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P
lutonium is a physicist’s dream but an engineer’s nightmare. With little

provocation, the metal changes its density by as much as 25 percent. It can

be as brittle as glass or as malleable as aluminum; it expands when it solidi-

fies—much like water freezing to ice; and its shiny, silvery, freshly machined 

surface will tarnish in minutes. It is highly reactive in air and strongly reducing in

solution, forming multiple compounds and complexes in the environment and dur-

ing chemical processing. It transmutes by radioactive decay, causing damage to its

crystalline lattice and leaving behind helium, americium, uranium, neptunium, and

other impurities. Plutonium damages materials on contact and is therefore difficult

to handle, store, or transport. Only physicists would ever dream of making and

using such a material. And they did make it—in order to take advantage of the 

extraordinary nuclear properties of plutonium-239. 

Plutonium, the Most Complex Metal

Plutonium, the sixth member of the actinide series, is a metal, and like other

metals, it conducts electricity (albeit quite poorly), is electropositive, and dissolves

in mineral acids. It is extremely dense—more than twice as dense as iron—and as

it is heated, it begins to show its incredible sensitivity to temperature, undergoing

dramatic length changes equivalent to density changes of more than 20 percent. 

8

6

4

2

0 200

Temperature (°C)

L
e
n
g
th

 c
h
a
n
g
e
 (

%
)

400 600 800

α

β

γ

δ

ε

L

L

Pure Pu Pure Al

δ′

Contraction on melting

16 Los Alamos Science Number 26  2000

Plutonium
An element at odds with itself

Six Distinct Solid-State Phases of Plutonium

Monoclinic, 16 atoms
per unit cell 

Body-centered monoclinic, 
34 atoms per unit cell

Body-centered orthorhombic, 
8 atoms per unit cell Face-centered cubic, 

4 atoms per unit cell

Body-centered cubic, 
2 atoms per unit cell

Anomalous Thermal Expansion and Phase

Instability of Plutonium

Structural Transition in Pu metal

Los Alamos Science 26  (2000) 

4f : La  Ce Pr  Nd  Pm Sm ...
5f : Ac  Th  Pa  U   Np  Pu ...
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compound Tc (K) Ce / T (mJ/K2mol) Tm (K)
CeCu2Si2 0.6 ~ 1000
UPt3 0.45, 0.55 500 5 (fluctuating)
UBe13 0.9 1000
U2PtC2 1.5 75
URu2Si2 1.4 60 17.5
UPd2Al3 2.0 145 14.3
UNi2Al3 1.0 300 4
CeIn3, CePd2Si2, CeRh2Si2 : pressure-inducedCeIn3, CePd2Si2, CeRh2Si2 : pressure-inducedCeIn3, CePd2Si2, CeRh2Si2 : pressure-inducedCeIn3, CePd2Si2, CeRh2Si2 : pressure-induced
CeCoIn5 2.3 500
CeRhIn5 : pressure-inducedCeRhIn5 : pressure-inducedCeRhIn5 : pressure-inducedCeRhIn5 : pressure-induced
CeIrIn5 0.4 500
PuCoGa5 18.5 70
PuRhGa5 8.5 70
URhGe 0.15 150 10 (ferro)
CePt3Si 0.5 300 2.3
PrOs4Sb12 1.5 ～ 500
CeTSi3 (T = Rh, Ir), CeCoGe3, UIr : pressure-inducedCeTSi3 (T = Rh, Ir), CeCoGe3, UIr : pressure-inducedCeTSi3 (T = Rh, Ir), CeCoGe3, UIr : pressure-inducedCeTSi3 (T = Rh, Ir), CeCoGe3, UIr : pressure-induced
NpPd5Al2 4.9 200
UCoGe 0.8 150 3 (ferro)
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Sample Preparation

	

 Starting material (available amount)
	

 	

 Th (kg), U (kg), NpO2 (10 g), 239Pu (10 g), 242PuO2 (1 g) 

	

 Purification of starting material
	

 	

 Th, U	

 : solid state electrotransport
	

 	

 Np	

 : amalgamation process
	

 	

 Pu	

	

 : coupled-reduction technique

	

 Crystal growth technique
	

 	

 Czochralski pulling	

: Th & U
	

 	

 Flux growth 	

 	

 : all elements
	

 	

 Bridgman growth	

 : all elements
	

 	

 Vapor transport	

 : Th, U, Np

	

 Characterization
	

 	

 XRD (powder / single crystal), EPMA
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Bulk properties
Characterization
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High pressure
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NpO2 (二酸化ネプツニウム)

