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Magnetic ordering and superconductivity
in the R2Ir 3Ge5 „RÄY, La, Ce– Nd, Gd– Tm, Lu … system

Yogesh Singh and S. Ramakrishnan
Tata Institute of Fundamental Research, Bombay-400005, India

~Received 13 October 2003; revised manuscript received 1 March 2004; published 25 May 2004!

We report crystal structure, electrical resistivity, magnetic susceptibility, isothermal magnetization, and heat-
capacity studies on polycrystalline samples of the intermetallic seriesR2Ir3Ge5 (R5Y, La, Ce–Nd, Gd–Tm,
Lu! from 1.5 to 300 K. We find that the compounds forR5Y, La-Dy, crystallize in the tetragonalIbam
(U2Co3Si5 type! structure whereas the compounds forR5Er–Lu, crystallize in a different orthorhombic
structure with a space groupPmmn. Samples of Ho2Ir3Ge5 were always found to be multiphase. The com-
pounds forR5Y–Dy which adopt theIbam type structure show a metallic resistivity with a tendency of
saturation at high temperatures whereas the compounds withR5Er, Tm, and Lu show an anomalous behavior
in the resistivity with a semiconducting increase inr as 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 compoundsR3Ru4Ge13 and RBiPt.
La2Ir3Ge5 and Y2Ir3Ge5 show bulk superconductivity below 1.8 K and 2.5 K, respectively. Our results confirm
that Ce2Ir3Ge5 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 temperatures (T<12 K) while Gd2Ir3Ge5 , Dy2Ir3Ge5, and Nd2Ir3Ge5 show multiple transitions. TheTN’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 for Ce2Ir3Ge5 is anomalously large compared to
theTN for Gd2Ir3Ge5 which is about 12 K. There are signs of strong CEF influence on the measured properties
for the series.

DOI: 10.1103/PhysRevB.69.174423 PACS number~s!: 74.70.Ad, 74.25.Bt, 74.25.Ha
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I. INTRODUCTION

Rare-earth ternary silicides and germanides of the t
R2T3X5, whereT is a transition metal andX is either Si or
Ge have been extensively investigated for their unusual m
netic and superconducting properties and the rich variet
crystal structures they form in Refs. 1–5. In particular, co
pounds belonging to theR2Fe3Si5 series have prompted con
siderable efforts to understand their superconductivity
magnetism.5–8 Both Tm2Fe3Si5 and Lu2Fe3Si5 compounds
show superconductivity at low temperatures. In the T
sample, superconductivity at about 1.5 K is destroyed by
onset of antiferromagnetic order at 1 K and it reenters the
normal state9 whereas Lu2Fe3Si5 has the highestTC56 K
for an iron containing compound.10 Recently it was reported
that Er2Fe3Si5 was also found to be superconducting below
K.11 In this crystal structure, Fe does not have any mom
and it only helps in building up the large density of states
the Fermi level. Recently we have established Yb2Fe3Si5 to
be a heavy fermion compound with Kondo-Lattice behav
and antiferromagnetic ordering below 1.7 K.12 Thus it is
clear that compounds of the seriesR2Fe3Si5 exhibit unusual
superconducting and magnetic properties. TheR2Ir3Ge5 se-
ries of compounds formed in a crystal structure which
closely related to theR2Fe3Si5 structure. The compound
Ce2Ir3Ge5 of this series has been studied in some detail
various groups13–15but there have been little efforts to mak
a detailed study of the other compounds of the se
R2Ir3Ge5. Recently we had succeeded in preparing a
0163-1829/2004/69~17!/174423~13!/$22.50 69 1744
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studying the compound Yb2Ir3Ge5. We found that apart from
showing interesting low-temperature properties16 it also
formed in a crystal structure different from its Ce analo
This prompted us to make a comprehensive study of
structural and magnetic properties of the completeR2Ir3Ge5
series to look for systematic trends and variations in
physical properties across the series. Here we report our
tailed resistivity, magnetic susceptibility, isothermal magn
tization, and heat-capacity results for the seriesR2Ir3Ge5
(R5Y, La, Ce–Nd, Gd–Tm, Lu! from 1.5 to 300 K.

II. EXPERIMENTAL DETAILS

Samples ofR2Ir3Ge5 (R5Y, La–Nd, Gd–Tm, Lu! were
made by melting the individual constituents~taken in sto-
ichiometric proportions! in an arc furnace under Ti gettere
high-purity argon atmosphere on a water cooled cop
hearth. The purity of the rare-earth metals and Ir was 99.
whereas the purity of Ge was 99.999%. The alloy butto
were flipped over and remelted five to six times to ens
homogeneous mixing. The samples were annealed at 95
for a period of 10 days before slowly cooling down to roo
temperature. The x-ray powder diffraction pattern of t
samples did not show the presence of any parasitic impu
phases. The samples withR5Y, La, Ce–Dy, were found to
adopt the tetragonalIbam (U2Co3Si5 type! crystal structure
as reported earlier for the compound Ce2Ir3Ge5 ~Ref. 15!
whereas the compounds forR5Er–Lu, crystallize in an
orthorhombic crystal structure with a space groupPmmn
©2004 The American Physical Society23-1
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which we had recently reported16 for the sample Yb2Ir3Ge5.
The x-ray pattern for the sample Ho2Ir3Ge5 always showed
many extra reflections which shows that Ho was the tra
tion point for the structural change. We also found that
Ho x-ray pattern was not just a simple mixture ofIbam and
Pmmnalthough many lines could be indexed to one or
other of these two structures. The third~or possibly more!
phase could not be identified at present. Although the x
for the sample Er2Ir3Ge5 did not show any extra peaks, pre
liminary EPMA study showed the presence of a sm
amount of second phase. The lattice constantsa, b, and c
obtained from least-square fits of the x-ray patterns are lis
in Table I where the Y2Ir3Ge5 sample is seen to have small
lattice parameters than the La sample as expected and
they (a, b, and c) are seen to decrease linearly across
series from La2Ir3Ge5 to Dy2Ir3Ge5 ~Ibam structure! and
from Er2Ir3Ge5 to Lu2Ir3Ge5 ~Pmmn structure!. The
U2Co3Si5 structure has only a single site for U whereas
Pmmncrystal structure allows two sites for the rare-ea
element. Hence, the net hybridization betweend- and f- or-
bitals can be very different for these two crystal structu
which has to be taken into account in the analysis of m
netic ordering temperatures.

The temperature dependence of dc susceptibility (x) was
measured using a commercial superconducting quantum
terference device magnetometer in the temperature ra
from 1.8 to 300 K. The ac susceptibility was measured us
a home-built susceptometer17 from 1.5 to 20 K. The absolute
accuracy with which magnetization measurements were
formed is within 1%. The resistivity was measured using
ac resistance bridge~Linear Research Inc., USA! from 1.5 to
300 K. We used a four-probe dc technique with conta
made using silver paint on thin slides cut from the annea
samples. The temperature was measured using a calibrat
diode~Lake Shore Inc., USA! sensor. All the data were col
lected using an IBM compatible PC/AT via IEEE-488 inte
face. The relative accuracy of the resistance measuremen
50 ppm while the accuracy of the absolute resistivity is o
5% due to errors in estimating the geometrical factors. T
heat capacity in zero field between 1.7 and 30 K was m
sured with an accuracy of 1% using an automated adiab

TABLE I. Lattice parameters ofR2Ir3Ge5.

