magnetic samples to a power-law dependence. The
capacity and resistivity measurements while ;TmGe; is  values of n>1 found for most of the samples except
also seen to be on the verge of magnetic order and we ca@d,Ir;Ge; (n<1) is expected below the antiferromagnetic
already see the onset in the low-temperature heat-capacitydering. The fractional temperature dependence bé&low
inset for the sample. From Table | it can be seen that thd for Gd,Ir;Ge; can be attributed to the scattering of con-
temperature independent susceptibility is non-negligible  duction electrons by critical spin fluctuations which begin to
for some cases which possibly indicates a large density ojrow as one approachds,. Such a behavior has also been
states at the Fermi lev®l(Er). The values ofdp are found observed earlier in other Gd based samples such as
to be of the order of-15 K (see Table)l for most of the ~Gd,Rh;Sns.*® One clearly needs more studies on these com-

IV. DISCUSSION
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TABLE VI. Parameters obtained from the heat-capacity measuremerislojGe;.

Sample Tn(K) Smag (T /R J In(23+1) Smag(30 K)/R
Ceylr;Ge 8.7 0.678 5 1.79 1.08
PrIr;Ge; 2.04 0.05 % 2.19 1.94
Nd,Ir;Ge; 2.08,2.79 506 9 2.30 1.29
Gd,Ir;Ge; 4.511.21° 1.76 % 2.08 2.02
Th,Ir;Ges 6.0 0.59 % 2.57 1.53
Dy,Ir,Ge; 2.07,4.79,7.3 1.4 15 2.77 2.25
Er,lr;Ge; 1.91 0.45 i5 2.773 1.82
Tm,lr;Ge; 2.3 0.144 % 2.56 1.10

8Multiple transitions.
PTransition temperatures are determined fromdata.

pounds to try to understand their transport properties andesistivity is given in terms of the mean-free pathby p

clean single crystals would be helpful in doing so because it= 3wh/e2K§)\. The saturation resistivity in this scheme can

is well known that in ternary silicides and germanides thepe obtained by putting the mean free path equal to the inter-
transport properties can be highly anisotropic and the overalitomic distance since the electrons can be scattered at most
behavior fo_r a polycrystalline sample can be easily influ-g; every atom. This value gfn,, is called the loffe-Regel
enced by this. The semiconducting behavior in the reSiStiVitXesistivity after the people who proposed this. The loffe-
for the samples EfrsGes, Tm,lrsGes, and LulrsGes is in- pagel resistivity for most compounds is  about
teresting. In our recent report on .the samplg,Irie; we 150—-20010) cm. However, a very recent wdfkhas shown

had found a metaliic resistivity in the same temperature[hat some systems with large resistivities saturate at much

Laer:agnebbée?\l/rg:jlai:?b;rréﬁr Eg;?ezga:sgggigﬁgee?'ezsﬂ hasIarger values than the loffe-Regel resistivity. It can be seen
3 13 : . ; ; ;
where the resistivity for all samples except Yb showed f;cr)g;TabIe IV that thepy’s for our samples are infact quite

semiconducting response. However, one major difference b hus it is ol hat both the |
tween the behavior we observe is that there is no evidence, 1"US it is clear that both the low-temperature and the
for a gap or pseudogap as seen in these compounds since dligh-temperature behavior of the transport properties for

data do not follow an activated behavior foT). This is these compounds require more investigations for a better un-
shown in Fig. 5 where we have plotteddivs 17T for the Er, ~ derstanding. _

Tm, and Lu samples in the region where we observe a semi- 1he parameters obtained from the analysis of the heat
conducting behavior. In this respect tp€T) behavior for ~ capacity measurements can be found in Table VI where we
our samples is similar to that of URBe, (Ref. 26 where a  have listed the values of the ordering temperaflige en-
negative temperature coefficient of resistivity is found up totropy SpadTn)/R, J,In(2J+1) and S(30 K)/R. From the
room temperature for some samples. We believe that like igolumn giving values 0f5;,,(Ty)/R one can see that for
the case of UR}Ge,, the anomalous resistivity behavior is C&lrsGes, Th,lrsGes, and Eglr;Ge;, the entropy just
arising due to crystallographic disorder which occurs due t@bove the transition reaches a value which is close to In2
intersite exchange between Ir and Ge. Electronic localizatiofndicating that the ground state for these compounds is a
effects induced due to this disorder could be the origin of thedoublet. The entropy for Gé&;Ge; increases only weakly
weak negative temperature coefficient of resistivity in theseafter the transition up to about 30 K indicating that the
compounds. Further investigations are definitely required t@round-state doublet is well separated from the excited crys-
understand this behavior. We could fit the high-temperaturéal field levels. The entropy value for Md;Ge; reaches a
dependence gf for the samples which showed metallic be- value of 0.50R (~ 75% RIn 2) at Ty and then approaches
havior to the parallel resistor modédee Table IV success- 1.3R (=RIn4) at 30 K. Given that Nd is a Kramer's ion,
fully and thed, values obtained from such fits agree roughlythese values indicate that a pair of doublet ground states
with those obtained from heat-capacity data for almost aldominate the low temperature properties of this compound.
compoundgmagnetic or nonmagnejicThe reasons for the The entropy for Dylr;Ge; reaches a value of 1R4
difference of about 10—20% could be due to anharmonid~RIn4) at Ty which indicates that the ground state is a
contribution to the transport which is not considered in thequartet for this compound. The entropyTaf for Gd,Ir;Ges
parallel resistor model. The values @f ., also vary consid- is already 1.8 and reaches almost the full 2R&t 30 K.
erably across the series and are quite high in some cases. Thee entropy aflfy for Prlr;Ges is unusually low at 0.08
exact origin of thep,,4x is still not understood properly but it and is quite puzzling. The entropy reaches aln®st 3 at

is seen that saturation occurs invariably for metals and alloyd0 K after the Schottky anomaly which is peaked at 5 K.
which have a large resistivity. In the semiclassical theory thelhis would have been consistent with a nonmagnetic CEF
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1.1

