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A bstract . The effects of various chemical substitutions and induced latt ice d is rder in the 
Ce- and P u-based 115 superconductors are reviewed, with part icular emphasis on results from 
x- ray absorption fine structure (XAFS) measurements. 

1. Introduction 
Th compet ition between spin, charge, and lattice interact ions is at the heart of many of 
the trongly-correlated ground st ates in materials of current interest, such as in colossal 
magnetoresistors and high-temperature superconductors. T his relat ionship is part icularly trong 
in the CeT ln5 and PuT Ga5 series (T = Co, Rh, 11') of heavy-fermion superconductors. In t hese 
systems (figure 1), compet it ion between bulk magnetic and non-magnet ic ground states, as 
well as between superconduct ing and norma states, are directly related to local properties 
around the lant hanide or actinide ion , such as t he nearest-neighbor bond lengths and the local 
density of states at t he Fermi level. T iny changes in the latter values can easily t ip t he balance 
from one ground state to another. T his paper reviews recent work by the authors exploring 
the relationship between local cryst al and elect ronic structure and ground state magnetic and 
conducting propert ies in the Ce- and Pu-based 115 materials. 

This work is mot ivated by the current lack of understanding of superconductivity in the 115 
materials, and in heavy-fermion superconductors in general. As if to underscore the complexity 
in the 115 system , the .'uperconductivity is not of a conventional type, and may J!JrjJt{ well not 
be mediated by a phonon coupling mechanism of the Coop er pairs , but rat her by a. mag etic 
coupling mechanism. In the CeRhln5 system, for instance , superconduct ivity seems to develop 
out of t he antifelTomagnet ic state , as shown by the entropy balance at the superconducting 
transition [1]. P uCoGa is also thought to use a magnet ically-mediated mechanism [2, 3]; 
however, recent neutron diffract ion data cast some doubt on this possibility [4]. 

T he presence of superconductivity in heavy-fermion materials is generally linked with non­
Fermi liquid (NFL) behavior and the proximity to a magnetic quantum critical point (QCP). 
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F igure 1. Tetragonal unit cell of the CeT1ns and PuT Ga5 compounds. T he 1n(1) and Ga(l) 
sites are in the Ce-1n and P u-Ga plan s, where as the 1n (2) and Ga(2) sites flank these planes. 

A NFL is a material that does not demonstrate t he characterist ics of Landau 's Fermi liquid 
t heory, whereby conduct ing properties act like those of a Fermi gas with a renonn alized carrier 
mass. Typical NFL behavior in this class of materials include a non-quadra tic temperatw'e 
dependence of t he resist ivity in the normal state, and logarit hmic or power law divergences 
in t he magnetic susceptibility and the linear electronic coefficient to the heat capacity. NFL 
behavior is regul·-rly observed around a QCP, and is observed in both CeT ln5 and PuTGa~ . In 
part because of this typical proximity, many researchers believe an associated superconducting 
state can grow out of quantum fluct uat ions as one approaches the magnetic phase in the phase 
diagram- For example, CeRhIn5 is an ant iferromagnet in its ground state , but the applica ion 
of 1.6 GPa precipit ates a superconduct ing phase wit h strong NFL properties in the normal state 
[5]. Hov ever , the nearby magnet ic phase an be obscure . For instance, the observation of an 
antiferromagnetic phase nearby to C Coln5 ill its phase diagram was not observed until very 
recently, when Cd was substituted onto the In sublattice [6]. In P uT Ga5 , such a phase remains 
elusive. T he so-far observed lack of such a nearby phase has, in fac t , rOITlpted an interest ing 
theory that the magnet ic and sup rconduct ing phases develop simultaneously out of the same 
normal state, thereby obscuring t he magnetic phase [7] . 

NFL b ehavior can occur in highly-ordered materials , but is actually more common in 
materials exhibiting significant amount s of lat t ice disorder [8]. In these materials, it is p ossible 
to model the NFL behavior as due to a dist ribut ion of magnetic interaction strengths, either 
through Kondo interactions alone [9 , 10, 11] or through competing Rudermann-Kasuya-Kittel­
Yosida (RKKY) and Kondo interactions [12]. One example based on our research is the UCu4Pd 
system. In that material, the magnet ic and heat capacity di erg nces can be modeled as 
due to a distribution of Kondo t mp eratures [9]. Although Pd/ Cu site interchange may be 
at the heart f the required distribution width [11], a model based solely on changes in the 
f -elect ron/ conduction electron hybridization strength Vjc does not quantitat ively account for 
this width [13]. Nevertheless, careful sample annealing can vary the degree of si te interchange 
t hat exactly tracks the changes in divergence of the heat capacity 14], indicating that Kondo 
d isorder at least plays an important role in determining t he electronic and magnetic propert ies 
of UCu4Pd. 

