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bstract

The isochronal annealing of the low temperature accumulated damage from the radioactive decay of plutonium in �-Pu, �-Pu1−xGax (x = 0.043) and
-Pu1−xAmx (x = 0.224) was characterized using magnetic susceptibility. In each specimen, thermal annealing, as tracked by magnetic susceptibility,
nly commenced when T > 33 K and the magnetic susceptibility changes due to defects were fully annealed at T ∼ 300 K. The �-Pu magnetic
usceptibility isochronal annealing data is similar to earlier measurements of resistivity characterized isochronal annealing. However, the �-Pu1−xGax

x = 0.043) magnetic susceptibility isochronal annealing data, when compared with similar resistivity data, indicates that for this alloy magnetic
usceptibility studies are more sensitive to vacancies than to the interstitials accumulated at low temperatures. The Pu Am (x = 0.224) alloy
1−x x

hows a remarkable change in properties, over a limited temperature range beginning where interstitial defects are first mobile, and characterized
y an induced effective moment of order 1.1 �B/Pu. This transient behavior may be evidence for a disorder driven low temperature phase transition,
erhaps indicative of a compositional and structural proximity to a state possessing significant magnetic moments.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The 5f-electrons of both �-Pu and �-Pu occupy a narrow f-
and as indicated by the enhanced values of both the electronic
pecific heat [1] and Pauli contribution (temperature indepen-
ent) to the magnetic susceptibility [2]. While some theoretical
odels of Pu accurately predict the energy-volume relationship

f the various Pu phases, they require non-vanishing magnetic
oments. Yet, there are no experimental measurements indi-

ating any sort of localized moments in the “pure” metal [3–5].
owever the narrow f-band [3,6] suggests that Pu is nearly mag-
etic, and should display evidence of magnetic moments given
n appropriate perturbation.
This idea is supported by the Hill conjecture which postu-
ates, that within the actinides, magnetism, or its absence, is
etermined primarily by the actinide separation [7]. For plu-
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onium compounds, Hill predicts that a separation greater than
.4 Å should create local magnetic moments. Indeed, this is sup-
orted by compounds such as PuH2, an isostructure of fluorite,
here the Pu atoms retain an FCC structure akin to the �-phase
ut the hydrogen atoms effectively act as spacers to stretch the
u–Pu distance from 3.28 Å in pure �-Pu to 3.79 Å in PuH2.
his leads to local moments, (∼1 �B/Pu), that antiferromagnet-

cally order at 30 K [8]. Similarly, a Pu atom in isolation is also
xpected to have a local moment arising from the incomplete
f shell, and one way to experimentally achieve this is to dis-
olve dilute amounts of Pu in a non-magnetic lattice such as
d. Instead of forming the simple local moments of a Kondo

mpurity as was observed for dilute Np in Pd, Pu acts like
local spin fluctuation system with a characteristic tempera-

ure, Tsf ∼ 1 K and an effective moment of 1 �B/Pu [2]. Similar
vidence for magnetic behavior of isolated Pu is seen by its influ-

nce on the superconducting critical temperature, Tc, of a host
aterial. Dilute doping of Pu into La sharply decreases Tc in

ontrast to doping Th, U, or Am into La which have a minimal
mpact on Tc [9]. This again implies a magnetic state for the Pu

mailto:mccall10@llnl.gov
dx.doi.org/10.1016/j.jallcom.2006.12.090
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toms when individual atoms are isolated within a non-magnetic
attice.

