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The CeIr1−xRhxIn5 series exhibits a range of interesting phenomena, including heavy-fermion superconduc-
tivity, non-Fermi liquid behavior, and concomitant antiferromagnetism and superconductivity. In the low-Rh
concentration ranges0.1øxø0.5d, specific heat measurements show a broad anomaly, suggestive of gross
phase separation. We have performed x-ray absorption experiments at the CeLIII , Ir LIII , and RhK-edges as a
function of Rh concentration and temperature. X-ray absorption near-edge structure measurements indicate that
cerium is close to trivalent in this system, with no measurable change with temperature from 20–300 K,
consistent with a heavy-fermion material. Extended x-ray absorption fine structure measurements as a function
of temperature from all measured edges indicate the local crystal structure of all samples is well ordered, with
no gross phase separation observed, even for samples withx=0.125 andx=0.25. These results therefore
suggest that the anomalous specific heat behavior in the 0.1øxø0.5 range have some other explanation, and
some possibilities are discussed.
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I. INTRODUCTION

Strongly correlatedf-electron systems have been the sub-
ject of many recent theoretical and experimental investiga-
tions due to their striking low temperature ground state
properties.1 In particular the discovery of diverse and rich
physical properties such as unconventional super-
conductivity,2 the non-Fermi-liquidsNFLd state,3 and other
heavy-fermion properties have puzzled and challenged con-
densed matter physicists.

One class of compounds that has attracted considerable
interest recently is that of the newly discovered Ce-based
heavy-fermion compounds of the form CeMIn5 sM
=transition metald, otherwise known as the Ce-115’s.4,5 Here,
we focus on the case whereM =Ir or Rh. Since their discov-
ery, most experimental investigations have focused on the
study of bulk magnetic, transport, and thermodynamic
properties.6–10 Local magnetic and electronic probes such as
muon spin rotationsmSRd, nuclear magnetic resonance
sNMRd,11 and most recently, nuclear quadrupole resonance
sNQRd12 have revealed additional microscopic details such
as the coexistence of long range magnetism and supercon-
ductivity and the anisotropic nature of the superconducting
energy gap in CeIr1−xRhxIn5. A thorough and complete un-
derstanding of the microscopic origin for these intriguing
physical properties, however, is still far from complete.

The Ce-based compounds CeMIn5 crystallize in the
HoCoGa5-type tetragonal structure, space groupP4/mmm,
in which layers of CeIn3 and MIn2 are stacked alternately
along thec-axis. The cell constantsa and c are 4.674 and
7.501 Å for CeIrIn5, and 4.656 and 7.542 Å for CeRhIn5,
respectively, according to the x-ray and neutron diffraction
studies.13 Though both compounds adopt the same crystal
structure and display heavy-fermion behavior, CeRhIn5 is an
antiferromagnet with Néel temperatureTN=3.8 K; whereas,

CeIrIn5 is a bulk superconductor belowTc=0.4 K while dis-
playing a zero-resistance transition at 1.2 K. The low tem-
perature normal state resistivity of CeIrIn5 has a NFL tem-
perature dependence,4,5 r=r0+aT1.3.

Below Tc, measurements of specific heat and thermal
conductivity reveal power law dependences, consistent with
unconventional superconductivity.14 The temperature-
composition phase diagram for CeIr1−xRhxIn5 is displayed in
Fig. 1. As can be seen from the figure, bulk superconductiv-
ity is maintained up tox=0.7, and superconductivity coexists
with long range magnetic order in the range
0.4øxø0.7.15,16 This coexistence over such a broad doping
range is unexpected, since a small amount of chemical dis-
order si.e., different atomic species on a given crystallo-
graphic sited in Ce- or U-based compounds usually sup-
presses superconductivity. For higher Rh doping,xù0.7, the
concentration dependence of the Néel temperature is anoma-
lous: it remains essentially unchanged withx.15 Furthermore,
specific heat data show a broad feature in the 0.1øxø0.5
range which moves to higher temperatures with increasing
Rh concentrations.10 This broadening was originally thought
to be due to inhomogeneous superconductivity caused by a
strain field induced by crystallographic defects.10 Low tem-
perature ac susceptibility data also show a similar anomaly.
The end member of the series, CeRhIn5, is a heavy-fermion
antiferromagnet which becomes a superconductor at pres-
sures abovePc=1.6 GPa.6 Neutron diffraction revealed that
the magnetic structure is incommensurate along thec-axis
with the moment residing on the Ce ion.8 From an electronic
structure point of view, the hybridization between the con-
duction electrons and the Ce 4f-electrons in CeIrIn5 is found
to be slightly stronger than that in CeRhIn5.