NpGe3 (ネプツニウム・ゲルマニウム3)

NpRhGa5 (ネプツニウム・ロジウム・ガリウム5)

1mm

4mm

Np (ネプツニウム金属)

16 基礎科学ノート　Vol．13　No．2

図３　PuIn3で観測されたdHvA振動。Ex2は、Ex1の９日
後に同じ条件で測定されているが、振動振幅が著
しく減少している。

図２　フラックス法で育成したアクチノイド化合物単結晶。

と純良単結晶育成、及び超高圧下での物性研究につい
て紹介する。

２．アクチノイド化合物の純良単結晶育成

　アクチノイド元素の中で、天然に存在するのはトリ
ウムとウランだけであり、ネプツニウム以降の超ウラ
ン元素は原子炉内の核反応によって生成する人工元素
である。超ウラン元素は全て放射性元素であり扱いは
難しく、原料自身も非常に貴重であるが、先端基礎研
究センターでのウラン化合物研究により蓄積された
様々な結晶育成手法を超ウランに適用することによ
り、超ウラン化合物の単結晶育成に成功した。図２
に、本グループで育成した単結晶の例を示す［４－８］。
ウランに関しては、引き上げ法を初めとする様々な手
法が適用できるが、原料が貴重な超ウランについて
は、収率の良いフラックス法を用いている。
　極めて純度の高い単結晶が育成されていることは、
極低温でのドハース・ファンアルフェン（dHvA）振
動の観測により示されている。dHvA効果は、金属の
フェルミ面を決定する協力な手段であるが、極めて高
純度の試料と、極低温及び強磁場が要求される。本グ
ループは、PuIn3において、dHvA効果によるフェルミ
面の観測に初めて成功し、バンド理論との対比により
5f 電子が遍歴状態にあることを示した（図３）［８］。プ
ルトニウム化合物のdHvA効果観測は世界でも例がな

い。その理由は、プルトニウムの強い放射能による試
料の劣化のためである。育成された試料は、これを補
うだけの高い純度を持っていたことが証明されたが、
結晶育成してから２週間には試料の劣化のためdHvA
振動は観測されなくなった。

超ウラン化合物の単結晶
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Anisotropy in Magnetism and Superconductivity

XY-type anisotropy
3.22 μB/Np for [100]

(3.62 μB/Np for Np4+, 2.68 for Np3+)

Hc2 suppressed for magnetic easy axis
Pauli-limiting --- singlet pairing suggested
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FIG. 1. Magnetization curves of the single crystal of UPt3
(sample 4) at 50 mK. The thin solid lines are the equilibrium
magnetization obtained by averaging the hysteresis. H

p
denotes

the onset field of the peak effect.

for a magnitude of the hysteresis that linearly depends
on the sample dimension and was therefore larger in
sample 3-S. The linear magnetization above Hc2 is due
to the normal state paramagnetism, from which we obtain
xk

n ≠ 5.8 3 1026 emuyg and x
'
n ≠ 1.1 3 1025 emuyg.

In both samples and for both field directions, we observed
that the irreversibility inMsHd increases again in a narrow
region just below Hc2 [14]. This is a so-called “peak
effect,” occasionally observed in type-II superconductors
[15]. Hereafter, we defineHc2 as the field above which the
irreversibility vanishes completely. We show the resulting
Hc2 vs T plots in Fig. 2, which are in good agreement with
those previously obtained by other experimental methods
[1,4]. The onset field of the peak effect H

p
is also shown

in the figure.
When the magnetization hysteresis is small, the equi-

librium magnetization Meq of the vortex state can be
well approximated by the average of the increasing- and
decreasing-field data [15]. The results for Meq are shown
in Fig. 1 by thin solid lines. Also shown by the dot-
ted lines are the extrapolated normal state magnetization
Msk,'d

n ≠ x sk,'d
n H. Evidently, the paramagnetic contribu-

tion to Meq is quite large for both directions. Note that
the difference between M

'
eq and M

'
n is surprisingly small

near Hc2, whereas Mk
eq shows a small but distinct devia-

tion from Mk
n below Hc2.

FIG. 2. H-T phase diagram of UPt3 for sample 3-S (solid
symbols) and sample 4 (open symbols). The phase boundaries
indicated by dotted lines are not observed in the present
measurements. The onset field of the peak effect H

p
is also

plotted as a reference.