It is reasonable, in light of the foregoing discussion, to ques-
ion what, if anything might be revealed by the introduction of
isorder into a regular Pu or Pu-alloy lattice. A consequence
f stabilizing the � phase of Pu by alloying with other elements
uch as Am or Ga, is an increase in the disorder of the system. An
legant alternative method is to explore the influence of disorder
n the magnetic properties of the metal or alloy by exploiting the
adioactive properties of Pu that create self-damage in the lattice.
he radioactive decay of 239Pu (half life: 24,110 years) yields
5 MeV alpha particle that results in several hundred isolated

acancy interstitial pairs. The corresponding 86 keV U recoil ini-
iates a cascade of approximately 2500 vacancies and interstitials
ver a relatively small volume. Most of these cascade defects
mmediately recombine, but a few hundreds remain, and at suf-
ciently low temperatures (T < 33 K), they become frozen within

he lattice. In other words, at low temperatures Pu continuously,
ut non-uniformly, dopes itself with vacancies and interstitials.
s reported in earlier work [10], this is observable as a contin-
ous increase in the magnetic susceptibility with time (t) that
an be annealed at 350 K returning the specimen to its original
= 0 value. However, it does provide an avenue to explore how
isorder perturbs the system, perhaps providing insight into how
he organizational principles that determine the regular atomic
attice also act to eliminate magnetism in the 5f electrons of Pu.

This paper examines the isochronal annealing of the excess
agnetic susceptibility (EMS) for �-Pu, and �-Pu1−xGax

x = 0.043) and compares this to corresponding isochronal
nnealing data characterized by resistivity. Magnetic suscep-
ibility annealing data for Pu1−xAmx (x = 0.224), an FCC
-stabilized phase where the average Pu–Pu separation distance
as been expanded approximately halfway to the Hill criterion,
s compared to �-Pu1−xGax (x = 0.043).

. Isochronal annealing measurement techniques

Radiation damage creates defects within a crystal lattice that
an be observed indirectly through the measurement of any
hysical property that is changed by the damage. Isochronal
nnealing studies map the change in a physical property as the
adiation damage is annealed away by soaking for a fixed time
t progressively higher temperatures. The basic protocol is to
ccumulate damage at a low temperature and measure the prop-
rty of interest at that temperature, TM. Then rapidly warm the
pecimen to a higher temperature, soak for a fixed period of
ime, return to TM, and repeat the measurement. This process is
epeated for successively higher temperatures until the measure-
ent returns to the initial undamaged value and it is assumed

o be fully annealed. In radioactive specimens, where damage
ontinues to accumulate while the isochronal annealing curve is
easured, first order corrections to this additional damage can

e included by repeating the identical protocol for the annealing

urve on a fully annealed specimen and subtracting it from the
esulting curve (see Ref. [11]).

Resistivity is the most commonly used physical property for
his type of experiment because the measurement can be made

3

t
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apidly with extremely high precision through careful design of
he instrumentation and sample geometry. Resistivity is very
ensitive to the total number of scattering centers including
oint defects (vacancies and interstitials) and their aggregates.
agnetic susceptibility is a thermodynamic and therefore bulk
easurement, which may have different sensitivity to the defects

hat occur during the isochronal annealing process, and hence
here is no a priori reason to expect that magnetic susceptibil-
ty would mirror the characterization of resistivity with respect
o the population of defects in a particular specimen. However,
efect created local moments that have been observed in the high
emperature superconducting cuprates (HTSC) when Cu sites
re replaced by a spin zero Zn impurity (a spin vacancy) [12]
r by vacancies from radiation damage [13], so it is reasonable
o speculate that radiation damage may influence the magnetic
roperties of some materials. The high sensitivity magnetic
usceptibility measurements necessary to perform isochronal
nnealing experiments tend to be slower then corresponding
esistivity studies. Additionally, at low temperature, magnetic
mpurities have strong temperature dependencies (Curie-like:
/T), so uncertainties in temperature are reflected much more
trongly than for resistivity. Careful design of the experiment
an overcome these impediments as are shown in this paper.
ne such consideration is the magnetic field applied to make

he measurement, which should be sufficiently large to guar-
ntee a repeatable value with a good signal-to-noise ratio. For
hese samples, an applied magnetic field of 3 T was used in all

easurements providing a signal-to-noise ratio greater than one
housand.