17 deHaas–van
Alphen sdHvAd effect measurements in CeRhIn5 including
measurements down to 30 mK have shown that the
4f-electrons are almost entirely localized in CeRhIn5.

19–21

For CeIrIn5, while low temperaturesT=25 mKd dHvA data
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are well explained by the 4f-itinerant band model,18 angle
resolved photoemission study atT=15 K shows that the
Ce 4f-electrons are nearly localized.17 The discrepancy be-
tween the dHvA and photoemission results has been attrib-
uted to the difference in the measured temperature range.
The temperature at which the photoemission experiments
were performed, 15 K, appears to be sufficiently higher than
the characteristic Kondo temperature below which the
f-electrons contribute to the volume of the Fermi-surface.

A number of different theoretical approaches have been
proposed to account for the occurrence of NFL behavior in
f-electron materials. Some of these theories include disorder-
based models22–24 and spin-fluctuation-based theories.25–28

The disorder-based theories may be germane in particular for
the cases where Rh replaces Ir in CeIr1−xRhxIn5. In addition,
the broad specific heat anomaly in the 0.1øxø0.5 range is
suggestive of disorder. To our knowledge, there have been no
reported local structure studies or x-ray core-level absorption
measurements of thef-level occupancy on these heavy-
fermion systems. X-ray absorption spectroscopysXASd is
sensitive to both the local electronic and atomic structure of
the atom being probed. For instance, information about the
f-electron occupancy of the cerium atoms can be inferred
from the x-ray absorption near-edge structuresXANESd
around the ceriumLIII -edge. Structure in the energies beyond
,10–20 eV above the absorbing edge, otherwise known as
the extended x-ray absorption fine structuresEXAFSd, con-
tains information about the radial pair-distance functions
around the absorbing species. Therefore, in order to deter-
mine the valence of Ce, study the distribution of Rh atoms in
the matrix and quantify the degree of lattice disorder and
explore possible links with the observed anomalies in the
specific heat and susceptibility data, we have performed
XAS investigations on the heavy-fermion system
CeIr1−xRhxIn5 s0øxø1d at the RhK and the Ce and
Ir LIII -edges.

The rest of this paper is organized as follows. In Sec. II
we will describe sample preparation and XAFS measure-
ments. Details of the XANES and EXAFS analysis will be
presented in Sec. III and Sec. IV, respectively. A discussion
of the results follows in Sec. V. Finally, conclusions of our
investigation will be given in Sec. VI.

II. EXPERIMENTAL DETAILS

CeIr1−xRhxIn5 sx=0, 0.025, 0.125, 0.25, 0.5, and 1.0d
single crystals were grown by a self-flux technique.13 The

samples were found to crystallize in the primitive tetragonal
HoCoGa5-type structure.29,30

Rh K-edge and Ce and IrLIII -edge absorption spectra
were recorded in transmission mode at beamlines 2-3, 4-1,
and 11-2 of the Stanford Synchrotron Radiation Laboratory
sSSRLd. Beamlines 4-1 and 11-2 were equipped with a
double-crystal Sis220d monochromator; beamline 2-3 was
equipped with a double-crystal Sis111d monochromator. The
monochromators were detuned in order to minimize the har-
monic contamination of the synchrotron radiation. InK-edge
data were also obtained, although the fit results are not con-
clusive as discussed in Sec. V.