T he situation regardino- our understanding of the role of local lat tice order in the 115 systems 
therefore revolves around several related issues. Of primary importance is the establishing 



of whether the pu e 115 materials are &..'> structurally well ordered on the local scale as the 
diffraction data indicate for the average structw'e . In addition , since substitutional studies 
have been invaluable in elucidat ing details of the ground state, local structure studies need to 
consider the effect of "foreign" ions on the near-neighbor environment. We employ the extended 
x-ray absorption fine structure (EXAFS) technique, as it is uniquely able to discern details both 
regarding local b ond order around a majority species through absolute measw'ements of the 
mean-squared displacement param.eters as a function of temperat rn'e , through its sensitivity to 
t hese paranlcters, and because of its ability t o gather local structure information even around a 
dilute species ("-' 1 %) . This paper reviews such previously published work on the CeIrl - xRhxIns 
[15] and CeT (In l-x Mxh (M = 5n, Cd, or Hg) [16 , 17) seri s, as well as work reviewing the 
disordering effects of self-irradiat ion damage in P uCoGas superconductor [18 , 19]. 

2. Establishing a baseline: CeIrl -xRhxIns 
The initial local ~tr ucture studies focused on the CeIrl-xRhxIns series. CeRhIn5 is an 
antiferromagllet at ambient pressure that becomes superconducting under applied pressure, 
peaking at a transit ion temperature of 2.2 K near 2.1 GPa, and was, in fact, the firs t of the 
115s t demon 'trate superconductivity [20]. CeIrIn5 is an ambient preSSUTe superconductor at 
about 0.4 K. T he primary physical interest in t he Celrl-xRhxl ns series is the coexistence of 
antiferromagnet ism and superconductivity from x ~ 0.4 - 0.7 [21]; however , from the structural 
perspective, broad anomalies in the specific heat transitions for intermediate substitution ranges 
(0.1 < x < 0.5) raised t he pos, ibility of clustering or other lattice disorder occuring [22] . In 
addition, it was import ant to establish the t rivalent character of the cerium a om. The aim of the 
x-rayabs rption spectroscopy study was therefore threefold: (1) determine t he i -electron count 
by measuring the Ce LIU-edge x-ray absorption n ar-edge structure (XANES); (2) determine 
t he general degree of lattice order or disorder , especially in the end compolmds as indicative of 
the 115 series; and (3) establish the potent ial amount of Rh or Ir clustering. 

XANES spectroscopy is an important tool for measuring the f occupation number, n f . A 
heavy-fermion material is related to intermediate valent materials, where V jc is much weaker, 
but not so weak that the RKKY effect dominates . In this case, the lanthanide or actinide 
donates a small amount of i-electron density to the conduction band, typically much less than 
0.1 electrons per ion. A cerium-based heavy-fermion compound should exhibit a Ce LUI-edge 
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Figure 2. Examples of Ce LIn-edge XANES at 20 K on CeRhlns and CeIrln5) demonstrating 
a nearly t rivalent state for the cerium atoms . 
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Figure 3. (left) Outer envelope is t he Fourier t ransform (FT) magnit ude, and the modulat ing 
inner line is the real part of the FT, calculated between 3.0 and 15.8 A- I , with a 0.3 A - I-wide 
Gaussian window. (r ight) Debye-\Valler fac tor for the Ir-In nearest-neighbor scatt ring pair as a 
funct ion of temperature . Correla ted-Debye In del fi t indicates 8 cD = 259 ± 6 K and very lit t le 
b ond disorder , with O'stat = - 0.0002 ± 0.0002 A. This figure is reprod uced from reference [15]. 

spectrum charact erist ic f trivalent cerium. All of the Ce-1 15 compounds we have measured 
display such a spectrum. F igure 2 shows an example for the end compounds at 20 K . Both 
spect ra are dominated by a peak near 5724 e V , charact erist ic of Ce (III). In add ition, a small 
shoulder is visible near 5730 eV, indicat ing a small Ce(IV) contribution . As shown in reference 
[15], this contribut ion amounts 0 an n f of about O.95±O.03 for all the compounds, and doeR 
not chanO'e with temperature above 20 K . Differences between the compounds are within the 
estimated absolute error for t he technique , and are probably due, in part , to some oxidation of 
the sampl s at their surface. 