In the present work, after annealing the specimen at 350 K for
n hour, damage is accumulated for several weeks at 5 K, after
hich the specimen is annealed for a fixed time (isochronal)
f 30 min at successively higher temperatures (TA), with each
nneal followed by a measurement of χ(T = 5 K). The resulting
(T = 5 K)|TA values are normalized according to:

damage(TA) = χ(T = 5 K)|TA − χ(T = 5 K)|350 K

χ(T = 5 K)|5 K − χ(T = 5 K)|350 K
(1)

nd plotted as a function of annealing temperature, TA, in Fig. 1
red circles) for both �-Pu and �-Pu (4.3 at% Ga), showing the
raction of damage-induced EMS retained after annealing at
ach temperature. For comparison, similar isochronal anneal-
ng studies from previously reported experiments [11,14] using
esistance to characterize the annealing are also included (blue
iamonds). The resistive annealing data for the �-Pu study were
oaked at a low temperature for several months, by contrast the
esistive data for the �-Pu(Ga) study was damaged at low tem-
eratures for only three days prior to the annealing experiment,
nd also contains a lower concentration of Ga (3.3 at% versus
.3 at% for the corresponding magnetic susceptibility data).

. Results
.1. α-Plutonium

The qualitative features of the resistive and magnetic suscep-
ibility �-Pu isochronal annealing curves in Fig. 2a are quite
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Fig. 1. Isochronal annealing curves for �-Pu and �-Pu (4.3 at% Ga) determined
by magnetic susceptibility (red). The resistivity curves (blue) are from references
[14] and [11], respectively, on similar samples. The annealing stages identified
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n the plots are primarily based on the magnetic susceptibility data with the
xception of Stage I in the �-Pu specimen, which appears to be absent in the
agnetic data (see text for details). (For interpretation of the references to colour

n this figure legend, the reader is referred to the web version of the article.)

imilar, indicating that magnetic susceptibility is a useful tech-
ique to make isochronal annealing measurements. The low
emperature transitions are commonly associated with inter-
titial motion and interstitial impurity interactions, while the
igher temperature transitions are the result of vacancy motion,

acancy impurity interactions and vacancy cluster dissolution
nd annihilation [15].

For both the resistivity and magnetic susceptibility measure-
ents, while T < 40 K, the signal is independent of temperature

ig. 2. Isochronal annealing curve for Pu1−xAmx (x = 0.224) specimen aged
0 days. The black line shows the stabilized �-Pu (4.3 at% Ga) specimen as
comparison. The inset shows the anomalous increase in signal relative to

(T = 5 K) before the onset of annealing.
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hereby indicating little, if any change, in the structure or number
f defects and thus the accumulated defect population is frozen
n place. Above this temperature, the damage begins to anneal
way with a nearly 40% decrease for the magnetic susceptibility
ata, and greater than 50% decrease for the resistivity. This is
Stage-I-like annealing, where the interstitials become mobile,
nd migrate through the lattice until they annihilate by interact-
ng with a vacancy, grain-boundary, or surface; or they become
rapped at a dislocation or impurity. The next region, between
0 K and 130 K is Stage-II-like annealing, where interstitials
scape from trapping centers and small interstitial clusters merge
nto larger clusters. Here, the resistivity is relatively flat, indicat-
ng there is little change in the total number of scattering centers,
hile the magnetic susceptibility continues to decrease sug-
esting that some de-trapped interstitials are annihilating with
acancies. Moving to temperatures above ∼130 K, the slope
ncreases again as Stage III where the vacancies become mobile,
nd in Stage IV form clusters, loops and other aggregates before
ventually dissolving away in Stage V. There is a change of slope
n the resistivity curve just below 200 K possibly indicating Stage
V, but there is no obvious equivalent in the magnetic suscep-
ibility curve, only a slight change in the slope. Finally, near
00 K, the distinct change in slope of the magnetic susceptibil-
ty data shows Stage V annealing where the remaining damage
ignal disappears as the vacancy aggregates dissolves away, dif-
uses, and annihilates, returning the sample to an annealed or
ndamaged state, apart from the small numbers of U, and He
toms created from the decay process, which are apparently not
etectable in this measurement.