The behavior of Meq becomes more clear by plotting
the magnetization difference M0

eq ≠ Meq 2 Mn in an en-
larged scale in Figs. 3(a) and 3(b), where the results for
higher temperature are also shown for comparison. The
small humps or dips seen in the curves for 50 mK near
Hc2 are probably due to the peak effect; the averaging pro-
cedure might not work well due to a nonlinear distribution
of the vortex lines [15]. It is rather natural to assume a
smooth variation of M0

eq, as indicated by dot-dashed lines.
We first note the feature in M0

eq that is associated with
the B-C transition. Since this transition is of second or-
der, we may expect a discontinuity in dM0

eqydH which
can be estimated from the specific heat measurements [16]
to be DsdM0

eqydHd , 5 3 1027 emuyg. We could as-
certain a discontinuity of this order at low T, as shown in
Fig. 3(c). The critical field HBC thus obtained is also in-
dicated in Fig. 2. The anomaly in M0

eq at HBC was, how-
ever, smeared with increasing temperature, and could not
be traced up to the tetracritical point. We also note that
no appreciable change was observed inM0

eq across the A-B
transition.
The salient feature of M0

eq at T ≠ 50 mK is the marked
anisotropy near Hc2. There is an order of magnitude
difference in the slopes of M

0
eqsk,'d near Hc2. Moreover,

the curvature of jM0
eqj in the C phase sHBC , H , Hc2d

distinctly changes with the field direction; downward
(upward) for H k c sH ' cd. In general, M0

eq near Hc2
can be expressed in terms of a Ginzburg-Landau param-
eter k2 as M0

eq ≠ sH 2 Hc2dy4pbs2k
2
2 2 1d [11], where

b is a number of order unity that depends on the vortex
lattice configuration. From the results in Fig. 3, we obtain
highly anisotropic values of k2 at T ≠ 50 mK, k

'
2 , 140,

and k
k
2 , 40; i.e., k

'
2 yk

k
2 ¯ 3.5. Here, the k2 values were

determined from the average slope ofM0
eq betweenH

p
and

Hc2. Thus, the actual value of k
'
2 could be even larger,

due to the upward curvature of M
0
eq'. In a conventional

3194

different from that of the conventional BCS superconductors. One of the unusual properties
is the upper critical field curve Bc2(T ) that exhibits a clear upturn at low temperatures [7].
Moreover, low-T specific-heat and thermal-expansion measurements by Kromer et al. show a
new anomaly at TL below Tc for pure UBe13 in zero field. In field scans of C(B, T = const.),
this anomaly corresponds to B∗(T ). They have proposed that this anomaly is a precursor of
another phase transition observed in the U1−xThxBe13 system at Tc2 [8], because it seems that
TL(x) smoothly merges into Tc2(x) on a T -x phase diagram [9, 10].

In order to obtain further information about the unusual SC of UBe13, we have performed
low-temperature dc magnetization measurements in the SC mixed state of UBe13 using a high-
quality single crystal.

2. Experimental Procedure
A single crystal of UBe13 was grown by an Al-flux method, and its weight was 6.6 mg. The
SC transition temperature is about 0.8 K, which is defined by the peak-top temperature of
the specific-heat jump for zero field. The dc magnetization measurements along [110] were
performed by using a capacitive Faraday-force magnetometer in a 3He-4He dilution refrigerator
[11] at temperatures down to 0.24 K and in fields up to 6.9 T. Magnetization processes were
measured in a field gradient of 500-900 Oe/cm applied in addition to the uniform magnetic field.