DetermininO' t he degree of local struct ural order using the EXAFS techn ique involves several 
tests. T he first requires excellent fits of the model s ructure to the dat a , in this case a.." 
determined by single-crystal diffraction [23], with reasonable fitted parameter values. Here, it 
is important to recall t hat EXAFS is not only a local structural probe like the pair-distribution 
func ion (PDF) technique for powder diffraction data [24], but provides PDF data only around 
the absorbing atonlic species , and so provides a partial radial PDF [25]. Consequently, t he ideal 
test using EXAFS of t he local b ond order is to collect EXAFS data from each atomic species 
present in the material . Such data ere indeed collected in reference [15]' howevpr , In K-edge 
data were at that t ime deemed too c01nplicated t o gain quantitat ive information from model 
fi . Later, during our work on In-si e sub -titutions, we developed a h ighly constrained fi t t ing 
model that is , in fact, capable of providing useful informat ion (see section 3). An exanlple of 
data and a fi t to Rh K -edge data with x=0.125 is shown in figure 3. The fitting model includes 
all single scatt ering and dominant mult ip le scattering pat hs within the fit range, up to 6 A. As 
can be seen in the figure, t he fit quaE y is excell nt , and is typical of the fi ts obtained from all 
edges for t.hes materials. Ioreover , the measured pair dist anc s agree well with tl ose expected 
from the long-range structure [23]. Lastly, the mean-square displacements , otherwise known as 
the Debye-Waller factor.', (52, are all small, as expected for <1, well-ordered intermet allic system. 

Another standaTd test employed is t o perform the data colle tion at several temperatures and 
track the changes in the measured pair distances and, especially, in 0'2 for sel cted atom pairs. 



The development of (J2 wit h t emperature is then fit with a correlated-Debye model including an 
offset , (J;ta , that is independent of temperature: 

2 2 2 
(J = (J stat + (J cD' (1) 

T he correla ted-Debye model [26) is similar to the standard Debye model for U2 parameters in 
diffraction measurements , except that correlations between the posit ions of the pairs of atoms , as 
measured by EXAFS , i ' taken into account . This model works ext remely well for cubic materials 
[27], but also for more assymmetric syst ems [28]. In any case , zero-point motions are included, 
so any non-zero measurement of the offset term (J;tat is ind icat ive of bond length disorder . As 
can be seen in figure 3, the thermal factors fit the correlated-Debye model well , and in the case 
displayed, the measured value of (J;tat is consistent wit h no measurable disorder. Such results 
are typical for all the measured Ce-based and un aged P u-based 115 dat a to date. 

3. Preferred-site substit ution and " two dimensional" superconductivity: 
CeT(Inl - xNIx}s 
The studies summarized in section 2 est ablish the strong degree of cryst alline order , both in t he 
end compounds and even as a function of substitution into the transition-metal (T ) position in 
the tetragonal unit cell. ~I[oreover , t he effect of such substitutions on the magnetic and electronic 
properties is relat ively weak: one can substitute continuously between Co an Ir, and still obtain 
a superconductor , and substit ut ions into CeColns wit h R h don't destroy superconductivity 
until 60% Rh [29] . Such a weak effect is consistent with the not ion t hat superconductivity 
is anisotropic in these materials , p erhaps even approaching a two-dimensional stat e. Direct 
substitution into the Ce layer with La, in fact, has a much more dramatic effect on Tel destroying 
superconductivity after only 15% La [30]. 