The fact that the magnetic susceptibility and the resistivity
urves appear to approximate each other indicates, that in the
ase of the �-Pu, the magnetic susceptibility response to inter-
titials relative to vacancies is comparable to the response in
he resistivity curve. This is a surprising result as one might
ave expected that the appearance of an EMS would track more
trongly with vacancies, because any concomitant localization
f f-electrons should favor an open lattice. A possible explana-
ion is that as the interstitials begin to move, a significant fraction
nnihilate with vacancies as compared to moving to grain bound-
ries. Alternatively, disorder may be more important than simply
ree volume in determining the magnetic properties of �-Pu.

.2. δ-Plutonium

The magnetic susceptibility annealing data was obtained on
�-Pu1−xGax (x = 0.043) electro-refined specimen alloyed less

han two years prior to the reported measurements, and then
nnealed at 350 K for one hour just before the measurements
egan. The specimen was held at low temperatures for six weeks
o accumulate sufficient damage so as to make the magnetic
usceptibility annealing statistically robust. In contrast, the resis-
ive annealing data comes from a 540 ◦C annealed �-Pu1−xGax

x = 0.033) specimen approximately two years old since last

elted (removed helium) but 20 years old since removal of

mericium, and uranium and aged five days at low temperatures
11]. Slight differences in the overall annealing curves might be
xpected from the differing alloy concentrations, but the overall
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ehaviors are expected to behave in a similar manner. Ideally, a
omparison of multiple isochronal annealing curves will make
se of identical soak times (isochronal) at each annealing tem-
erature. In reality, this may not be practical due to experimental
onstraints, and the overall effect is that the experiment per-
ormed with a longer soak time will shift the curve towards
ower temperatures as the anneal at each temperature is more
omplete in these cases.

The resistivity and magnetic susceptibility isochronal anneal-
ng curves for the two Ga stabilized �-Pu specimens are shown in
ig. 1b The isochronal anneal period for the magnetic suscepti-
ility study (red circles) was 30 min while for the resistivity study
blue diamonds) it was 5 min. The longer and more complete
nnealing time for the magnetic susceptibility explains why the
orresponding resolvable features in the data are shifted to lower
emperatures. This is particularly evident for the Stage V anneal-
ng. Further differences in the results can be explained by the
elative sensitivities of each technique to the types and numbers
f defects present. Whether or not the different alloy compo-
itions contribute to this remains an open question requiring
urther investigation.

The most obvious difference is associated with the Stage-
-like annealing, which is clearly observable in the resistivity
urve with a reduction of nearly 70% between 30 K and 40 K but
s apparently absent in the magnetic susceptibility data. Never-
heless, the magnetic susceptibility data does appear to reveal
he remaining four Stages of annealing. One way of under-
tanding this is to hypothesize that the magnetic susceptibility
easurements are rather insensitive to interstitials in �-Pu but

re sensitive to vacancies. Such an idea is reasonable given the
uch lower density of �-Pu (15.92 g/cm3) compared to �-Pu

19.84 g/cm3), and its ability to more easily accommodate inter-
titial atoms. Furthermore, the roughly 4 at% Ga that stabilizes
he �-phase means that one of every 25 atoms is an impurity
ite, so the density of impurities available to trap interstitials in
his alloy is considerably higher than for the �-phase. Working
ith this hypothesis, as the interstitials become mobile based
n the evidence from the resistivity data they tend to become
rapped at impurities or interstitial clusters instead of annihilat-
ng with vacancies, so the vacancy population remains relatively
nchanged. Then, as Stage II annealing occurs between 50 K
nd 110 K, interstitials escape from impurity sites, and some
egin to annihilate with vacancies leading to the approximately
0% decrease in the magnetic susceptibility annealing with a
maller change in the resistivity annealing curve, as observed.
ext at the onset of Stage III annealing, vacancies begin to move
ith a concomitant large drop in the magnetic susceptibility

nnealing curve. The formation of vacancy loops, clusters, and
ther aggregates is indicated by the change of slope just below
00 K, a temperature consistent with the more subtle change of
lope suggested for the onset of Stage IV annealing in �-Pu,
nd then finally Stage V occurs just below 300 K in the mag-
etic susceptibility data, and around 310 K in the resistivity data.