Pellets of the single crystal samples were ground with a
mortar and pestle and passed through a 20µm sieve. The
powdered material was then brushed onto adhesive tape and
several layers were stacked together resulting in an absorp-
tion edge step in the range 0.5–1.0 absorption lengths. The
samples were then mounted in a liquid helium flow cryostat.
The temperature of the samples was varied between 20 and
300 K. At least two spectra were taken for each sample at
each temperature.

For the investigation of dilutesxø0.25d Rh-doped
CeIrIn5 samples RhK-edge absorption data were obtained in
fluorescence mode using a Canberra 32-element germanium
detector. Data for the concentrated Rh samples were obtained
in transmission mode. Here we would like to point out that
despite corrections to fluorescence data in generalsi.e., self-
absorption and dead-time correctionsd, some differences in
the observed EXAFS amplitudes compared to transmission
data are common.

III. XANES RESULTS

Cerium LIII -edge XANES data provide a measure of the
effective cerium valences3+ or 4+d and, therefore, the effec-
tive f-electron occupancynf se.g., 1 or 0, respectivelyd. This
measurement is typically31,32 achieved by fitting the follow-
ing formula to the ceriumLIII -edge absorptionmtotsEd data:

mtotsEd = s1 − nfdm4+sEd + nfm3+sEd,

wherem4+sEd andm3+sEd are the line shapes for thef0 and
the f1 configurations of cerium. Ideally, one would obtain
these functions from purely tetravalent and purely trivalent
cerium intermetallic model compounds with nearly the same
crystal structure. Since such materials are not currently avail-
able, we use the LaLIII -edge XANES from either LaRhIn5
sfor x,0.5 samplesd or LaIrIn5 sfor x.0.5 samplesd as a
measure of the line shape for both valence states. Note that
the m4+sEd andm3+sEd line shapes are assumed to be identi-
cal apart from an overall energy shift between 8 and 10 eV,
as is common in intermediate valence intermetallic
compounds.31,32Both lanthanum analogues were used for the
x=0.5 sample, and the reported error bars reflect this uncer-
tainty. An example of typical data and a fit is shown in Fig. 2,
and the fit results for all measured samples are shown in Fig.
3, including CeIn3 as an example. All the data are consistent
with essentially trivalent cerium at all temperatures from 20–
300 K, as expected for heavy-fermion compounds. Our Ce-
XANES results therefore imply a rather small characteristic

FIG. 1. Temperature-composition phase diagram for
CeIr1−xRhxIn5. These data are from Ref. 15.
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temperature for the formation of quasiparticle band in
CeIr1−xRhxIn5.

IV. EXAFS RESULTS

The EXAFS data were analyzed using the RSXAP soft-
ware package.33–35 After pre-edge subtraction, the EXAFS
function xskd was extracted from the measured absorption
coefficient mskd according toxskd=mskd /m0skd−1, where
m0skd is a smooth background function, the photoelectron
wave vectork="−1f2msE−E0dg1/2, m is the electron rest
mass,E is the incident energy, andE0 is the threshold energy.
The smoothly varying backgroundm0skd was determined by
fitting a 5-7 knot cubic spline function through the data.E0
was determined arbitrarily from the half-height of the main
edge. Structural refinement of the EXAFS data was per-
formed in R-space by fitting data to theoretical standards
generated by FEFF7.36 Representative transmissionk-space
data are displayed in Fig. 4.

A. Ir L III edge

One of the main goals of this work is to study the distri-
bution of Rh atoms in the CeIr1−xRhxIn5 matrix. From a local
perspective such an investigation is best accomplished by
probing the coordination numbers for the Ir-Ir, Ir-Rh, Rh-Rh,
and Rh-Ir pairs in the third shell across the series. Analysis of

the RhK-edge datasSec. IV Bd is complicated by the need
for both transmission and fluorescence data. Since only
transmission data are required from the IrLIII -edge for these
samples, we begin with the investigation of IrLIII -edge data.