Sample a (Å) b (Å) c (Å)

Y2Ir3Ge5 10.12160.005 11.80260.005 5.95060.005
La2Ir3Ge5 10.24660.005 12.85160.005 6.10460.005
Ce2Ir3Ge5 10.24160.005 12.01960.005 6.09460.005
Pr2Ir3Ge5 10.23660.005 11.98660.005 6.07460.005
Nd2Ir3Ge5 10.22960.005 11.96860.005 6.06460.005
Gd2Ir3Ge5 10.22460.005 11.84360.005 6.03260.005
Tb2Ir3Ge5 10.21960.005 11.80260.005 5.99760.005
Dy2Ir3Ge5 10.21460.005 11.78360.005 5.98460.005
Er2Ir3Ge5

a 19.06260.005 15.67960.005 4.63360.005
Tm2Ir3Ge5

a 18.99860.005 15.58060.005 4.61260.005
Lu2Ir3Ge5

a 18.90160.005 15.38260.005 4.56760.005

aDifferent structure~see text!.
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heat pulse calorimeter. A calibrated germanium resista
thermometer~Lake Shore Inc., USA! was used as the tem
perature sensor in this range.

III. RESULTS

A. Magnetic susceptibility and magnetization studies

1. Properties of Y2Ir 3Ge5 , La2Ir 3Ge5 , and Lu2Ir 3Ge5

The low-temperature dependence of the dc magnetic
ceptibility (x) of La2Ir3Ge5 and Y2Ir3Ge5 are shown in Fig.
1. The panel for La2Ir3Ge5 clearly shows an abrupt diamag
netic drop just below 1.75 K which marks the onset of t
sample into the superconducting state. In the normal s
~not shown here! thex of La2Ir3Ge5 is diamagnetic between
75 and 300 K but shows a Curie-Weiss like tail as we
down in temperature. It is possible that there is a sm
amount of magnetic impurity in La or Ir metals. Howeve
the susceptibilityx for both the Y and Lu samples~not
shown here! are practically temperature independent down
low temperatures with only small upturns at the lowest te
peratures~probably due to paramagnetic impurities! hence
the possibility of Ir having a significant amount of impurit
is remote. For Y2Ir3Ge5, a somewhat sharper diamagne
transition below 2.5 K as seen in the lower panel of t
figure signals the transition into the superconducting state
this compound. We did not observe any diamagnetic sig
down to 1.8 K for Lu2Ir3Ge5.

2. Properties of R2Ir 3Ge5 „RÄCe–Dy…

The temperature dependence of the inverse dc magn
susceptibility (x21) of the magnetic R2Ir3Ge5 (R
5Ce–Nd, Gd–Dy, Er, and Tm! is shown in Fig. 2. The
high-temperature susceptibility (100 K,T,300 K) for all

FIG. 1. Variation of susceptibility (x) of La2Ir3Ge5 and
Y2Ir3Ge5 down to 1.5 K in a field of 1 mT showing the diamagnet
drop at the respective superconducting transition temperatures
diamagnetism was seen for Lu2Ir3Ge5 ~see text for details of the
high-temperature behavior!.
3-2
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MAGNETIC ORDERING AND SUPERCONDUCTIVITY IN . . . PHYSICAL REVIEW B69, 174423 ~2004!
the magnetic members of the series could be fitted to a m
fied Curie-Weiss expression which is given by

x5x01
C

~T2up!
, ~1!

whereC is the Curie constant which can be written in term
of the effective moment as

C~emu K/mol!5
Na~me f f!

2~mB!2

3 KB
'

~me f f!
2~mB!2 x

8
,

~2!

wherex is the number of magneticR ions per formula unit.
The resulting fit is also shown in the Fig. 2. The values
x0 , me f f , andup are given in Table I. The main contribu
tions to the temperature independentx0 are, namely, the dia
magnetic susceptibility which arises due to the presenc
ion cores, the Pauli spin susceptibility of the conducti
electrons, and the Landau diamagnetism. The estimated
fective moment in all the cases is found to be quite close
the free ion moment ofR31 ion telling us that we are dealin
with trivalent rare-earth ions here. For most of the co

FIG. 2. Variation of inverse dc susceptibility (1/x) of the mag-
netic samplesR2Ir3Ge5 (R5Ce–Nd, Gd–Tm) from 1.8 to 300 K
in a field of 0.1 T. The solid line is a fit to the Curie-Weiss relati
~see text for details!.
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pounds~except Ce2Ir3Ge5), we get a relatively small and
negative value of the Curie-Weiss temperature (up). A nega-
tive up implies the presence of antiferromagnetic corre
tions. For Ce2Ir3Ge5, we obtain a negative and large value
up52137 K indicating a strong hybridization of 4f orbitals
of Ce which leads to a high Kondo temperature as we w
see when we discuss the resistivity results. This is in ag
ment with an earlier report15 which also estimated a larg
value of 2160 K for up . The value ofup for most of the
other samples is between210 K and220 K which although
smaller than the value for Ce2Ir3Ge5, is still somewhat larger
than, e.g., the values obtained for the compounds of the
ries R2Rh3Sn5.18

The low temperaturex(T) and/ordx(T)/dT data for all
the magnetic samples~except Tm which does not order dow
to 1.8 K! is shown in Fig. 3. The anomalies in the low
temperature susceptibility clearly show the antiferromagn
ordering for all the compounds. For Ce2Ir3Ge5, we also ob-
serve an abrupt upturn in the susceptibility below 4.5 K af
the sample has undergone an antiferromagnetic transitio
8.5 K. This upturn inx below TN was also observed in a
earlier work.19 There are no signatures of this transition

FIG. 3. The low temperaturex or dxT/dT vs T behavior for all
the magnetic samples~except Tm which does not order down to 1
K! on an expanded scale to highlight the respective magnetic t
sitions. The multiple anomalies marked by arrows for some sam
are best brought out by plotting the derivative of the susceptibi
vs T ~see text for details!.
3-3
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YOGESH SINGH AND S. RAMAKRISHNAN PHYSICAL REVIEW B69, 174423 ~2004!
the resistivity but there is a weak kink in the heat-capac
data. This feature seen in both the magnetic susceptib
and heat-capacity measurements could be intrinsic to
sample or may be due to a small ferromagnetic impu
phase. Microanalysis studies are needed to verify whe
this behavior is intrinsic to the sample. The low-temperat
x data for Gd2Ir3Ge5 also shows a second shoulder like fe
ture around 4.5 K apart from the antiferromagnetic transit
at about 12 K. We will later see that two anomalies are a
observed in the resistivity and heat-capacity data for
sample. The transition temperatures of various compou
obtained from magnetic susceptibility measurements
listed in Table II. The ordering temperatures have been
termined from peaks/inflection points in thed(xT)/dT vs T
plots. The d(xT)/dT vs T plots for Nd2Ir3Ge5 and
Dy2Ir3Ge5 showed additional anomalies apart from t
single transition visible in thex(T) data. This can be see
~marked by arrows! in the bottom most panels of Fig.
where we show thed(xT)/dT vs T plots for Nd2Ir3Ge5 and
Dy2Ir3Ge5. Thus it can be seen that Nd2Ir3Ge5 shows two
anomalies at 2.1 K and 2.82 K while Dy2Ir3Ge5 shows three
anomalies at 2, 4.3, and 7.2 K. We will later show that the
multiple anomalies are also observed in the resistivity a
heat-capacity measurements for these samples. Thed(x)/dT
plot for Er2Ir3Ge5, shown in the same Fig. 3, also shows
minima just around 2 K which could be a possible signatu
of magnetic order. This is corroborated by anomalies at
same temperature in the resistivity and heat-capacity
which we will discuss below.