he important observation from this data is that the vacancies
ppear to be the primary contributor to the magnetic suscepti-
ility annealing curve in �-Pu, while it is less clear that this is
he case for �-Pu.

f
3
p
p

ompounds 444–445 (2007) 168–173 171

.3. Pu1−xAmx (x = 0.224)

Fig. 2 shows the EMS annealing results for �-Pu1−xAmx

x = 0.224) where the damage was accumulated at sufficiently
ow temperatures that once formed, the damage cascades are
rozen in place. Previous work on radiation damage in PuAm
lloys has also investigated the consequence of damage on mag-
etic susceptibility, but such damage was accumulated near
oom temperature [16,17], which as shown in Fig. 2, is very
lose to the annealing stage where small vacancy clusters are
nstable. Therefore, measurements of damage accumulated for
xtended periods of time at room temperature cannot be eas-
ly related to the data from this study. There is no resistivity
nnealing measurements for this or a similar alloy specimen
ith which to compare, so this data is shown along with the
-Pu1−xGax (x = 0.043) curve for comparison. There are sev-
ral general similarities, including no observable decrease in
he EMS for annealing temperatures below 33 K, and the return
o an effectively fully annealed state just above 300 K. How-
ver, �-Pu1−xAmx (x = 0.224) shows no obvious intermediate
tates between 60 K and 300 K, instead just a broad monotonic
ecrease in the fraction of EMS signal retained. An exami-
ation of the derivative suggests there are changes of slope
round 100 K and around 260 K which, from analogy with the �
pecimen would be the onset of Stage III, and Stage V anneal-
ng respectively. These are slightly lower in temperature than
bserved for delta, but that is not surprising considering the
nteratomic spacing for the �-Pu1−xAmx (x = 0.224) is greater,
hich should facilitate the mobility of defects. The truly spec-

acular feature observed in this system is shown in the inset of
ig. 2 where between 35 K and 56 K the signal from the EMS
nexpectedly grows by nearly a factor of 40 before returning to
normal” behavior. This clearly does not indicate that the amount
f damage suddenly increases by a factor of 40, but indicates that
omething very dramatic happens to the magnetic susceptibility
n the initial or early stages of annealing, most likely a result of
structural feature which develops during the annealing proto-

ol. Hence, the inset shows this phenomena, plotted in units of
mu/mol Pu, as well as relative signal strength where unity is
he value of χ(T = 5 K) when the annealing protocol begins.

More detailed time and temperature studies to investigate
his transient feature of the annealing protocol were undertaken.
fter annealing at 350 K for 1 h, the specimen was again held

t low temperatures for 40 days (∼6.26 �-decays per million
toms), and then the magnetic susceptibility was systematically
easured as it was warmed to, and cooled from progressively

igher temperatures between 35 K and 60 K in 5 K steps. Mea-
urements were made during both the warming, and cooling
ycles in 1 K steps with 10 sets of measurements taken over
he course of 5 min at each temperature. A subset of these

easurements is shown in Fig. 3. Fig. 3a shows χ(T) on the
nitial warming to 35 K (green circles) after having been main-
ained at T ≤ 30 K for 40 days, during which χ(T = 2 K) grew