P lanar substit utions produce even stronger effects when substit uting onto the indium site 
[6, 31, 32, 33, 34, 35], as illustrated in the phase diagram in figure 4. Sn ubstitution acts more 
or less like La substitut ion , except t hat Tc is reduced much more quickly, going to 0 K after 
about 3.6% Sn for In. Cd and Hg substitutions are even more dramatic , providing the firs t 
access to t he sought-after near by magnetic phase in CeColn5 after less t han 1 % of the indi m is 
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F igure 4. Phase diagram of CeCo(Inl-x lVIx)5 for lVI = Sn, Cd, and Hg. Relative 0 indium in 
the periodic t able , Sn acts as an electron dopant and Cd and Hg act as hole dopants. Data are 
from reference [16] and [17]. 



substituted . Obviously, not only are the substit t ional eff cts stronger on the indium site than 
the cerium site but there are dran atic diE rences between Sn versus Cd and Hg substitutions . 
A crit ical difference between these substituents is the electronic st ructure: relative to In, 5n has 
one more electron in the p shell , while Cd and Hg have one less p electron, or rather an elec tron 
hole. 

Although he electronic structure plays a critical role, the difference in doping dependence 
betwe n Ce-site and In-site substitutions is strongly dependent on the local substituent 

istribution within the unit cell. Since Sn, Cd, and Hg substitute onto the III sublattice, there 
are two positions where the substituents can reside: either into the Ce-In plane on the In(l) site 
or flanking it on t he In(2) site (figure 1). :NIoreover, since there is a neaTly 0.3 A difference i the 
metallic radii between In and the subst ituents [36] , one expects large distortions and , possibly, 
some ensuing bond length disorder. The EXAFS technique is uniquely poised to answer these 
questions, since me8..surements at the Hg L Ill - and the Sn and Cd J(-edges are feasible, even at 
these low con entrations. 

EXAFS data are normalized by the change in absorption at the edge of int erest , and are 
therefore normalized per absorbing atom. From the In K edge, for inst ance, one obtains a 
weighted average of t he radial PDF from both the In (l) site (20%) and the In (2) site (80%). 
The key differences in the local environment around each of he two sites is the In (2)-T pair, 
a about 2.75 A, and the In(2)-In(2) pair along the c axi ', at about 2.9 A. Other measurable 
differences exist, including those due to the 4 In-Ce and 8 In-In pairs, all near 3.25 A, that 

ccur from both In sites. Because of these qualitative differences in the partial radial PDFs, 
the EXAFS from the subst ituent edges are very sensitive to the In( 1 )-site occupancy of the 
substituent . 

Figure 5 shows some typical data from both the Cd and Hg perspect ives. The Cd K -edge 
data display a clear peak near 2.5 A in the t ransform, indicative of at least SOlne of the Cd 
atoms sitt ing on In(2) sites . (It is vit al to note that EXAFS bond lengths are shifted from 
their position in a Fourier transform, primarily due to phase shifts of the photoelectron at the 
absorbing and backscattering atoms. These shifts are accurately calculated as a function of the 
photoelectron wave vector, k, by the FEFF [37] code. ) The next major peak at about 3 A is 
d le to the mixture of In and Ce backscatterers menti ned above. These Cd K -edge da a are 
in ~tark contrast to the Hg LUI-edge dat a in the lower panel. In those data, no obvious sign of 
the short Hg(2)-Co and Hg(2)-In(2) peak near 2.5 A exists. Also, the main ln/ Ce peak is much 
larger , and is in fact much closer in magnitude to that observed from the In K edge than t he 
Cd ata . Fr m these simple observations we can infer t hat the Cd environment is distorted, and 
most of the Hg sits on the the In(l ) site. 

Because of the phase shifts and other featlu·es of the photoelectron backscat tering amplitude 
funct ions, det ailed fits are necessary to extract quant itat ive information from EXAFS data. In 
order to allow for so many overlapping peaks and t he presence of two possible substituent sites , 
we developed a fi t t ing model that, at firs t , constrained several of the bond lengths together [161, 
and then l,ter developed a more complete model that includes constraints that effectively only 
allows the lat tice constants and t he z parameter describing the c (L'{is posit ion of the In(2) planes 
to vary [17]. With such a model as a st ar t ing point, we could release particular c nst raints to 
allow for certain distortions to xist . This model allows for fi ts with ma.ny degrees of freedom, 
and yet still provides excellent fi t quality, 8..'3 seen in figure 5. 