3. Magnetization studies of R2Ir 3Ge5 „RÄCe–Nd, Gd–Dy…

Isothermal magnetization measurements at temperat
both above and below the Neel temperatureTN have been
performed on the samples undergoing magnetic order. Fig
4 shows the magnetization curves for the samp
Ce2Ir3Ge5 , Pr2Ir3Ge5 , Nd2Ir3Ge5 , Gd2Ir3Ge5 , Tb2Ir3Ge5,
and Dy2Ir3Ge5. We observe a nonlinear behavior inM vs H
at 2 K (,TN) for all the samples. This nonlinear behavi
agrees with the notion of antiferromagnetic ordering ofR31

TABLE II. Parameters obtained from the high-temperature s
ceptibility fit to the Curie-Weiss expression given by the Eq.~1!.
m th is theoretical free ion value.

Sample x0 me f f m th up

emu/mol K mB mB ~K!

La2Ir3Ge5 21.7631023

Ce2Ir3Ge5 3.57931024 2.535 2.54 2113.2
Pr2Ir3Ge5 22.11931024 3.567 3.58 220.69
Nd2Ir3Ge5 3.84231024 3.46 3.62 27.57
Gd2Ir3Ge5 6.49831024 7.856 7.94 213.91
Tb2Ir3Ge5 21.37531023 9.79 9.7 214.02
Dy2Ir3Ge5 22.33231023 11.09 10.65 218.85
Er2Ir3Ge5 26.96431024 9.64 9.59 23.813
Tm2Ir3Ge5 21.53231023 7.6 7.56 28.99
Lu2Ir3Ge5 22.31024

Y2Ir3Ge5 2.931024
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spins. This nonlinear behavior persists up to 7 K in thecase
of Ce compound. At higher temperatures (T.TN), one ob-
serves the usual linear behavior~except for the Tb and Dy
samples which show a curvature even for temperatures ab
TN) in magnetization which characterizes the paramagn
state. The magnetization values of Ce are very small pres
ably due to the presence of Kondo effect. The magnetiza
for Pr2Ir3Ge5 at 1.8 K and 5 K starts out linearly but show
a curvature for higher fields. Above 10 K the linear behav
is observed. The magnetization data for Gd2Ir3Ge5 at 2 K
starts out linearly up to 1 T but shows a slight upturn
higher fields which continues up to 6 T with no sign
saturation. A similar behavior is observed for other tempe
tures belowTN(512 K). At 20 K the magnetization is linea
upto the highest fields with a slightly smaller slope than
curve at 2 K. The magnetization data of Nd, Tb, and Dy a
K show anS type of shape with increasing field. The ma
netization for Nd2Ir3Ge5 at 2 K starts out linearly but begin
to show an upturn starting at 1.5 T which continues up t
field of 4 T after which it shows signs of saturating at high

-

FIG. 4. Isothermal magnetization~M! of R2Ir3Ge5 (R
5Ce, Pr, Nd, Gd, Tb, and Dy) vs magnetic field~H! at various tem-
peratures. The nonlinearity inM vs H at temperatures belowTN

agrees with the notion of antiferromagnetic ordering ofR31 spins
whereas the linear dependence ofM on H aboveTN ~except for
Tb2Ir3Ge5 and Dy2Ir3Ge5) signifies that the sample is in the par
magnetic state at this temperature.
3-4
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MAGNETIC ORDERING AND SUPERCONDUCTIVITY IN . . . PHYSICAL REVIEW B69, 174423 ~2004!
fields reaching a value of 2.77mB /f.u. which is slightly lower
than the value of 3.27mB /f.u. for Nd31 saturated moments
Higher fields may be required to reach the full moment va
since the magnetization has not completely saturated e
for the highest field~56 T! used in our measurements.
similar behavior is also seen in the magnetization curve
K. At 15 K, we get the linear behavior expected in the pa
magnetic state. The magnetization for Tb2Ir3Ge5 at 2 K starts
out linear but shows an upward curvature for fields hig
than 1 T. At higher fields it saturates reaching a value
7.6mB /f.u. which is lower than 9mB /f.u. expected for Tb31

saturated moments. This behavior is also seen at 10 K w
is higher thanTN for this compound. This indicates possib
short-range magnetic correlations even aboveTN . A linear
behavior is again obtained at 20 K. The magnetization
Dy2Ir3Ge5 at 2 K and 5 K starts out with a slightly sublinea
behavior at low fields up to about 1 T after which it begins
curve upwards up to a field of 2.5 T. For higher fields it s
of saturates, reaching a value of about 10.4mB /f.u. at 6 T
which is close to the free moment value of 10mB /f.u. for
Dy31 moments. A similar behavior for the magnetizatio
with saturation at 5 T is seen at a temperature of 15 K wh
is much above the Neel temperature of 7 K for Dy2Ir3Ge5. A
linear behavior for the magnetization is seen only at 35
Clearly there are short-range magnetic correlations e
aboveTN in this compound and this aspect would be wo
further investigation prefrably by neutron scattering expe
ments.

B. Resistivity studies onR2Ir 3Ge5 „RÄY, La –Tm…

The resistivity data (r) for La2Ir3Ge5 and Y2Ir3Ge5 is
shown in Fig. 5. The insets show the low-temperature d
which clearly show a sharp drop in the resistivity marki
the onset of the superconducting transitions for both
samples below 1.7 K and 2.4 K, respectively. This drop c
responds with the diamagnetic signal observed in the sus
tibility measurement for both the samples. An earlier repo15