3. Results and Discussion
Figure 1 shows the magnetization process of UBe13 observed for B||[110] at 0.24 K up to 6.9
T. Below ∼ 2 T, a clear irreversibility attributed to a vortex flux pinning is observed. On the
other hand, the irreversibility decreases with increasing field above ∼ 2 T. The smallness of this
hysteresis in high field indicates a high-quality of the used sample, since flux-pinning centers are
impurities or lattice defects in general. Here, we define Bc2 as the field where the irreversibility
vanishes completely. The linear component above Bc2 is the normal state magnetization Mn.
Just below Bc2, a peak effect, which is occasionally seen in type-II superconductors, is observed.
We define the onset of the peak as Bpeak. Figure 2 shows hysteresis magnetization curves
∆M measured at various temperatures: ∆M=(Mdec−Minc)/2, where Mdec and Minc are the
magnetization of decreasing- and increasing-field processes, respectively. As temperature
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Figure 1. Magnetization curves of the single
crystalline UBe13 at 0.24 K (B|| [110]). The
upper critical field Bc2 is pointed by the arrow.
Bpeak denotes the onset of the peak effect.
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in sample 2, whereas no foreign phase was found in sample
1 within an experimental sensitivity. Since sample 1 is con-
sidered to be of higher quality, we mainly present the results
for sample 1 in this paper, although the magnetization results
were qualitatively the same for the two samples except for
the low-field part. From the de Haas–van Alphen experiment
near Hc2,23,24 the electron mean free path l of the sample was
estimated to be in excess of 2000 Å, well in the clean limit
l!!a ,c("100 Å).21 The dc magnetization measurements in
the temperature range 50 mK–2 K have been carried out by
a capacitive Faraday magnetometer.22 In all measurements, a
field gradient of 800 Oe/cm was applied to the sample in
addition to uniform magnetic fields. By detecting only the
magnetic force proportional to the field gradient, we could
obtain the true magnetization of the sample. Due to a small
dimension of the sample, field distribution inside the sample
was less than 100 Oe. A superconducting quantum interfer-
ence device magnetometer "MPMS, Quantum Design# was
also utilized to measure the dc magnetization in temperatures
above 2 K and in fields below 7 T.
Figure 1 shows the isothermal magnetization curves of

CeCoIn5 at the base temperature of 50 mK in fields up to 125
kOe applied along the a and c axes. These data were taken
by slowly scanning the field after zero-field cooling the
sample from a temperature well above Tc . The irreversibility
of the magnetization due to flux pinning is very small, dem-
onstrating the high quality of our sample. The magnetization
curves show a clear discontinuous jump at 49 kOe for H!c
and at 116 kOe for H!a . Since the irreversibility in the
M (H) curve completely disappears after the jump and no
further anomaly is found at higher fields, we may regard the
position of the jump as the upper critical field Hc2. The ob-
tained Hc2 coincides well with the previous one determined
by ac susceptibility and specific-heat measurements.4,23–25 A

small but distinct hysteresis is found in the transition for both
directions; the width of the hysteresis is 150 Oe for H!c and
750 Oe for H!a "the lower inset#. Accordingly, the observed
transition at Hc2 is considered to be of first order at this
temperature. The superconducting condensation energy,
Hc
2/8$ , can be estimated by integrating the magnetization

curve: M#%nH , where %n is the magnetic susceptibility for
the normal state. We obtain Hc

2/8$&1.3$105erg/cm3, which
is extraordinarily large compared to the other HF supercon-
ductors.
Interestingly, a remarkable peak effect is observed for

H!c; a sharp hysteresis peak can be seen at 2.3 T well below
Hc2. In addition, a small but appreciable peak is found at
around 0.9 T as well. Surprisingly, temperature dependence
of the peak effect is extremely strong as shown in the inset of
Fig. 1; as the temperature increases slightly, the higher-field
peak rapidly shifts to the lower-field side, whereas the lower
peak moves to the higher-field side. It seems that both peaks
merge at '1.6 T and at 150 mK, and disappear at higher
T. It should be noted that the similar peak effect, though less
pronounced, was also observed in sample 2, implying that
the observed peak effect is an intrinsic phenomenon.19 We
will come back to this point later.
In order to show the temperature dependence of the tran-

sition at Hc2, we display the magnetization curves M (H) at
several selected temperatures between 0.45 K and 1.8 K in
Fig. 2. Arrows indicate the position of Hc2 defined by the
anomaly in the M (H) curves, which decreases monoto-
nously with increasing temperature. In the data for H!a "the
upper part of Fig. 2#, the discontinuity of the magnetization
is still discernible in the data at 0.61 K, whereas at 0.84 K no
clear feature of a first-order transition is seen at Hc2. There-
fore, a critical point is likely to exist at Tcr%0.7&0.1 K. The
M (H) results for H!c "the lower part of Fig. 2# shows simi-
lar temperature variation, with Tcr%0.7&0.1 K.
Temperature dependencies of the dc magnetization M (T)

at several fixed fields are shown in Fig. 3. The data below 2.5
K were collected by warming the sample gradually after
zero-field cooling "ZFC#, and subsequently cooling under the
field "FC#. The difference between the ZFC and FC data is
rather small. The magnetization significantly decreases for
both directions when the superconducting state sets in. Such
behavior can be seen even near Hc2(0). The observation is
consistent with the appearance of the FOPT at Hc2 in the
M (H) curve.
We next move on to the M (T) data in the normal state. As

can be seen in Fig. 3, the magnetization is anisotropic in the
whole temperature range. The magnetization behavior above
100 K is well reproduced by assuming a localized 4 f elec-
tron (4 f 1) under the crystal field "CF# with an antiferromag-
netic molecular field.26 Temperature dependence of the mag-
netization, especially for H!c , turns to saturate below 50 K,
suggesting a Kondo screening, as usually observed in the HF
compounds. Surprisingly, the magnetization in CeCoIn5
starts to increase again upon cooling below 20 K,4 contrary
to the ordinary HF’s which remain in a Fermi-liquid state
with T-independent susceptibility as T→0. Whether this un-
usual increase of M (T) is intrinsic or not would be a matter