The main results of these fits are that , up to the maximum measured con entrations of the 
substituent (2 to 4% AI, dependinO' on the exact system), the fr action of the subst ituent on the 
In(l) sit e, f ln(l) (lvI) , does not vary wi th concentration. The fract ion is , however , a function of the 
species of M in CeCo(Inl-x M xh , and of T in CeT(Inl-x HKt h. For CeColn51 h n(l) (IvI) varies 
from 43± 3%, 55± 5%, and 71 ± 5% for lvI=Sn, Cd, c=md Hg, respect ively. }o r CeT (In l- xHgxh, 
frn(l) (IvI ) varies from 71 ± 5%, 92± 4%, and lOO±10% for T=Co, Rh, and Ir , respectively. These 
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F igure 5. Fourier transform (FT ) f k3X (k) EXAFS data (solid) for typical (a) Cd-substituted 
and (b) Hg-substituted CeCoIns samples. Transforms are from 2.5 to 16.0 A -1 and are Gaussian 
narrowed by 0.3 A -1. T his figure is from reference [17]. 

results exactly track the changes in both the metallic radii of each lYl and of each T atomic 
species [36]. 

These results are of int rinsic interest, since they help explain the strong dependence of T . on 
doping concent rat ion and lend credence to the two-dimensional nat ure of superconductivity in 
these materials [38], especially when one considers that the mean distance within the planes is 
similar to the superconduct ing coherence length in pure CeCoIns [39, 40]. These points have 
been argued [16] in terms of changes in t he magnetic impurity concentTation , as in an Abrikosov­
Gorkov-like mechanism [41]. However, the results from Cd and Hg-substituted samples indicate 
that site interchange cannot by itself explain the observed t rends in the phase diagrams. For 
instance, although t he critical concentration , Xc , where Tc ----? 0 K decreases with M in the order 
Sn > Cd > Hg, fIn(l) (M ) increases from Cd > Sn > Hg. Even if one ascribes this trend as 
wholly due t o the differences between electron and h Ie doping, the differences between Tc's 
in the hole doped materials remains anomalous: until Tc ----? 0 K , Tc remains higher for all Hg 
concentrations than for similar Cd concentrat ions , despite the stronger propensity for Hg to 
reside on the In( 1) S1 e. 

In addition to th se simple arguments , one can also argue that, since only small differences 
in Vjc are expected for these substit uent levels, t he major differences in the magnetic and 
electronic properties must be due to changes in the electronic density of states , possibly due to 
sharp features in the band structure near the Fermi level as occurs in YbInCu4 [42]. 



4. U lt imate disorder: radiat ion damage and superconduct iv ity in P u C oG a s 
The previous work on Ce-based 115 materials has been motivated, in part , by the intention 
to extend the work into the P u-based 115 materials, especially toward substitutional studies. 
Unfortunately, due to the myriad of difficulties 'UITounding working with these samples, there 
remain very few subst itut iOI studies in the Pu 1158 at this time [43, 44). Moreover the higher 
radioactivity of most plu onium isotope~ , and especially the a decay channel of 239p u have 
onspired to create a pract ically-unique aspect of the Pu-based superconductors : the samples 

are rapidly destroying themselves. Even in the firs t paper on PuCoGa5 ) Sarrao t al. [45] noted 
that Tc fell by about 0.25 K per month . Also in that original work it was noted that many 
of t l e interesting properties of PuCoGa5 are likely related to self-irradiation damage fronl t he 
a-decay of the Pu nucleus, such as the very high critical current density and upper crit ical field. 
Subsequent studies by t he Wastin group [46 , 47, 48] have focused on this self-irradiati n dam.age 
as a way to probe the superconducting state tracking changes in various propert ies such as the 
electrical resis ivity until the materials are finally no longer superconducting [48). Changes in 
other proper ies have also been obser d with t ime, su h as in the superfiuid density as probed 
by muon spin relaxation measure men s [49]. 