Ty for Ce (=8.5 K) is anomalously large compared to the
10k other compounds.
0.9+
V. CONCLUSION
0.8
To conclude, we have synthesized and studied compounds
0.7 of the serieRR,Ir;Ge; with R=Y, La, Ce—Nd, Gd—Tm, and
|_8 06 L Lu using x-ray powder diffraction, magnetic susceptiblity,
— isothermal magnetization, electrical resistivity, and heat-
2051 capacity measurements. We find that the crystal structure
changes from a tetragonal,0o;Sis type structure for Y, La,
0.4 r and Ce-Dy to a different orthorhombic structure with space
03l group Pmmn for Er—Lu. The nonmagnetic compounds
La,Ir;Ge; and Y,lr;Ge; show superconductivity below 1.8
0.2 K and 2.4 K, respectively, while for the compound
Lu,Ir;Ge; indications for superconductivity could be seen in
01 F the resistivity and heat-capacity measurements only. The ab-
0.0 : : : : : : : : : sence of bulk superconductivity above 2 K for this com-

pound may be attributed to the low density of states at the
Ce Pr Nd PmSm EuGd Tb Dy fermi level for the Lu compound as indicated by the small
FIG. 11. Plot of the ordering temperatures of the compounds oyalue of the Sommerfield's coefficient for this compound
the serieRR,Ir;Ge; (R=Ce, Pr, Nd, Th, Gd, and Dyrormalized to  cOmpared to the Y and La compounds. All compounds con-
the Ty, value for Gd. The dashed lines represent scaling law wherd@ining magnetic rare-earth elements were found to give an
only spin quantum numbeBis used whereas the solid lines are for €stimated effective moment.; close to the free ioR
scaling law using total quantum numhi(de Gennes scaling, see Values and show magnetic ordering below 12 K or onset of
text for detail3. magnetic order as in the case of IImGe;. Dy,Ir;Ges,
Nd,Ir;Ge;, and Gdlr;Ge; show multiple transitions apart

ground state with a doublet forming the first excited state O}‘rom the main antiferromagnetic transition. The ordering

) temperature of Geg; at 8.5 K is anomalously high com-
maybe two singlets close together. However, we do see Sarepd to the ot%irrg cc?)mpounds considering t%aglg@(ies
magnetic transition in both the susceptibility and heat-

) ) ders at 12 K. Cdr;Ge; shows a Kondo-lattice behavior
capacity measurements. The reason for this unusually sm ith a doublet ground state and moderate heavy electron
entropy at the transition is not understood at present. Thganavior. Ther3€ andT33 power-law behavior of the normal

entropy for most of the samples continues to rise abYe  statep data for LalrsGe; and Y,Ir;Ges, respectively, and
indicating the participation of excited crystal-field levels in he 724 gngT17 power-law dependence of thedata in the
this temperature range, but reach values considerably rfraramagnetic state for fr;Ge; and Nglr;Ge; is not un-
duced from the fulRIn(2 J+1). derstood at present. We find a semiconducting resistivity for
In general, if CEF effects are not taken into account, thehe compounds Bir;Ge;, Tm,lIr;Ges, and LwlrsGe;s which
antiferromagnetic ordering temperatufg, for a series of we believe is arising due to crystallographic disorder caused
isostructural and isoelectronic metals are expected to scalgy an inter-site exchange between the Ir and Ge. The trans-
(de Gennes scalif§ as (@;—1)? J(J+1) whereg; is the  port properties for this series of compounds clearly merits
Landeg factor andJ is the total angular momentum of the and requires further investigations on cleaner samples and
local moment. If the angular momentum is quenched themreferably on single crystals to investigate the role of anisot-
TnS are expected to scale 865+1). ropy on the overall behavior of. From the temperature
The solid line in Fig. 11 is the dG factog{—1)? J(J dependence of the entropy for the various compounds we
+1) normalized to the value for Gd. The dashed line is ob-have been able to establish that the ground state for the com-
tained by similar normalization for the case where the orbitapounds Cglr;Ges, No,Ir;Ges, ThylrsGes, and EplrsGe; is
angular momenturh is quenched an8is the good quantum a doublet while the ground state for P§sGe; is a quartet.
number. From Fig. 11, it is evident that the ordering temperaWe could also observe the complete octuplet foplGg5e;.
tures (highest transition temperature for samples with mul-It was difficult to establish the ground states fopIPyGe;
tiple transitiong of the compounds roughly follow the de and Tmlr;Ges compounds given that the Tm compound
Gennes scalinfig;—1)? J(J+1)]. Theslight difference is  does not order down to the lowest temperatures of our mea-
probably due to CEF effects which are quite strong as wesurements and the Pr compound shows an anomalously low
saw in our heat-capacity measurements. The fact that most ehtropy above the magnetic transition. Finally, the transition
the compounds follow the de Gennes scaling implies thatemperatures for most of the compounds scale with the de
the main interaction leading to the magnetic transitionsGenne’s factor indicating that the chief mechanism through
in this series may be the Ruderman-Kittel-Kasuya-Yosidavhich the magnetic moments interact may actually be the
(RKKY) interaction. It is worthwhile to note that the RKKY type.
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