In this structure Ir is surrounded by eight In first near
neighbors,2.76 Å away and two Ce second near neighbors
,3.75 Å away. The Fourier transformssFT’sd of Ir LIII -edge
data for CeIrIn5 and CeIr0.5Rh0.5In5 are shown in Fig. 5. In
EXAFS, the peak positions are shifted from the actual pair
distances by known amounts due to the phase shift of the
photoelectron at both the absorbing and backscattering at-
oms. The main peak at,2.6 Å is therefore due to the eight
In nearest-neighbor atoms and the peak at,3.6 Å is domi-
nated by the two Ce second near neighbors. It is evident
from the FT’s that the two spectra are nearly identical. The
exception is the peak at,4.6 Å, which is an Ir-Ir pair in
CeIrIn5, but is half Ir-Rh in CeIr0.5Rh0.5In5.

Single scattering and dominant multiple scattering paths
sup to 10 pathsd were included in the fits. Data were typically

FIG. 2. Example of normalized CeLIII -edge x-ray absorption
dataspre-edge subtractedd and fit to an intermediate valence model.

FIG. 3. Cef-occupation numbernfsTd versus temperature for
CeIr1−xRhxIn5 and CeIn3. Lines are guides to the eye.

FIG. 4. Representative low temperatures20 Kd transmission
EXAFS data for CeIrIn5, CeRhIn5, and CeIr0.5Rh0.5In5. Data collec-
tion for the CeLIII -edge is limited to 10.5 Å−1 by the presence of
the CeLII-edge.

FIG. 5. Ir LIII -edge datask3 weighted Fourier transformsd for
CeIrIn5 and CeIr0.5Rh0.5In5. Thek-range is 3.0–15.0 Å−1. All trans-
forms in this paper are Gaussian narrowed by 0.3 Å−1. The peak
indicated by the arrow is due to the Ir- Ir/Rh pair. Note the reduc-
tion of amplitude in CeIr0.5Rh0.5In5 is attributed to partial replace-
ment of Ir by Rh.
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fit over the range 3.0–15.80 Å−1. For each coordination shell
the distances and the pair-distance distribution widthsss’sd
were allowed to vary. For the parent compound CeIrIn5 the
number of near neighbors was fixed to their nominal values;
an overall amplitude reduction factorS0

2, however, was al-
lowed to vary.S0

2 for all other Ir edge data was fixed to that
of CeIrIn5. For the various Rh doped samples the nominal
concentration of Rh was used to fix the relative Ir and Rh
amplitudes for the Ir- Ir/Rh pairs. This constraint, however,
was later released during the test for the presence of any Rh
clustering. A representative IrLIII -edge transform and fit re-
sult is presented in Fig. 6. The structural parameters obtained
from the fit are summarized in Table I. Within the experi-
mental errors, the results for all other samples were identical
to those of CeIrIn5. Note that the interatomic distances of
CeIrIn5 compare very well with those obtained from a pre-
viously reported diffraction study,13 which are also given in
Table I.

EXAFS has been widely used for obtaining information
about local disorder. In the present study the temperature

dependence of the pair-distance distribution widths is used to
investigate the degree of disorder around the Ir site. The
refinement assumes the same values ofS0

2 andDE0 sshift in
the threshold energyE0d for each temperature. The values of
s2 vs T are fit with a correlated Debye model,37 using a
single adjustable parameter, the correlated-Debye tempera-
ture, QcD. A small, temperature independent offset is in-
cluded to fit the data according to the relation

s2 = scD
2 sTd + sstatic

2 , s1d

where sstatic
2 refers to the inherent temperature-independent

static disorder andscD
2 refers to the thermal disorder given

by the correlated-Debye model. A representative plot for the
Ir-In sfirst shelld mean-squared relative displacementss2d as
a function of temperature is shown in Fig. 7. Also shown is
the fit using Eq.s1d for that path. Within the experimental
errors, the results for all other samples are identical. The
model fits the data well with a negligibly small static dis-
placement for all the samples under investigation. The values
of QcD for the Ir-In pair are in the range 257–261 K indicat-
ing that all the measured samples have nearly the same stiff-
ness constant. As the results listed in Table II demonstrate,
all Ir-near neighbor pair distances are well ordered even with

FIG. 6. Ir LIII -edge Fourier transformssk3 weightedd for
CeIr0.875Rh0.125In5. Solid line indicates data; open circles indicate
theoretical fit. Data are transformed from 3.0–15.8 Å−1 and the fit
range, 1.8–6.5 Å, is indicated by the dashed vertical lines.