Alt hough recent advances in Mol culal' Dynamics calculations have lead to a much better 
understanding of radiation damage effect over t he last 15 years [50], st ate-of-the-art calculations 
including plutonium atoms in intermetallic materials have only recently b come possible [ 1] 
and have yet t o be performed for PuCoGas. It is possible, however , to infer upper limits of 
the material fraction t hat undergoes radiation damage by comparing with the case of P u-Ga 
alloys . T he main damage from the a -decay of a P u atom is due to permanent displacements 
of nearby atoms in the lat ice by ballistic interaction , ith the 86 keY 235U recoil nucleus (see 
reference [52] for a good overview), producing a damage cascade over several nanometers. T he 
number of inters itial/vacancy defect pairs produced in each decay in elemental P u is estima ed 
to be about N D ;:::; 2500 Frenkel defect pairs , and the situation is expected to be similar for 
PuCoGas [53]. T he samples discussed below have an a-decay rate of Au ;:::; 3.4 X 10~ 5 a -decays 
per P u atom per year . The fraction of defect sites in P uCoGas is therefore est imated to be 
fD = 2N DAa /7 ;:::; 2.5% per year, since a Frenkel defect includes both t he interstitial and the 
vacancy and 1/7 of th atoms are Pu. T his est imate does not account for the rela.~at ion of the 
lattice around each defect , which can reduce the number of defects by between 50 and 90% [54), 
nor does it account for any lat t ice distortions around a defect. The lat ter quantity is typically 
ignored in discussion and calculations of radiation damage, but is likely important for explaining 
discrepancies between such calculat ions and actual damage e timates using probes sensitive to 
the local st ructure , such as nuclear magn t ic resonance experiments [55 , 56]. 

The EXAFS technique is sensitive to both defects and distortions . Since the photoelectron 
backscattering probability for a shell of atoms at a given dist ance around the absorpt ion goes 
approximately as 1/0-, atoms in highly distorted sites like interst itials will make virt ually 
no contribution to the EXAFS signal. A damage frac tion est imate bru::ed on the scattering 
amplitude of the first P u-Ga scattering shell will thus provide a lower limit t o the tot 1 fraction f 
displaced atoms. This model has also been extended to include more moderate lat tice relaxation 
that generates a small enough 0- to provide a detectable, ignal [19]. T he total estimated fract ion 
of atoms that have been displaced , including the roughly 5% that are moderately displa.ced , 
is shown in figure 6 as previously published [1 9] for two P uCoGa5 samples, in addition to 
preliminary data on a sample of PuA12 and two samples of P uGa3 [43). T he "maximum range" 
shown is the estimate of the danlaged fract ion only from t he defect product ion, n t including 
any lat t ice relaxation. It is important to note that the ab 'cissa is in units of a -decays per at om 
in the formula unit ; t hat i. , Aa/7 for P uCoGas , \:~ /4 for P uGa3 and Aer. / 3 for P uAb . One year 
corresponds to ahout 5 x 10~6a-decays per atom for PuCoGas. 

There a.re a number of interesting features of these results . T he first is that the damage 
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accumulates at a rate much faster than expected including defect product ion alone for all t he 
samples. We t herefore conclude that lattice distortions are not only important but dominate the 
contribution to the total damage fraction . In order to achieve such a high damage accumulation 
rate, lattice distort ions would have to occur at least part ially in the second coordination shell 
around the defect. Given a cascade volume of order 500 nm3

, second coordination shell 
dist ortions would indicate that vir tually every atom within a damage cascade is distorted 
significantly fr'om its original lat tice position. Such damage then becomes qualit at ively similar 
to Seitz 's "thermal spike" model [57], whereby the recoil nucleus causes a local melting and fast 
quench of the entire cascade region. 

Most of t he damage occurs within the first year, and then appears to slow down, especially 
in the PuCoGa5 samples. Such a slowing down is expected in a percolat ion model, since as 
cascade regions begin to overlap , t he damage fr act ion will no longer increase linearly. Such 
a model is shown in figure 6, with the t ime scale chosen to agree wit h data fronl Sample A 
within t he fi rst year. However, extrapolat ing the data with relatively few total decays with a 
percolation model does not reproduce the data with more decays. Since the samples are all 
stored at room temperature, these data emphasize the role of annealing at room t emperature 
in plutonium intermetallics . Th is result is not unexpected , since 6-P u is now well known to 
undergo significant annealing, even at temperatures as low as 30 K [58]. In fact, the Tc of a 
sample stored at temperatures below 30 K has been shown from :Meissner effect measurements to 
decrease nearly twi e as fast (~ 0.5 Klmo [59]) compared to those stored at room temperature 
(0.25 Kl mo [19 45]) Clearly, these samples undergo significant annealing at or below room 
temperature. In fact, if one considers only the damage cascade production, t he percolation line 
in figure 6 indicates the percolat ion limit (around 20% in three dimensions) will be reached near 
25 x 10- 6 a -decays per atom, or in about 5 years. This value is consistent with recent data by 
Jutier and co-workers that ind icates superconductivity in PuCoGa5 is destroyed after somewhat 



more than 4 years in s'milar samples. Such a model assumes t hat even though some damage 
gets ann aled aw y in a given a. 'cade over t ime, sufficient danlage exists to prevent the cascade 
region from superconduct ing. It is also possible to understand these data and the reduction of 
Tc in terms of strong scattering in a shor t coherence length sup rconductor [19] . 