FIG. 1. Isothermal dc magnetization curves M (H) of a single
crystal of CeCoIn5 at base temperature of 50 mK in fields applied
along the tetragonal c and a axes with the enlarged plot around the
upper critical field "lower inset#. The upper inset shows the low-
field part around the peak effect at several temperatures below 150
mK. The temperature for each curve is 50, 70, 90, 110, 120, and
150 mK in order from the outside.
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Fig. 1. Magnetization curves in URu
!
Si

!
at 80 mK. Inset:

Field-temperature phase diagram.

Fig. 2. Temperature dependences of !
!!

(¹) and H
!
(¹).

obtained by averaging the increasing- and decreasing-
"eld magnetizations. The obtained M

"#
(H) curves are

shown by dotted lines.
As seen from the "gure, the magnetization irreversibil-

ity increases again around 50 kOe for H"a. This is a
so-called `peak e!ecta, observed in f-electron supercon-
ductors such as CeRu

!
, UPd

!
Al

"
and UPt

"
[7}9]. The

peak rapidly decreases with increasing temperature and
above 900 mK it is too small to be detected.

The "eld-temperature diagram is displayed in the inset
of Fig. 1, where the onset "eld of the peak structure, HH,
is also shown. As seen from the "gure, HH is almost
constant regardless of temperature while in the case of
CeRu

!
, UPd

!
Al

"
and UPt

"
HH strongly depends on

temperature [7}9]. This indicates the origin of the peak
e!ect in URu

!
Si

!
is di!erent from that in the other

f-electron superconductors. A possible mechanism of the
peak e!ect in URu

!
Si

!
is the matching between the #ux

line lattice spacing and the average distance of the sample
defects.

As reported previously, the extrapolated H
!!

(0) seems
to be strongly suppressed for H"c, compared with the
orbital critical "eld estimated from the slope at ¹

!
,

0.72¹
!
(H

!!
/¹)

!#!!
[4]. Let us discuss the origin from

the viewpoint of the Ginzburg}Landau parameter for
H"c, !

!
(¹), and the thermodynamic critical "eld H

!
(¹).

The temperature dependence of !
!
(¹) is shown in

Fig. 2, where !
!
(¹) is estimated from the average slope of

the equilibrium magnetization just below H
!!

, using the
relationship, M

"#
(H)/H"1/[4!#(2!

!
(¹)!!1)]#$

"
.

Here # is a constant of order unity [4]. On cooling from
¹

!
!
!
(¹) slightly decreases, the typical behavior for

superconductors in the presence of paramagnetic e!ect
[4]. However, the paramagnetic suppression is not so
large as expected from the H

!!
(¹) curve: The reduction of

!
!
(¹) is no more than 10%, extremely small compared

with that in other Pauli-limiting superconductors. In the
case of UPd

!
Al

"
, for example, the !

!
(¹) reduction

amounts to 50% [8] although the H
!!

(¹) curve is not so
suppressed as to that in URu

!
Si

!
. Therefore, the e!ective

g-factor estimated from the !
!
(¹) data is considered to be

much smaller than 2 [1,2,4], indicating that the H
!!

(¹)
suppression at low temperatures cannot be fully
explained only by the paramagnetic e!ect. This result,
however, is not inconsistent with the NMR results since
it is considered that the decrease of the Knight shift is too
small in the superconducting state to be detected within
the experimental resolution [3].

The temperature variation of H
!
(¹) is also shown in

Fig. 2. The value of H
!
(¹) was obtained using the rela-

tion, %#!!
$

(M
"#

(H)!$
"
H) dH"H!

!
/8!. It is found that

the H
!
(¹) curve deviates from the conventional curve

(dotted line), in contrast to the results in CeRu
!

and
UPt

"
[7,9]. It should be noted that the H

!
(¹) curve is

similar to the H
!!

(¹) curve for H"c: Not only H
!!

(¹) but
also H

!
(¹) seems to be suppressed at low temperatures.

This H
!
(¹) behavior can explain the strong reduction of

H
!!