TABLE I. Low temperatures20 Kd Ir LIII -edge fit results for CeIrIn5 and CeIr0.875Rh0.125In5. Within the
estimated experimental errors, the results for all other samples are similar.Rdiff refers to interatomic distances
obtained from diffraction results for CeIrIn5 sRef. 13d. The fit yielded an overall amplitude reduction factor
sS0

2d value of 0.90s7d for CeIrIn5; S0
2 for all other samples was fixed at this value. The quoted errors are

estimated from differences between scans and a Monte Carlo methodsRef. 34d. Absolute errors in nearest
neighbor distances are estimated to be,0.005 Å and 0.02 Å for further neighbor distances. Absolute errors
in pair-distribution widths are about 5% for near neighbor bonds and 10% for further neighbor pairssRef.
34d.

CeIrIn5 CeIr0.875Rh0.125In5

Pair Rdiff N R sÅd s2 sÅ2d N R sÅd s2 sÅ2d

Ir-In 2.756 8 2.749s4d 0.0012s1d 8 2.751s4d 0.0013s1d
Ir-Ce 3.751 2 3.74s2d 0.0021s1d 2 3.749s2d 0.0029s1d
Ir-Ir 4.674 4 4.64s3d 0.0014s7d 3.5 4.66s3da 0.0010s1db

Ir-Rh 0.5 4.66s3da 0.0012s1db

Ir-In 4.999 8 5.01s3d 0.0054s6d 8 5.00s6d 0.0047s2d
Ir-In 5.426 16 5.42s2d 0.0062s4d 16 5.42s1d 0.006s2d
aIr-Rh pair distance constrained to Ir-Ir pair distance.
bsIr-Rh

2 is constrained tosmIr-Ir /mIr-RhdsIr-Ir
2 , where them’s are the reduced masses.

FIG. 7. Debye-Waller broadening versus temperature plot for
Ir-In pair sfirst shelld. Solid lines are fit to a correlated-Debye
model.
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the replacement of Rh for Ir. The other entries in the table,
the coordination number fit results for the third shell, will be
discussed in Sec. V.

B. Rh K edge

The RhK-edge Fourier transformed data for CeRhIn5 and
CeIr0.5Rh0.5In5 are shown in Fig. 8. Unlike the Ir-edge case,
there is a slight decrease in the main nearest neighbor peak in
the alloys. This difference could be due to a slight difference
in either the overallS0

2 or s2 for the Rh-In nearest neighbor
pairs. We assign this decrease to thes2 parameters below. A
close inspection of the peaks near 4.6 Å reveals a slight
increase of FT amplitude in CeIr0.5Rh0.5In5 relative to
CeRhIn5. This result is consistent with the IrLIII -edge data
and will be discussed in Sec. V below. A fitting procedure
similar to the one described above was used in extracting the
structural parameters. With the exception of the
CeRh0.025Ir0.975In5 case, within the experimental error, the fit
results for all other cases are identical. The results corre-
sponding to some representative Rh concentrations are
exhibited in Table III. A representative fit result for
CeIr0.75Rh0.25In5 is shown in Fig. 9. The FT was performed
over the measuredk range, 3.0–14.7 Å−1, with k3 weighting.
The interatomic distances for the parent compound CeRhIn5
obtained from diffraction are also tabulated for

comparison.13 Another important feature from the FT’s is
that in the lowest Rh doping casesx=0.025d the overall am-
plitude is reduced compared with the rest of the series. This
reduction is reflected in the value ofS0

2 obtained from the fit
f0.74s7d as compared to 0.90s5d for the rest of the seriesg
suggesting that the Rh atoms are not fully coordinated in this
case.