rom 850 �emu/mol to 1000 �emu/mol. At temperatures above
3 K, the magnetic susceptibility begins to increase with tem-
erature. The data showing warming to 45 K (red squares) after
reviously warming to 40 K reveal an increase in χ(T = 2 K) of
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Fig. 3. The magnetic susceptibility increases dramatically, and dynamically
when warmed after soaking at T < 30 K for a month. (a) Green curve shows
χ(T) warming to 35 K, the red curve is systematically warming to 45 K after
annealing briefly at 40 K, and the blue curve shows χ(T) as the sample is cooled
back from 45 K. (b) Green curve again shows 35 K data, while the red (blue)
curve shows systematic warming to (cooling from) 50 K, and the black curve
warming again to 55 K. After warming to 50 K, χ(T = 2 K) exceeds its initial
value by more than 20× (see text for detailed discussion). Finally, the cooling
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rom 60 K data shows a return to the behavior expected for a typical annealing
rocess. (For interpretation of the references to colour in this figure legend, the
eader is referred to the web version of the article.)

pproximately 100 �emu/mol, nearly the equivalent to a month
f damage accumulation in only a few hours. This shows that
arming to temperatures where the first signs of annealing are

xpected leads to an increase in magnetic susceptibility that
emains when cooling to low temperatures again More dramati-
ally, as the temperature increases through 40 K, there is a rapid
ncrease in the magnetic susceptibility, which is changing dra-

atically over the course of minutes as may be observed from
he spread of data points at each temperature. Upon cooling from
5 K (blue triangles), the magnetic susceptibility is irreversible,
ollowing a different path, resulting in χ(T = 2 K) increased by
50 �emu/mol from the data prior to heating. Several other fea-
ures are noteworthy in the cooling data, including a shoulder
t about 30 K not observed in the warming data. As the tem-
erature decreases to below 30 K, the spread of the isothermal
ata points shrinks to a negligible value, demonstrating that the
efects again become frozen into place and active annealing
eases. This strong time dependence at T > 33 K explains why
he low temperature χ(T) values are smaller than the factor of

0 observed for the 45 K isochronal anneal (see inset of Fig. 2).

A tremendous increase in magnetic susceptibility is spectac-
larly demonstrated in Fig. 3b, where further cycles in temper-
ture extending to 50 K and 55 K are shown with χ(T = 2 K) =

t
T
t
t
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2,500 �emu/mol after the 50 K anneal—an increase of 22×
ver the value obtained after aging at low temperature. A com-
arison between Fig. 3a and Fig. 3b shows a shoulder in the
ooling data at both 45 K (Fig. 3a, blue triangles), and 50 K
Fig. 3b, blue triangles) which is not observed in the warming
ata. Presently, there is no simple explanation for this, but it may
e related to relaxation of structures formed at higher temper-
tures which are not accessible on subsequent heating cycles.
elow this shoulder, the damage retained appears to be frozen

n place once more as the time dependence of the isothermal
agnetic susceptibility becomes constant (within experimental

ncertainty). However, in this frozen state there is a remarkable
hange in the thermodynamic state of the alloy when compared
o the state prior to warming. Annealing to 58 K rapidly dissi-
ates the observed enhancement, and by 60 K the anomalously
arge magnetic susceptibility has vanished both at the anneal
emperature and all temperatures below, as shown by the data
ooled from 60 K in Fig. 3b (purple diamonds) where the extraor-
inary increase in the magnetic susceptibility has disappeared.
n subsequent annealing at higher temperatures the isochronal

nnealing behavior is now similar to Ga-stabilized �-Pu.
The low temperature behavior of this large transient EMS

fter annealing to 50 K (Fig. 3b: blue triangles, black triangles)
an be fit to a modified Curie Weiss law: χ(T) = χ0 + C/(T − θ)
or T < 25 K which results in an enhanced temperature inde-
endent contribution of χ0 = 1400 �emu/mol as compared to
n annealed value of approximately 700 �emu/mol, a paramag-
etic Weiss temperature (θ) of −3.9 K, and most astoundingly,
n effective moment (μeff) in excess of 1.1 �B/Pu atom. Such a
ramatic change in a thermodynamic property, from essentially
on-magnetic to possessing an effective moment comparable
o that of magnetically ordered Pu compounds, such as PuH2,
mplies a phase change in this alloy driven by the accumulated
amage. This is further supported by the near doubling of χ0,
hich implies a dramatic change in the electronic band structure,
ith this transient phase possessing a much narrower density of