Data from the non-PuCoGa5 samples, while preliminary, is also interesting, especi lly in 
ontrast to the PuCoGa.s data. Of the five samples measured, the 0 dest sample is PuCoGa5 

Sample B, and it appears to sh w the largest damag accUInulation rate. The P uGa3 and PuA 2 

samples are fairly similar to P uCoGa5 Sample B. We do ot know of any reason Sample A should 
be different from Sample B, as they were both stored in the sallIe cabinet in the same laboratory, 
although Sample A is , indeed, about two years older. Clearly, to gain the best understanding of 
radiation damage effects , one sh uld store the samples in a better-controlled environment. Also, 
it is well known that the melting temperature correlates with t he propensity for dam ge, wit h 
a higher melting point corresponding to fewer defects produced per a-decay [60] . T he melting 
points of these compounds are not presently known, but, other t han PuCoGa5 Sarnple A, they 
have remarkably similar damage production rates. It is also int eresting to note that the annealed 
PuGa3 sample is plot ted as a function of t he decays since synthesis, as opposed to since it was 
ann aled; one needs to subtract about 4 x 10- 6a -decays per atom for the number since it was 
annealed . T hese data indicate tha t , at least with regards to t he local structure, annealing PuGa3 
at 600°C is virtually equivalent to annealing at room temperatures . Clearly, more systematic 
studies including melting point determination and annealing properties are warranted . 

Alth ugh not shown in figure 6, the EXAFS data have also been analyzed from the Co and 
Ga Kedges (19], and it appears that t he local structure around those absorbing atoms shows 
smaller distortions than around the P u atoms. A probable explanation is t hat the lighter atoms 
are more likely than the heavy Pu atoms to be ejected from their equilibrium lattice positions 
to the outer edges of a cascade region. A similar inhomogeneity has, in fact~ been featured in 
Molecular Dynamics calculations of uranium recoils in zircon (61]. 

As a final note, these results underscore much of what remains unknown regarding both 
superconductivity and radiat ion damage effects in PuCoGa5. Although t he surprisingly large 
amount of damage observed explains the bulk of the reduct ion of Tc with time, many of the exact 
det ail have not been addressed. For instance, one might expect th reduction of Tc not to be 
linear with time, and rather to be proport ional to the damage fraction in figw'e 6. In contrast, 
most of the damage occurs within t he first year, and anneaHng is known to affect the local 
distortions . Another aspect that has not been thoroughly exploTed is the presence of non-Fermi 
liquid behavior, which is expected to become more dominant as the sample is further disordered 
[9, 10, 11]. Together with measurements of the local distortions, one should be able to compare 
the dis tortions with t he development of logarithmic divergences in the magnetic susceptib ility, 
for instance. Perhaps even more importantly, under appropriate experimental conditions, one 
should be able to directly compare local structure measures of damage with the results of modern 
Molecular Dynamics simulations, and thus provide some of the first atomic-scale verifications of 
the theories of both lattice relaxation and Frenkel defect production. 

5. Conclusions 
The PuCoGa5 system offers the opportunity 0 follow changes in magnet ic and electronic 
propert ies due to lattice disorder as a function of t ime in the same samples, in addition 
to the more traditional approach of pertw'bing the superconducting state through chemical 
subst itutions. The reviewed work establishes a baseline for such fu ture studies by determining 
the intrinsic latt ice order in the 115 system, successfully understanding disorder as introduced 
through chemical substitutions in the Ce-based 1158, and beginning to explore the surprisingly 
large role f self-irradiation damage directly on the PuCoGa5 lattice. These studies lay the 
foundation for the harder future work toward measuring ch mical substitut ions in PuCoGa5 ) 



correlating effects with non-Fermi liquid behavior , and obtaining a betting structural picture of 
the distort ions induced by a-decay of t he plutonium nucleus. 
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