C. Ce L III edge

Fourier transforms for CeLIII -edge data and fits are
shown in Fig 10. The theoretical spectra were calculated us-
ing both FEFF7sRef. 36d and FEFF8sRef. 38d codes. The
refinement yielded interatomic distances which are in good
agreement with those obtained from diffractionssee Table
IV d; however, as is clearly seen from the figure, the quality
of the fit is poor, particularly in the lowR region. This type
of misfit in the lowR range is observed in CeLIII -edge fits to
all measured samples, including cubic CeIn3. These results
seem to imply that this misfit is generic to these types of
Ce-In intermetallics, and so we ascribe the discrepancy be-
tween data and theory in part to limitations of the FEFF code
in calculating the effective scattering amplitudes and
phases.39 We would like to point out however that CeK-edge
EXAFS measurements were performed on CeRhIn5 recently
at the GSECARS Beam line 13 ID-C of the Advanced Pho-
ton Source and the fit does not display the misfit described
above.

V. DISCUSSION

This report presents detailed local structure studies of the
heavy-fermion system CeIr1−xRhxIn5. Our EXAFS investiga-
tion shows that the local structure around Ir and Rh is struc-
turally well ordered. The data fit the crystallographic struc-
ture well assuming random or near random replacement of
Rh for Ir. The local interatomic distances are in good agree-
ment with previously reported diffraction results. Further-
more, our IrLIII -edge temperature dependent fit results indi-
cate that microscopic disorder around Ir, if any, is very small
fsstatic

2 =−0.0003s2d Å2g. For the lowest Rh doping casesx
=0.025d, the RhK-edge fit result suggests that some Rh at-
oms lack the full near-neighbor coordination. It is interesting
to note that the superconducting transition temperature is
suppressed for this concentration.15 As shown in Table III,

TABLE II. Correlated-Debye model fit results for the Ir-In pairss2 and QcDd and third shellsR
<4.67 Åd coordination number fit results for CeIr1−xRhxIn5. The total coordination number was fixed to its
nominal value 4.

Ir-In Ir-Ir Rh-Rh

Sample sstatic
2 sÅ2d QcD sKd Nexpected Nfit Nexpected Nfit

CeIrIn5 −0.0002s2d 261s7d 4

CeIr0.975Rh0.025In5 −0.0003s2d 258s7d 3.90 3.9s6d 0.10 0.3s3d
CeIr0.875Rh0.125In5 −0.0002s2d 259s6d 3.50 3.6s5d 0.50 0.7s5d
CeIr0.75Rh0.25In5 −0.0003s2d 260s7d 3.0 3.4s4d 1.0 1.2s5d
CeIr0.50Rh0.50In5 −0.0002s2d 257s7d 2.0 2.0s9d 2.0 1.7s6d

FIG. 8. RhK-edge datask3 weighted Fourier transformsd for
CeRhIn5 and CeIr0.5Rh0.5In5. The k range is 3.0–14.7 Å−1. The
peak indicated by the arrow is due to Rh-Ir/Rh pairs. The slight
increase of amplitude in CeIr0.5Rh0.5In5 is attributed to the partial
replacement of Rh by Ir atoms.
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with the exception of the low Rh doping case, the low tem-
peratures2 is small, implying very little static disorder
around Rh atoms. In addition, we performed a similar analy-
sis of In K-edge data. However, the presence of many over-
lapping near neighbor pairs inhibits obtaining reliable fit re-
sults. Nevertheless, the observed overall trends in amplitude
are consistent with the IrLIII -edge and RhK-edge results.