(¹) for H"c without strong paramagnetic sup-
pression, although the origin of the novel behavior in
H

!
(¹) remains unclear. In order to con"rm these points

further, more precise measurements of H
!
(¹) are needed.

In summary, magnetization measurements in the
high-purity single crystal of URu

!
Si

!
were performed in

the superconducting state. From the temperature
variation of !

!
(¹) obtained from the equilibrium mag-

netization curves, the paramagnetic suppression of the
superconductivity is found not to be very large in the
direction of H"c.
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Such a local field distribution produces an anisotropic NMR
line profile which is the so-called ‘‘Redfield pattern’’.8)

Although we do not have a firm idea for the structure of the
vortex lattice, the following analysis has been attempted for
the most probable triangular vortex lattice illustrated in the
inset to Fig. 3(b), where contours of the local field are shown
in an assumed triangular vortex lattice. Figure 3(b) shows the
Redfield pattern calculated for H0 ¼ 2:03 and 3.10 T using
the parameters !aa ’ 3000 Å9) with "aa ¼ 48 Å. Here the
value of "aa is estimated from the upper critical field Hc2 ¼
14:3T for H0 k c. In order to make a comparison with the
experimental line profile, a Gaussian function having the line
width of !Kn due to macroscopic inhomogeneous broad-
ening is convoluted to the Redfield pattern. In Fig. 3(a), the
results for H0 ¼ 2:03 and 3.10 T are shown by the thick solid
and dotted lines, respectively. Both of the simulation lines are
in good agreement with the experimental results.

The value of the Knight shift in the SC state corresponds
to the center of gravity of the Redfield pattern. From the line
simulation described above, we have obtained K ’ 0:086%
at 1.4 K for both H0 ¼ 2:03 and 3.10 T. Therefore, the
relative change in Knight shift from the normal to the SC
state is #Ks ¼ Kð1:4KÞ $ Kð5KÞ ’ $0:038%, as denoted in
Fig. 3(b). The finite negative value of #Ks clearly indicates a
decrease of spin susceptibility in the SC state. Also, we note
that the so-called diamagnetic shift can be defined as the
lowered shift from the center of gravity to the spectral peak.
Estimated values of this shift are $0:030% for H0 ¼ 2:03T
and $0:016% for H0 ¼ 3:10T, respectively.

Full temperature dependence of the Knight shift of
27Al NMR under H0 ¼ 4:06T, which was inclined at an
angle of $ ¼ 14:5% from the c-axis, is shown in Fig. 4.
The inset of Fig. 4 shows an in-situ AC susceptibility %ac

measured under the same experimental conditions as the
Knight shift measurements. The onset of Tc was determined
to occur at 4.0 K from %ac data, where Tc is reduced down to
4.0K due to the external magnetic field. Consistent with the
%ac data, the temperature dependence of the Knight shift
shows a sharp drop at 4.0 K, indicating the SC transition.
Analysis of the temperature dependence of the shift below Tc
will be given later.

In order to characterize the magnetic excitations in
NpPd5Al2, the temperature dependence of the nuclear
spin–lattice relaxation rate (1=T1) has been investigated in
both the normal and SC states. T1 was measured by the
inversion recovery method for 27Al NMR spin–echoes at the
central transition under the same condition as the foregoing
Knight shift measurements. Recovery of the nuclear magnet-
ization MðtÞ following the inversion pulse has a multi-
exponential form with a single value of T1.10) The temper-
ature dependence of 1=T1 thus obtained is shown in Fig. 5,
where the SC transition at Tc ¼ 4K is clearly seen again as a
sharp break in the data curve. In the SC state, we found that
1=T1 vs T does not show coherence peak just below Tc as
found in conventional s-wave superconductors (see the
dotted curve in Fig. 5). Instead, 1=T1 exhibits a sharp drop
just below Tc and follows an approximate T3 behavior as T
declines from there. Thus, the 1=T1 behavior cannot be
explained in terms of a SC gap with s-wave symmetry.
These results strongly indicate that NpPd5Al2 is an uncon-
ventional superconductor with an anisotropic gap.