did not find any superconductivity for La2Ir3Ge5. However,
their investigations had been carried out only down to 1.8
below which we observe the resistive drop and diamagn
signal in the susceptibility. We will later see that we al
observe an incomplete peak at roughly the same tempera
in the heat-capacity measurements. The resistivity@r(T)# for
the samples withR5Ce–Dy is shown in Fig. 6. The top
panel shows the resistivity data for the Ce, Pr, Gd, Tb,
Dy samples between 1.5 K and 300 K. The resistivity of
Nd sample lies very close to the Pr sample data and hen
not shown for clarity. The small panels in the same figu
show the low temperaturer or drT/dT data for the Ce–Dy
samples. One can see that the resistivity data of all the m
netic rare-earth samples except that of Pr2Ir3Ge5 show a
change of slope at their respective magnetic transition
roughly the same temperatures where anomalies are se
the susceptibility measurements. It can be seen that for
Gd2Ir3Ge5 and Dy2Ir3Ge5 samples, plottingd(r)T/dT vs T
brings out the third anomaly in Dy2Ir3Ge5 and the second
anomaly in Gd2Ir3Ge5 which were not present in ther(T)
data. However, takingd(r)/dT for Nd2Ir3Ge5 did not help
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because it was very noisy and possibly the two transiti
are very close together in temperature~as will be seen in the
discussion of the heat capacity for this sample! and may not
be individually distinguishable in the resistivity data. Figu
7 shows the temperature dependence of resistivity data
Er2Ir3Ge5 , Tm2Ir3Ge5, and Lu2Ir3Ge5 which crystallize in
the orthorhombicPmmnstructure. It is evident from the top
panel in this figure that ther behavior for these compound
is anomalous showing a semiconducting rise ofr for all
three compounds as we cool down from 300 K. It is int
esting to note that we had found a positive temperature
effecient of the resistivity for the sample Yb2Ir3Ge5 ~Ref. 16!
in the same temperature range. Similar behavior for the
sistivity has been observed earlier for the series of co
poundsR3Ru4Ge13 ~Ref. 20! andRBiPt ~Ref. 21! where the
resistivity for all samples except Yb showed a semicondu
ing response. The lower left side panels in Fig. 7 show
low-temperature data for the Er, Tm, and Ku samples in
vidually. The Er2Ir3Ge5 data is highly anomalous in th
sense that it initially increases with decreasing tempera
like its isostructural neighbors Tm and Lu but then it reach
a broad maximum at nearly 100 K before starting to decre
more or less linearly with temperature. The resistivity th
shows an upturn at about 5 K~see the smaller panel for th
Er sample! before decreasing abruptly below 2 K indicating

FIG. 5. Temperature dependence of resistivity (r) of R2Ir3Ge5

(R5Y and La! from 1.5 to 300 K. The insets show the low tem
peraturer data. The superconducting transitions can be clearly s
for both La2Ir3Ge5 and Y2Ir3Ge5.
3-5
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YOGESH SINGH AND S. RAMAKRISHNAN PHYSICAL REVIEW B69, 174423 ~2004!
a possible magnetic ordering. Evidence of magnetic or
has earlier been seen in thedx/dT vs T plot which showed
an anomaly at 2 K and we will later see that the heat capa
for this sample also shows a peak around 2 K. There is
evidence of any ordering in the resistivity data f
Tm2Ir3Ge5 down to 1.8 K. There is an abrupt drop of almo
70% in ther for Lu2Ir3Ge5 below 2 K which may possibly
be the onset of superconductivity although the resistiv
does not fall completely to zero. Our heat-capacity data a
shows an incomplete anomaly just below 2 K as will be
discussed later. The lnr vs 1/T plots shown in the smalle
panels on the lower right-hand side of the same figure will
explained in the section where we discuss our results.
transition temperatures observed from resistivity data
compared with those obtained from susceptibility and he
capacity studies~described later! in Table II.

In the normal state, i.e., above the superconduct
magnetic transition temperatures, we have been able to fi
low-temperature (TC or TN to 25 K! dependence ofr to a
power law which can be written as

r 5 r01aTn. ~3!

FIG. 6. Temperature dependence of resistivity (r) of R2Ir3Ge5

(R5Ce–Nd, Gd–Dy!. The large panel at the top shows the da
from 1.5 K to 300 K. The small panels below show the low te
peraturer or drT/dT data to highlight the anomalies at the ma
netic transitions for the individual samples.
17442
er

ty
o

y
o

e
e

re
t-

/
he

The values ofr0 , a, and n are given in Table III. For
La2Ir3Ge5 and Y2Ir3Ge5, the optimum value ofn was found
to be 3.6 and 3.3, respectively. These values do not a
with Wilson’s s-d scattering model which predicts aT3 de-
pendence ofr(T) for T,uD/10.22 The discrepancy could
arise due to a variety of reasons such as, complex structu
the Fermi surface, phonon-drag effects, and lattice anhar
nicity.

Ther of most of the magnetic rare-earth samples~except
Ce2Ir3Ge5) shows a power-law dependence in the lo
temperature paramagnetic region (TN,T,25 K) with n dif-
ferent from Eq.~2! in all cases except for Gd2Ir3Ge5. The
value ofn for both Tb2Ir3Ge5 and Dy2Ir3Ge5 is nearly equal
to 2.1, however, the values for Pr2Ir3Ge5 (n52.4) and
Nd2Ir3Ge5 (n51.7) deviate markedly from theT2 depen-
dence and are not understood at present.

At high temperatures (75 K,T,300 K), the resistivity
data~for R 5Y, La, Ce–Dy! deviate significantly from the
expected linear temperature dependence and show a

-

FIG. 7. Temperature dependence of resistivity (r) of R2Ir3Ge5

(R5Er, Tm, and Lu! from 1.5 to 300 K is shown in the top mul
tipanel figure. Ther vs T behavior at low temperatures is shown
the small panels in the bottom left side of the figure. The ln(r) vs T
data is shown in the three small panels on the bottom right sid
the figure. The ln(r) vs T plots show the absence of an activat
behavior for the resistivity of these samples~see discussion for
details!.
3-6
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MAGNETIC ORDERING AND SUPERCONDUCTIVITY IN . . . PHYSICAL REVIEW B69, 174423 ~2004!
dency to saturate. This has been seen in many compo
where the value ofr becomes sufficiently large for th
mean-free path to shorten to the order of a few atomic sp
ings. When that happens, the scattering cross section wi
longer be linear in the scattering perturbation. Since
dominant temperature-dependent scattering mechanism
electron-phonon interaction here, ther will no longer be
proportional to the mean-square atomic displacement, wh
is proportional toT for a harmonic potential. Instead, th
resistance will rise less rapidly than linearly inT and will
show negative curvature (d2r/dT2 ,0). This behavior was
also seen in our previous studies on silicides a
germanides.4,18

One of the models which describe the high temperat
r(T) of these compounds is known as the parallel resis
model.23 In this model the expression ofr(T) is given by,

1

r~T!
5

1

r1~T!
1

1

rmax
, ~4!

wherermax is the temperature independent saturation re
tivity and r1(T) is the ideal temperature-dependent resis
ity. Further, the ideal resistivity is given by the followin
expression:

r1~T!5r01C1S T

uD
D 3E

0

uD /T x3dx

@12exp~2x!#@exp~x!21#
,

~5!

wherer0 is the residual resistivity and the second term is d
to phonon-assisted electron scattering similar to thes-d scat-
tering in transition metal compounds.uD is the Debye tem-
perature andC1 is a numerical constant. The origin ofrmax
in this model can be qualitatively explained by noting th
infinite scattering can only bring the mean-free path down
an average interatomic spacing and not lower than that
cause one may be reasonable in saying that the electron

TABLE III. Transition temperaturesTp (TN or/and Tsc) ob-
tained from different measurement techniques. Most of them areTN

values except for Y, La, and Lu compounds.