Although the fit results are consistent with random re-
placement of Ir for Rh with increasingx, we can explore the
distribution of Rh atoms in the CeIr1−xRhxIn5 matrix more
quantitatively. In Fig. 11 we show a closer look at the FT
peaks,4.6 Å for the series CeIr1−xRhxIn5. Here, one can
immediately note the following:sad the Ir data show a pro-
gressive decrease in amplitude with further Rh substitution,
andsbd the Rh data show a progressive increase in amplitude
with the replacement of Rh with Ir. These trends suggest that
Rh clustering is unlikely in this system. In order to get quan-
titative information on the extent of Rh clustering, a separate
fit was performed by allowing the coordination numbers for
the Ir-Ir, Ir-Rh, Rh-Ir, and Rh-Rh pairs in the third shell to
vary. The total coordination number for that shell, however,

was fixed to the nominal value 4. The pair distribution
widths were held fixed in these calculations. Also, the pair
distances were constrained in such a way that they were al-
lowed to vary only by one standard deviation from the nomi-
nally fixed pair distance resultsssee Table IIId. These extra
constraints were necessary to avoid correlations between
these parameters and the fitted coordination numbers. As the
results in Table II demonstrate, while the error bars are rather
large, we obtain coordination numbers close to what is ex-
pected from a random or near random replacement of Rh for
Ir for all the samples under investigation. Thus, the solid
solution CeIr1−xRhxIn5 appears to be a homogeneous one,
with no gross phase separation. This result agrees with the
recent 155In nuclear quadrupole resonance work on
CeIr1−xRhxIn5.

12

Having ruled out gross phase separation, we now consider
the possibility of heterogeneous clustering of Rh. This ques-

TABLE III. Rh K-edge fit results for CeIr1−xRhxIn5 sx=0.025, 0.25, 1d. The data for CeRhIn5 were
obtained in transmission mode; data for CeIr0.975Rh0.025In5 and CeIr0.75Rh0.25In5 were obtained in fluores-
cence mode. Within the estimated experimental error, the results for all other samples are similar.Rdiff here
refers to interatomic distance obtained from diffraction results for CeRhIn5 sRef. 13d. The fit yielded an
overall amplitude reduction factor value of 0.90s5d for CeRhIn5. Except for CeIr0.975Rh0.025In5, in which S0

2

was found to be 0.74s5d, all other fits used the same value ofS0
2 as CeRhIn5.

CeRhIn5 CeIr0.975Rh0.025In5 CeIr0.75Rh0.25In5

Pair Rdiff N R sÅd s2 sÅ2d N R sÅd s2 sÅ2d N R sÅd s2 sÅ2d

Rh-In 2.750 8 2.738s2d 0.0018s1d 8 2.730s2d 0.0043s2d 8 2.739s1d 0.0021s1d
Rh-Ce 3.771 2 3.77s3d 0.0024s1d 2 3.80s5d 0.008s6d 2 3.76s2d 0.0030s2d
Rh-Ir 4 4.62s1d 0.003s1d 3 4.62s3da 0.0011s2db

Rh-Rh 4.656 4 4.66s4d 0.0038s2d 1 4.62s3da 0.0014s2db

Rh-In 5.006 8 5.03s3d 0.0068s3d 8 5.01s1d 0.005s1d 8 5.00s1d 0.0055s1d
Rh-In 5.408 16 5.40s1d 0.0039s2d 16 5.41s1d 0.009s3d 16 5.42s2d 0.0036s7d
aRh-Ir pair distance constrained to Rh-Rh pair distance.
bsRh-Ir

2 is constrained tosmRh-Rh/mRh-IrdsRh-Rh
2 , where them’s are the reduced masses.

FIG. 9. Low temperatures20 Kd Rh K-edge Fourier transform
sk3 weightedd for CeIr0.75Rh0.25In5. Solid line indicates data; open
circles indicate theoretical fit. The data are transformed between
3.0–14.7 Å−1 and the fit range, 1.8–6.0 Å, is indicated by the
dashed vertical lines.