In order to investigate the nature of the anisotropic SC
gap, the temperature dependence of 1=T1 below Tc has been
analyzed semiquantitatively assuming a spherical Fermi
surface. The temperature dependence of 1=T1 below Tc may
be expressed as,

T1ðTcÞ
T1ðTÞ

¼
2

kBT

Z
NsðEÞ2

N2
0

! "

";#

þ MsðEÞ2
# $

";#

( )

' f ðEÞ½1$ f ðEÞ) dE; ð3Þ

where NsðEÞ ¼ N0E=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 $!ð";#; TÞ2

p
with N0 being the

density of states (DOS) at the Fermi level in the normal
state, MsðEÞ is a coherence factor represented as MsðEÞ ¼
!ð";#;TÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 $!ð";#;TÞ2

p
, f ðEÞ is the Fermi distri-

bution function, and h* * *i";# indicates an angular average

Fig. 4. Temperature dependence of Knight shift under H0 ¼ 4:06T for
$ ¼ 14:5%. Solid curve below Tc shows calculated curve of the Knight
shift assuming the line-node gaps. Inset shows the temperature depend-
ence of in-situ %ac obtained with the NMR rf coil.

Fig. 5. Temperature dependence of the nuclear spin–lattice relaxation rate
1=T1 of 27Al NMR under H0 ¼ 4:06T for $ ¼ 14:5%. Solid and dotted
curves below Tc show calculated 1=T1 curves assuming line-node and full
gaps (2!0=kBTc ¼ 3:5), respectively.
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value of "aa is estimated from the upper critical field Hc2 ¼
14:3T for H0 k c. In order to make a comparison with the
experimental line profile, a Gaussian function having the line
width of !Kn due to macroscopic inhomogeneous broad-
ening is convoluted to the Redfield pattern. In Fig. 3(a), the
results for H0 ¼ 2:03 and 3.10 T are shown by the thick solid
and dotted lines, respectively. Both of the simulation lines are
in good agreement with the experimental results.

The value of the Knight shift in the SC state corresponds
to the center of gravity of the Redfield pattern. From the line
simulation described above, we have obtained K ’ 0:086%
at 1.4 K for both H0 ¼ 2:03 and 3.10 T. Therefore, the
relative change in Knight shift from the normal to the SC
state is #Ks ¼ Kð1:4KÞ $ Kð5KÞ ’ $0:038%, as denoted in
Fig. 3(b). The finite negative value of #Ks clearly indicates a
decrease of spin susceptibility in the SC state. Also, we note
that the so-called diamagnetic shift can be defined as the
lowered shift from the center of gravity to the spectral peak.
Estimated values of this shift are $0:030% for H0 ¼ 2:03T
and $0:016% for H0 ¼ 3:10T, respectively.

Full temperature dependence of the Knight shift of
27Al NMR under H0 ¼ 4:06T, which was inclined at an
angle of $ ¼ 14:5% from the c-axis, is shown in Fig. 4.
The inset of Fig. 4 shows an in-situ AC susceptibility %ac

measured under the same experimental conditions as the
Knight shift measurements. The onset of Tc was determined
to occur at 4.0 K from %ac data, where Tc is reduced down to
4.0K due to the external magnetic field. Consistent with the
%ac data, the temperature dependence of the Knight shift
shows a sharp drop at 4.0 K, indicating the SC transition.
Analysis of the temperature dependence of the shift below Tc
will be given later.

In order to characterize the magnetic excitations in
NpPd5Al2, the temperature dependence of the nuclear
spin–lattice relaxation rate (1=T1) has been investigated in
both the normal and SC states. T1 was measured by the
inversion recovery method for 27Al NMR spin–echoes at the
central transition under the same condition as the foregoing
Knight shift measurements. Recovery of the nuclear magnet-
ization MðtÞ following the inversion pulse has a multi-
exponential form with a single value of T1.10) The temper-
ature dependence of 1=T1 thus obtained is shown in Fig. 5,
where the SC transition at Tc ¼ 4K is clearly seen again as a
sharp break in the data curve. In the SC state, we found that
1=T1 vs T does not show coherence peak just below Tc as
found in conventional s-wave superconductors (see the
dotted curve in Fig. 5). Instead, 1=T1 exhibits a sharp drop
just below Tc and follows an approximate T3 behavior as T
declines from there. Thus, the 1=T1 behavior cannot be
explained in terms of a SC gap with s-wave symmetry.
These results strongly indicate that NpPd5Al2 is an uncon-
ventional superconductor with an anisotropic gap.

In order to investigate the nature of the anisotropic SC
gap, the temperature dependence of 1=T1 below Tc has been
analyzed semiquantitatively assuming a spherical Fermi
surface. The temperature dependence of 1=T1 below Tc may
be expressed as,
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$ ¼ 14:5%. Solid curve below Tc shows calculated curve of the Knight
shift assuming the line-node gaps. Inset shows the temperature depend-
ence of in-situ %ac obtained with the NMR rf coil.