Sample Fromx From r From Cp

Tp ~K! Tp ~K! Tp ~K!

Y2Ir3Ge5 2.6a 2.65a 2.48a

La2Ir3Ge5 1.74a 1.7a 1.75a

Ce2Ir3Ge5 8.9 8.5 8.7
Pr2Ir3Ge5 2.1 2.04
Nd2Ir3Ge5 2.1,2.82 3 2.08,2.75
Gd2Ir3Ge5 4.4,11.9 4.2,11.5 4.5,11.21
Tb2Ir3Ge5 6.4 5.9 6.0
Dy2Ir3Ge5 2.0,4.3,7.2 1.98,4.7,7.8 2.07,4.79,7.3
Er2Ir3Ge5 1.97 1.91
Tm2Ir3Ge5

Lu2Ir3Ge5 1.94b 1.85b

aSuperconducting transition (Tc).
bOnset of superconductivity. The transition is not complete.
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scattered at most at every atom. Thus the resistance will
to attain a saturation valuermax.

The high temperature (75 K,T,300 K) r data of the
samples withR5Y, La–Dy ~which show metallic behavior!
could be fitted nicely to the parallel resistor model. The v
ues of the various parameters obtained from the fit to
model are listed in Table IV. TheuD values estimated from
fitting the heat-capacity data~discussed below! are also
given in Table IV. No attempt was made to fit the paral
resistor model to ther data of Ce2Ir3Ge5 since this com-
pound exhibits Kondo behavior.

C. Heat-capacity studies onR2Ir 3Ge5 „RÄLa–Tm, Lu, Y …

The temperature dependence of the heat capacity from
to 30 K of various compounds of the seriesR2Ir3Ge5 are
shown in Figs. 8, 9, and 10. The main figure shows
magnetic contribution (Cmag) to the heat capacity and th
estimated entropy (Smag). TheCP data has been omitted fo
clarity. The insets show theCmag/T (CP /T for nonmagnetic
samples! vs T2 data at low temperatures to highlight th
anomalies at the various transitions for the respec
samples. For the magnetic samplesR2Ir3Ge5 (R5Ce–Dy),
we had a choice to use either La2Ir3Ge5 or Y2Ir3Ge5 as the
nonmagnetic counterpart to estimate the lattice contribut
We have used La2Ir3Ge5 for the purpose since we find that i
some cases the lattice contribution is overestimated if we
Y2Ir3Ge5. For the samples withR5Er and Tm, we have
used Lu2Ir3Ge5 as the reference sample. The temperat
dependence ofCp of the La, Y, Lu, and some of the magnet
samples above their magnetic transition temperatures c
be fitted to the expression,

Cp5gT1bT3, ~6!

whereg is due to the electronic contribution andb is due to
the lattice contribution. From theb value, we can estimate
the value of the Debye temperatureuD using the relation,

uD5S 12p4 Nr kB

5b D 1/3

, ~7!

whereN is the Avogadro’s number,r is the number of atoms
per formula unit, andkB is the Boltzmann’s constant. Th
estimated values of the Debye temperatureuD is listed in
Table IV where they are compared with the values estima

TABLE IV. Parameters obtained from the low-temperature
sistivity fit of R2Ir3Ge5.

Sample r0 a n
mV cm nV cm/Kn n

La2Ir3Ge5 19.35 0.037 3.6
Y2Ir3Ge5 33.17 0.12 3.28
Pr2Ir3Ge5 16.71 6.71 2.42
Nd2Ir3Ge5 27.5 45 1.71
Gd2Ir3Ge5 73.35 4 2
Tb2Ir3Ge5 84.85 7.30 2.12
Dy2Ir3Ge5 88.47 9.59 2.12
3-7
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YOGESH SINGH AND S. RAMAKRISHNAN PHYSICAL REVIEW B69, 174423 ~2004!
from the fit to the high-temperature resistivity data with t
parallel resistor model. We find that for the La and Y co
pounds the estimatedg values are 16 mJ/R mol K2 and
19.4 mJ/R mol K2, respectively, which are quite high fo
nonmagnetic samples and could possibly indicate a la
density of states at the Fermi level. The absence of super
ductivity in Lu2Ir3Ge5 above 2 K isattributed to its relatively
low g value which we found to be 9 mJ/Lu mol K2.

The temperature dependence of Cmag from 1.8 to 30 K of
Ce2Ir3Ge5 is shown in Fig. 8. The inset shows theCmag/T vs
T2 data at low temperatures. The large peak seen at 8.3
the inset confirms the bulk ordering of the Ce31 moments.
This temperature is comparable to the values of the trans
temperature as obtained by thex and r(T) measurements
This transition temperature also closely resembles the pr
ously reported values.15 It must be noted that we observe
small shoulder at 4.3 K in theCmag ~see the small kink in the
inset! data where we had observed a strong ferromagn
upturn in thex data. The extrapolated value for the Somm

FIG. 8. Temperature dependence of the heat capacity
R2Ir3Ge5 (R5La, Ce, Pr, and Nd! from 1.8 to 30 K. The magnetic
entropyCmag and the calculated values of the entropySmag ~after
the subtraction of the lattice contribution fromCp) are shown. The
inset shows the low temperatureCp /T vs T2 data. Large peaks
observed at the respective magnetic transitions indicate bulk m
netic ordering ofR31 moments.
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field’s electronic heat-capacity coefficientg was found to be
188 mJ/Ce mol K2 which classifies it as a moderately hea
fermion system. However, estimation ofg from data above
TN can be easily influenced by magnetic correlations a
CEF effects and may not be strictly correct. For a corr
estimation of the true value ofg, data down to much lower
temperatures would be required. The estimated entropy a
K is found to be 8.83 J/ Ce mol K which is much less th
the expected value ofR ln(2J11) ~with J55/2 for Ce!. The
reduced value of the entropy implies that there are hig
lying CEF levels which have not been populated at th
temperatures and so the whole entropy is not released.
Kondo effect seen in the resistivity data could also be pa
responsible for the reduced entropy. The experimentally
tained values of the entropy and the expected values h
been compared for all compounds in Table V.

The temperature dependence ofCmag from 1.8 to 30 K of
Pr2Ir3Ge5 is also shown in Fig. 8. The inset clearly shows
distinct peak at aT2 value corresponding to a temperatu

of

g-

FIG. 9. Temperature dependence of the heat capacity
R2Ir3Ge5 (R5Gd, Tb, Dy, and Y! from 1.8 to 30 K. The magnetic
entropyCmag and the calculated values of the entropySmag ~after
the subtraction of the lattice contribution fromCp) are plotted. The
inset shows the low temperatureCp /T vs T2 data. Large peaks
observed at the respective magnetic transitions indicate bulk m
netic ordering ofR31 moments.
3-8



it
ur
th
e
m
e

F
in-

ther

d a
EF

J/Pr
ted
F

a-

the
is

for
e
s
r
nd

iated

mp
as
Gd-

re
6.8
of
d

e
f 6
the
K.
F

7.4
em-

e to
the
in a

of
sig-
t a

this
e at
dif-
and

last

s

e
c o

ra
n
d

MAGNETIC ORDERING AND SUPERCONDUCTIVITY IN . . . PHYSICAL REVIEW B69, 174423 ~2004!
just above 2 K. This anomaly in the heat capacity, along w
the peak in the susceptibility data at a similar temperat
clearly establishes bulk antiferromagnetic ordering for
compound although we did not see any change in slop
the resistivity data down to 1.7 K. We observe a broad hu
around 7 K in theCmag data. This could be a Schottky typ

FIG. 10. Temperature dependence of the heat capacity
R2Ir3Ge5 (R5Er, Tm, and Lu! from 1.8 to 30 K. The magnetic
entropyCmag and the calculated values of the entropySmag ~after
the subtraction of the lattice contribution fromCp) are shown. The
inset shows the low temperatureCp /T vs T2 data. The incomplete
peaks in the insets for the Er and Lu samples show the magn
and superconducting transitions, respectively. Onset of magneti
der is also seen at low temperatures for the Tm compound.