tates.
The idea that radiation damage could drive a magnetic phase

ransition in a Pu–Am alloy is worthy of consideration. Pure Pu
ossesses multiple solid-state phases below the melting temper-
ture, with the �, �, �, �, and �’ phases all separated by less than
mRyd in energy [3], as compared to the 10–30 mRyd differ-
nces in energy between the solid-state phases of the neighboring
ctinides: Np and Am. Thus, multiple phases of Pu are nearly
egenerate, and can be stabilized by perturbations, such as dop-
ng with Ga or Am to stabilize the �-phase. The �-Pu1−xAmx

x = 0.224) alloy may also have other nearly degenerate phases,
ome of which have very different magnetic properties and
ecome accessible by perturbing the system with disorder.

There is insufficient data to form a complete picture of the
henomena observed in this alloy, but one possible interpreta-
ion is outlined as follows. As in the other Pu samples discussed
n this work, self-damage is frozen in place at low tempera-

ure, while simultaneously increasing the entropy of the system.
his increase must change the overall free energy of the sys-

em, and may lower the free energy of a competing phase below
hat of the undamaged phase; yet a phase transition is kineti-
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ally inhibited at the low temperatures. By warming the system
o a point where annealing begins, the barrier is lowered suf-
ciently for the phase transition to occur, which is reflected as
change in the magnetic (thermodynamic) properties. As the

ystem is further annealed, the new phase grows, as indicated
y the further increase in magnetic properties. However, the
nnealing also reduces the entropy of the system making the
ew phase less stable, so after sufficient annealing transpires,
he original non-magnetic phase again becomes favourable, and
he alloy reverts to its initial state. Such a phase transition need
ot consume the entire sample. For example, early stage anneal-
ng could nucleate a quantum Griffiths phase in the alloy, where
he disorder creates magnetic droplets distributed throughout a
aramagnetic background [18,19]. These droplets might arise at
he damage cascades generated by the recoiling nucleus from
he �-particle decay where the defect population, and there-
ore disorder is considerably greater. Additional measurements,
articularly specific heat, and isothermal magnetization, need
o be performed on this alloy to understand the remarkable
hanges observed in the magnetic susceptibility measurements.
onetheless, this remarkable, if transient, increase in the mag-
etic susceptibility may be a sign of new magnetic phases in
u–Am alloys, and perhaps signal proximity to a stable mag-
etic phase for the proper combination of Am-doping, disorder,
nd magnetic field.

. Conclusions

A comparison of the magnetic susceptibility, and resistivity
ased isochronal annealing curves of �-Pu and Ga stabilized
-Pu provides insight into the influence of self-damage in these
ystems. There are similar features observed at comparable tem-
eratures in each type of measurement, presenting a consistent
rediction of the different annealing stages. However, the rela-
ive magnitudes of the annealing stages suggest that magnetic
usceptibility measurements are far more sensitive to vacancies
han to interstitials in the �-Pu specimens. The high sensitiv-
ty of magnetic measurements to vacancies is consistent with

easurements of the influence of vacancies in other materials
uch as the high temperature superconductors [13]. Alloying Pu

ith Am produces an FCC phase similar to �-Pu(Ga), but results

n a remarkable 2200% increase in the magnetic susceptibility
fter accumulating damage, and then annealing at temperatures
etween 35 K and 55 K. Such a remarkable change in a thermo-

[

[
[
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ynamic property suggests that the annealing defects induce a
hase transition in this alloy, and may indicate that disorder can
recipitate a magnetic phase in Pu1−xAmx (x near 25%).
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