FIG. 10. CeLIII -edge fit for CeIr0.975Rh0.025In5. Solid line s—d
is experimental data; dashed lines---d is theoretical fit. Transform
range is 2.4–10.2 Å−1. The magnitudeuxsRdu is shown by the outer
envelope and the real part ofxsRd is shown by the oscillating inner
line. The fit range, 2.0–4.8 Å, is indicated by the dotted vertical
lines.
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tion is difficult to answer because if certain kinds of Rh or Ir
clustering occur, these measurements may not be sensitive
enough to detect it. For instance, clusters with different Rh
concentrations could exist within a single sample. The results
for both thex=0.125 andx=0.25, for example, are consistent
with the nominalx=0.25 random distribution. We are, how-
ever, able to consider near-neighbor clusters, such as if Rh
forms dimers or trimers. For instance, if all the Rh atoms are
distributed randomly for thex=0.025 sample, each Rh atom
will see 0.1 Rh neighbors. We observe 0.3s3d Rh neighbors
ssee Table IId which correspond to a one-standard-deviation
upper limit of 0.6 neighbors. Therefore, we can rule out more
than 60% of the Rh clustering into dimers for this sample.
This limit is more stringent if one considers larger clusters.

We now consider the anomaly observed in the specific
heat and ac susceptibility data in relation to our crystallo-
graphic results. In the study of Bianchiet al.,10 it is pointed
out that crystallographic defects may be the main cause for
the observed anomaly in the specific heat and magnetic sus-
ceptibility data in CeIr1−xRhxIn5 for the range 0.1øxø0.5.10

Our detailed local structure investigation, however, is incon-
sistent with either pair distance or chemical disorder as being
the origin of the anomaly. On the other hand, a similar broad
feature has been observed in the La doped CeRhIn5 system
and this feature has been attributed to the presence of short
range magnetic correlations.40,41 We therefore speculate that
the anomaly observed in the CeIr1−xRhxIn5 is due to short
range magnetic order. The field-dependent NFL behavior
observed in this concentration range42 supports this
hypothesis.

Microscopic disorder is the main component in several
NFL models. In the present case, we measure the heavy-
fermion system CeIr1−xRhxIn5 to be a well-ordered system.
Since there is little disorder, it appears that disorder-based
models cannot be used to describe NFL-like behavior in
these systems. On the other hand,115In spin-lattice relaxation
studies have shown that the heavy-fermion superconductor
CeIrIn5 is near an antiferromagnetic-quantum critical point.11

This would then suggest that strong spin fluctuations might
be responsible for the observed NFL-like low temperature
properties. The recent work by Nakatsujiet al. supports
this point of view.43 These authors extracted an intersite
spin-liquid temperatureT* from the specific heat of
Ce1−xLaxCoIn5 alloys. In the dense Kondo regime belowT*

the alloy is observed to exhibit NFL behavior. This finding is
consistent with the observed resistivity and specific heat data

of a two-dimensional antiferromagnet near the quantum criti-
cal point, whereT* is the energy scale of spin fluctuations.1

VI. CONCLUSION

We have presented detailed x-ray absorption spectro-
scopic investigations of the heavy-fermion system
CeIr1−xRhxIn5 sx=0, 0.025, 0.125, 0.25, 0.50, and 1d.
Ce LIII -edge XANES measurements show that cerium is
close to trivalent in this system, with no measurable change
with temperature from 20–300 K. The results of our XANES
investigation therefore imply that the characteristic tempera-
ture is very small in CeIr1−xRhxIn5. Our EXAFS results show
that the local interatomic distances are in good agreement
with the previously reported diffraction results. In order to
test for the presence of any Rh clustering a fit was performed
by varying the coordination numbers for the Ir-Ir, Ir-Rh, Rh-
Ir, and Rh-Rh pairs in the third scattering shell. We find that
Rh replaces Ir in a predominantly random or near random
way across the series suggesting that the solid solution
CeIr1−xRhxIn5 is a homogeneous one, with no gross phase
separation. This result implies that the anomaly observed in
the specific heat and susceptibility data10 should not be as-
cribed to Rh clustering. Based on similar observations on the
La doped CeRhIn5,

41 it is speculated that the anomaly could
be due to short-range magnetic correlations. Finally, our
temperature-dependent IrLIII -edge fit results indicate little or
no static pair distance disorder around Ir. Consequently, in
the present case, disorder-based NFL models cannot be used
to describe the low-temperature NFL properties. Proximity to
an antiferromagnetic quantum critical point, on the other
hand, suggests that strong spin fluctuations might be respon-
sible.
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