TABLE V. Parameters obtained from the fit of the high tempe
ture ~75–300 K! r(T) data to the parallel resistor model i
R2Ir2Ge5 . uD(HC) is the value estimated from heat-capacity stu
ies.

Sample rmax r0 C1 uD(fit) uD(HC)
mV cm mV cm mV cm ~K! ~K!

Y2Ir3Ge5 335 53 824 376 318
La2Ir3Ge5 572 40 1337 433 319
Pr2Ir3Ge5 744 48 781 266 289
Nd2Ir3Ge5 749 51 865 324 287
Gd2Ir3Ge5 258 100 394 214 232
Tb2Ir3Ge5 548 99 532 206 247
Dy2Ir3Ge5 487 128 1169 362 337
17442
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anomaly indicating the presence of low-lying excited CE
levels which become populated as the temperature is
creased. Similar behavior has been observed in many o
Pr based compounds like Pr2Rh3Si5 ~Ref. 4! and
Pr2Rh3Sn5.18 For the former case the authors have use
singlet ground state and a doublet excited state for the C
levels to explain the data. The estimated entropy of 15.8
mol K at 30 K is again found to be less than the expec
value ofR ln(2J11) clearly suggesting the influence of CE
levels at these temperatures.

The temperature dependence ofCmag from 1.8 to 30 K of
Nd2Ir3Ge5 ~Fig. 8! shows two distinct and separate anom
lies ~seen more clearly in theCmag/T vs T2 inset! at 2 K and
2.8 K corroborating the two anomalies seen earlier in
dx/dT plot. The estimated entropy at 30 K in this case
again much lower than the expected value ofR ln(2J11)
~see Table V!.

The temperature dependence of the heat capacity
Gd2Ir3Ge5 from 1.8 to 30 K is shown in Fig. 9. We observ
a largel type anomaly at 11.2 K which clearly indicate
bulk magnetic ordering of Gd31 moments. A broad shoulde
is also visible at 4.2 K which corresponds with the seco
peak seen earlier in thex and dr/dT data at roughly the
same temperature. This second anomaly can be assoc
with the way the (2J11) multiplet under consideration
evolves within the ordered state. This low-temperature hu
following a magnetic transition at a higher temperature h
been seen in some other Gd based compounds such as
BiPt ~Ref. 21! and GdCu2Si2.24 The inset with the low tem-
peratureCmag/T vs T2 data shows the two anomalies mo
clearly. The estimated entropy at 30 K is found to be 1
J/Gd mol K which is nearly equal to the expected value
R ln(2J11). Note that atTN the entropy has already reache
88% of its value at 30 K.

The data for Tb2Ir3Ge5, also shown in Fig. 9 show a hug
~10 J/Tb mol! peak at the magnetic ordering temperature o
K. The magnetic heat capacity shows what looks like
low-temperature tail of a Schottky like hump around 29
The reduced entropy value at 30 K is indicative of CE
effects being important at these temperatures.

The Cmag vs T data for Dy2Ir3Ge5 shown in the same
figure shows three distinct anomalies at 2.1 K, 4.8 K, and
K. We had also seen three anomalies at roughly these t
peratures in thedx/dT and dr/dT plots for this sample.
These features below the first main transition could be du
reorientation of the spins in the ordered state. Usually
change is small enough to escape a distinct detection
magnetic measurement. However, in the reorientation
spins, some degree of freedom is involved and hence a
nature in the heat capacity. Reorientation of spins is jus
conjecture at the present time and it is possible that
compound actually has a complicated magnetic structur
low temperatures. This issue can be settled with neutron
fraction to probe the low-temperature magnetic structure
the changes it undergoes across the three transitions. The
panel in the same figure shows theCP data for Y2Ir3Ge5.
The inset showing theCP /T vs T2 data at low temperature
shows an anomaly peaked atT256 K2 which corresponds to
the superconducting transition seen at 2.5 K in ther andx
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YOGESH SINGH AND S. RAMAKRISHNAN PHYSICAL REVIEW B69, 174423 ~2004!
measurements. The value ofdC/gTC is found to be 0.64
which is much reduced from the value 1.43 for a BCS ty
superconductor. This indicates that Y2Ir3Ge5 may be a
weakly coupled superconductor.

Figure 10 shows the heat-capacity data for the compou
R2Ir3Ge5 (R5Er, Tm, Lu! forming in the crystal structure
different from the rest of the compounds. TheCmag data for
Er2Ir3Ge5 show an upturn at low temperatures starting at 6
and undergoes a maximum peak around 1.9 K. However
could not trace the complete transition down to lower te
peratures because of experimental limitations. This co
sponds with the anomalies seen in thedx/dT and r data
discussed earlier.

The data for Tm2Ir3Ge5 seen in the same figure also sho
an upturn below 3.5 K which continues down to 1.8 K. Th
may be the onset of the magnetic ordering of Tm31 moments
in this sample which we have not been able to capture
cause of the transition being below 2 K. The estimated
tropy of only 9.2 J/Tm mol K at 30 K is much reduced fro
the expected value of ln(2J11) ~with J56 for Tm!. How-
ever, it must be noted that we see a strong indication that
compound may order below 2 K and a lot of entropy would
be sitting under the peak at the transition when it occurs.
heat-capacity data for Lu2Ir3Ge5 is also shown in Fig. 10
The CP vs T2 inset shows an incomplete anomaly around
K which corresponds with the abrupt drop in resistivity at t
same temperature and could be a signature of supercon
tivity in this compound although we could not observe a
diamagnetic signal in our magnetic measurements dow
1.8 K.

IV. DISCUSSION

In this section we will make an attempt to understand
temperature dependence of the measured physical prope
and the models which we have used to understand their
havior and look for systematic trends followed across
series. We begin with the susceptibility behavior. The hig
temperature data for all samples could be fitted to a modi
Curie-Weiss law. The extracted effective moments for
samples are close to their theoretical values for freeR31 ions
showing that we are dealing with trivalent moments here
that there is no contribution from the Ir. It must be recall
that the Yb2Ir3Ge5 sample showed a much reduced mom
estimated from the high-temperature data and that was at
uted to the fact that the rare-earth element has two inequ
lent sites in the crystal structure and so the Yb could hav
different valence at the two sites.16 We see here that both th
Er and Tm samples, which form in the same crystal struct
as the Yb sample show trivalent behavior with Er2Ir3Ge5
undergoing magnetic ordering below 2 K asseen in the hea
capacity and resistivity measurements while Tm2Ir3Ge5 is
also seen to be on the verge of magnetic order and we
already see the onset in the low-temperature heat-cap
inset for the sample. From Table I it can be seen that
temperature independent susceptibilityx0 is non-negligible
for some cases which possibly indicates a large density
states at the Fermi levelN(EF). The values ofuP are found
to be of the order of215 K ~see Table I! for most of the
17442
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compounds. These values are significantly higher than th
of R2Rh3Sn5 ~Ref. 18! for example. This explains the highe
values of theTN’s of the compounds of theR2Ir3Ge5 series.
The data begins to deviate from the Curie-Weiss behavio
lower temperatures because of the influence of crystal
electric fields and because of the growing of magnetic co
lations. In the section where we described the results fr
susceptibility measurements we mentioned that we have u
the d(xT)/dT vs T plots to determine the antiferromagnet
transition temperatures. Near an antiferromagnetic transi
the temperature dependence ofd(xT)/dT mimics the mag-
netic heat capacity curve.25 This was demonstrated beaut
fully in Fig 3 where we had plottedd(xT)/dT vs T for
Nd2Ir3Ge5 and Dy2Ir3Ge5. Comparing this curve with the
magnetic heat capacity of Nd2Ir3Ge5 and Dy2Ir3Ge5, one
can see a clear similarity in the shape of the curves near
various transitions. The transition temperatures, howe
can be deduced unambigously by this method only by tak
into account data from other measurements also because
ing the derivative sometimes gives some spurious peaks
in general the noise is enhanced in the derivative and so
has to be careful in determiningTN by this method. We now
turn our attentions to the resistivity data. From Table III
can be seen that most of the samples have resistivity va
typical of rare-earth intermetallic compounds at low
temperatures. The power-law fit to the low-temperature d
for La2Ir3Ge5 and Y2Ir3Ge5 in their normal state as de
scribed in the Section III B shows that the data deviate fr
the expectedT3 dependence predicted by the Wilsonss-d
scattering model. There are cases of many nonmagnetic
termetallic alloys where the low temperature resistivity d
deviates from theT3 dependence and follow a power-la
behavior withn,3. However, it is difficult to find many
compounds showingn.3 as we find for both La2Ir3Ge5 and
Y2Ir3Ge5. The reasons are not well understood at present
could be due to lattice anharmonicity or phonon drag effe
Attempts to fit the resistivity data in the paramagnetic reg
for the compounds containing magnetic rare-earth show
only Gd2Ir3Ge5 follows a T2 dependence suggesting dom
nance of scattering by spin fluctuations at these temperat
for this compound. Both Tb2Ir3Ge5 and Dy2Ir3Ge5 show a
power-law behavior withn52.1 which is close to theT2

dependence. However, for both Pr2Ir3Ge5 and Nd2Ir3Ge5 we
find a marked deviation from theT2 law with n being equal
to 2.4 and 1.7, respectively. TheseT2.4 andT1.7 dependences
for r at low temperatures is quite puzzling and not und
stood at present. The Ce2Ir3Ge5 compound shows heavy fer
mion behavior and the expectedT2 behavior might occur at
very low temperatures. We could also fit the data belowTN
for many magnetic samples to a power-law dependence.
values of n.1 found for most of the samples exce
Gd2Ir3Ge5 (n,1) is expected below the antiferromagne
ordering. The fractional temperature dependence ofr below
TN for Gd2Ir3Ge5 can be attributed to the scattering of co
duction electrons by critical spin fluctuations which begin
grow as one approachesTN . Such a behavior has also bee
observed earlier in other Gd based samples such
Gd2Rh3Sn5.18 One clearly needs more studies on these co
3-10
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TABLE VI. Parameters obtained from the heat-capacity measurements onR2Ir3Ge5.

Sample TN(K) Smag (TN
a)/R J ln(2J11) Smag(30 K)/R

Ce2Ir3Ge5 8.7 0.678 5
2

1.79 1.08

Pr2Ir3Ge5 2.04 0.05 4 2.19 1.94
Nd2Ir3Ge5 2.08,2.75b .506 9

2
2.30 1.29

Gd2Ir3Ge5 4.5,11.21b 1.76 7
2

2.08 2.02

Tb2Ir3Ge5 6.0 0.59 6 2.57 1.53
Dy2Ir3Ge5 2.07,4.79,7.3b 1.4 15

2
2.77 2.25

Er2Ir3Ge5 1.91 0.45 15
2

2.773 1.82

Tm2Ir3Ge5 2.3 0.144 6 2.56 1.10

aMultiple transitions.
bTransition temperatures are determined fromCp data.
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pounds to try to understand their transport properties
clean single crystals would be helpful in doing so becaus
is well known that in ternary silicides and germanides
transport properties can be highly anisotropic and the ove
behavior for a polycrystalline sample can be easily infl
enced by this. The semiconducting behavior in the resisti
for the samples Er2Ir3Ge5 , Tm2Ir3Ge5, and Lu2Ir3Ge5 is in-
teresting. In our recent report on the sample Yb2Ir3Ge5 we
had found a metallic resistivity in the same temperat
range.16 A similar behavior in the transport properties h
been observed inR3Ru4Ge13 ~Ref. 20! andRBiPt ~Ref. 21!
where the resistivity for all samples except Yb showed
semiconducting response. However, one major difference
tween the behavior we observe is that there is no evide
for a gap or pseudogap as seen in these compounds sinc
data do not follow an activated behavior forr(T). This is
shown in Fig. 5 where we have plotted lnr vs 1/T for the Er,
Tm, and Lu samples in the region where we observe a se
conducting behavior. In this respect ther(T) behavior for
our samples is similar to that of URh2Ge2 ~Ref. 26! where a
negative temperature coefficient of resistivity is found up
room temperature for some samples. We believe that lik
the case of URh2Ge2, the anomalous resistivity behavior
arising due to crystallographic disorder which occurs due
intersite exchange between Ir and Ge. Electronic localiza
effects induced due to this disorder could be the origin of
weak negative temperature coefficient of resistivity in the
compounds. Further investigations are definitely required
understand this behavior. We could fit the high-temperat
dependence ofr for the samples which showed metallic b
havior to the parallel resistor model~see Table IV! success-
fully and theuD values obtained from such fits agree rough
with those obtained from heat-capacity data for almost
compounds~magnetic or nonmagnetic!. The reasons for the
difference of about 10–20 % could be due to anharmo
contribution to the transport which is not considered in
parallel resistor model. The values ofrmax also vary consid-
erably across the series and are quite high in some cases
exact origin of thermax is still not understood properly but i
is seen that saturation occurs invariably for metals and al
which have a large resistivity. In the semiclassical theory
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resistivity is given in terms of the mean-free pathl by r
53ph/e2KF

2l. The saturation resistivity in this scheme ca
be obtained by putting the mean free path equal to the in
atomic distance since the electrons can be scattered at
at every atom. This value ofrmax is called the Ioffe-Regel
resistivity after the people who proposed this. The Iof
Regel resistivity for most compounds is abo
150–200mV cm. However, a very recent work28 has shown
that some systems with large resistivities saturate at m
larger values than the Ioffe-Regel resistivity. It can be se
from Table IV that ther0’s for our samples are infact quit
large.

Thus it is clear that both the low-temperature and
high-temperature behavior of the transport properties
these compounds require more investigations for a better
derstanding.

The parameters obtained from the analysis of the h
capacity measurements can be found in Table VI where
have listed the values of the ordering temperatureTN , en-
tropy Smag(TN)/R, J, ln(2J11) and S(30 K)/R. From the
column giving values ofSmag(TN)/R one can see that fo
Ce2Ir3Ge5 , Tb2Ir3Ge5, and Er2Ir3Ge5, the entropy just
above the transition reaches a value which is close to
indicating that the ground state for these compounds i
doublet. The entropy for Ce2Ir3Ge5 increases only weakly
after the transition up to about 30 K indicating that t
ground-state doublet is well separated from the excited c
tal field levels. The entropy value for Nd2Ir3Ge5 reaches a
value of 0.506R (' 75% R ln 2) at TN and then approache
1.34R ('R ln 4) at 30 K. Given that Nd is a Kramer’s ion
these values indicate that a pair of doublet ground sta
dominate the low temperature properties of this compou
The entropy for Dy2Ir3Ge5 reaches a value of 1.4R
('R ln 4) at TN which indicates that the ground state is
quartet for this compound. The entropy atTN for Gd2Ir3Ge5
is already 1.8R and reaches almost the full 2.08R at 30 K.
The entropy atTN for Pr2Ir3Ge5 is unusually low at 0.05R
and is quite puzzling. The entropy reaches almostR ln 3 at
10 K after the Schottky anomaly which is peaked at 5
This would have been consistent with a nonmagnetic C
3-11
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YOGESH SINGH AND S. RAMAKRISHNAN PHYSICAL REVIEW B69, 174423 ~2004!
ground state with a doublet forming the first excited state
maybe two singlets close together. However, we do se
magnetic transition in both the susceptibility and he
capacity measurements. The reason for this unusually s
entropy at the transition is not understood at present.
entropy for most of the samples continues to rise aboveTN ,
indicating the participation of excited crystal-field levels
this temperature range, but reach values considerably
duced from the fullR ln(2 J11).

In general, if CEF effects are not taken into account,
antiferromagnetic ordering temperatureTM for a series of
isostructural and isoelectronic metals are expected to s
~de Gennes scaling27! as (gJ21)2 J(J11) wheregJ is the
Landeg factor andJ is the total angular momentum of th
local moment. If the angular momentum is quenched th
TNs are expected to scale asS(S11).

The solid line in Fig. 11 is the dG factor (gJ21)2 J(J
11) normalized to the value for Gd. The dashed line is o
tained by similar normalization for the case where the orb
angular momentumL is quenched andS is the good quantum
number. From Fig. 11, it is evident that the ordering tempe
tures ~highest transition temperature for samples with m
tiple transitions! of the compounds roughly follow the d
Gennes scaling@gJ21)2 J(J11)]. The slight difference is
probably due to CEF effects which are quite strong as
saw in our heat-capacity measurements. The fact that mo
the compounds follow the de Gennes scaling implies t
the main interaction leading to the magnetic transitio
in this series may be the Ruderman-Kittel-Kasuya-Yos
~RKKY ! interaction. It is worthwhile to note that th

FIG. 11. Plot of the ordering temperatures of the compound
the seriesR2Ir3Ge5 (R5Ce, Pr, Nd, Tb, Gd, and Dy! normalized to
the TN value for Gd. The dashed lines represent scaling law wh
only spin quantum numberS is used whereas the solid lines are f
scaling law using total quantum numberJ ~de Gennes scaling, se
text for details!.
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TN for Ce (58.5 K) is anomalously large compared to th
other compounds.

V. CONCLUSION

To conclude, we have synthesized and studied compou
of the seriesR2Ir3Ge5 with R5Y, La, Ce–Nd, Gd–Tm, and
Lu using x-ray powder diffraction, magnetic susceptibli
isothermal magnetization, electrical resistivity, and he
capacity measurements. We find that the crystal struc
changes from a tetragonal U2Co3Si5 type structure for Y, La,
and Ce–Dy to a different orthorhombic structure with spa
group Pmmn for Er–Lu. The nonmagnetic compound
La2Ir3Ge5 and Y2Ir3Ge5 show superconductivity below 1.8
K and 2.4 K, respectively, while for the compoun
Lu2Ir3Ge5 indications for superconductivity could be seen
the resistivity and heat-capacity measurements only. The
sence of bulk superconductivity above 2 K for this com
pound may be attributed to the low density of states at
fermi level for the Lu compound as indicated by the sm
value of the Sommerfield’s coefficient for this compou
compared to the Y and La compounds. All compounds c
taining magnetic rare-earth elements were found to give
estimated effective momentme f f close to the free ionR31

values and show magnetic ordering below 12 K or onse
magnetic order as in the case of Tm2Ir3Ge5 . Dy2Ir3Ge5 ,
Nd2Ir3Ge5, and Gd2Ir3Ge5 show multiple transitions apar
from the main antiferromagnetic transition. The orderi
temperature of Ce2Ir3Ge5 at 8.5 K is anomalously high com
pared to the other compounds considering that Gd2Ir3Ge5
orders at 12 K. Ce2Ir3Ge5 shows a Kondo-lattice behavio
with a doublet ground state and moderate heavy elec
behavior. TheT3.6 andT3.3 power-law behavior of the norma
stater data for La2Ir3Ge5 and Y2Ir3Ge5, respectively, and
the T2.4 andT1.7 power-law dependence of ther data in the
paramagnetic state for Pr2Ir3Ge5 and Nd2Ir3Ge5 is not un-
derstood at present. We find a semiconducting resistivity
the compounds Er2Ir3Ge5 , Tm2Ir3Ge5, and Lu2Ir3Ge5 which
we believe is arising due to crystallographic disorder cau
by an inter-site exchange between the Ir and Ge. The tra
port properties for this series of compounds clearly me
and requires further investigations on cleaner samples
preferably on single crystals to investigate the role of anis
ropy on the overall behavior ofr. From the temperature
dependence of the entropy for the various compounds
have been able to establish that the ground state for the c
pounds Ce2Ir3Ge5 , Nd2Ir3Ge5 , Tb2Ir3Ge5, and Er2Ir3Ge5 is
a doublet while the ground state for Dy2Ir3Ge5 is a quartet.
We could also observe the complete octuplet for Gd2Ir3Ge5.
It was difficult to establish the ground states for Pr2Ir3Ge5
and Tm2Ir3Ge5 compounds given that the Tm compoun
does not order down to the lowest temperatures of our m
surements and the Pr compound shows an anomalously
entropy above the magnetic transition. Finally, the transit
temperatures for most of the compounds scale with the
Genne’s factor indicating that the chief mechanism throu
which the magnetic moments interact may actually be
RKKY type.
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