Fig. 5. Temperature dependence of the nuclear spin–lattice relaxation rate
1=T1 of 27Al NMR under H0 ¼ 4:06T for $ ¼ 14:5%. Solid and dotted
curves below Tc show calculated 1=T1 curves assuming line-node and full
gaps (2!0=kBTc ¼ 3:5), respectively.
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measurements. The Hall coefficient is negative in whole tem-
perature range that may indicate domination of the electrons
in electrical transport. Moreover, VH!B" decreases linearly
with a field for the temperature range examined confirming
an electronlike behavior of the carriers. According to the Fert
and Levy theory,18 in the dense Kondo systems, the Hall
effect is dominated by skew scattering processes, incoherent
at high temperatures and intrinsic at low temperatures. At an
intermediate temperature RH presents a maximum around a
characteristic temperature related to the coherence effect.
The general shape of RH in NpPd5Al2 with a maximum at 50
K is similar to 4f and 5f electron-based HFS.19 The absolute
values vary by almost one order of magnitude from −0.4 to
−3.55!10−10 m3 C−1 indicating a reduction of the effective
number of carriers or a decrease of the global mobility. These
values are one order of magnitude higher than simple metals
but similar to those derived for HFS.

The inset of Fig. 3 presents a low-temperature depen-
dence of the thermoelectric power of NpPd5Al2. At 25 K the
Seebeck coefficient shows a large negative value of about
−20 "V /K. With decreasing temperature the magnitude of
the thermopower decreases down to Tc, where S=0, as ex-
pected for the superconducting state. The negative sign of
thermopower in the normal state agrees very well with the
negative sign of the Hall coefficient and both indicate elec-
tronlike character of electrical and heat transport. The
strongly enhanced value of the Seebeck coefficient !one or-
der of magnitude larger than in simple metals" is character-
istic of systems with strong electronic correlations.

To determine the critical field Bc2 of NpPd5Al2 !Fig. 4",
we performed electrical resistivity measurements on a
single crystal applying magnetic field B along #100$ and
#001$ directions, respectively !insets, Fig. 4", down to 2 K.
The estimated Bc2

!0 K" values are %4.3 T for the #100$
direction and %15 T for the #001$ direction. Looking closer
to the slope at Tc we observe some differences with
published values. For the #001$ direction we extract

−!
dBc2

dT "Tc
=5.2 T /K !#31 T /K" !Ref. 14" and for #100$,

−!
dBc2

dT "Tc
=3.3 T /K !$6.4 T /K".14 It is interesting to

calculate the Pauli-limited critical field20 Hp0=1.85Tc%9 T.
The estimations of orbital-limited critical fields

Bc2

! !0 K"=−0.692Tc!
dBc2

dT "Tc
!Ref. 21" are clearly too big with

slope values at Tc previously reported. We got 22.2/107 T
and 11.4/18.0 T along the #100$/#001$ directions, respec-
tively, for data taken from Ref. 14 and in our case. This
material presents a lot of similarities with Fulde-Ferrell-
Larkin-Ovchinnikov !FFLO" materials as discussed in Ref.
22 for PuTGa5 !T=Co,Rh" and identified in CeCoIn5.23

NpPd5Al2 is a clean type II superconductor strongly para-
magnetic limited and anisotropic. The lower slope values at
Tc point to the influence of defects or impurities which are
less problematic at lower temperatures on the critical field
shape.

Finally, we report on the measurement of heat capacity Cp
under the magnetic field !right inset, Fig. 5" applied along
the #001$ direction. To estimate the electronic contribution to
the total specific heat of NpPd5Al2 we assumed that
ThPd5Al2, its isostructural analog that contains no 5f elec-
trons, is a good approximation of the phonon part in
NpPd5Al2. Taking into account the specific heat data of the
Th-based phase,24 we therefore estimate that the electronic
specific heat in NpPd5Al2 is as large as %e

%190 mJ mol−1 K−2. At Tc, we observe a jump &C
C %2.0 in-

dicating that 5f carriers participate to the superconductivity.
Considering

Ce

T !T" in the superconducting domain, we got a
linear behavior with temperature from 1 to 3.5 K !left inset,
Fig. 5" characteristic of line nodes. We observe a clear in-
crease of

Cp

T for 14 T when approaching the 0 K limit. In
heavy fermion, strong correlations induce divergence behav-
ior of Cp%T3 ln T,25 but we can also consider the possibility
that, at very low temperatures, a Schottky-type anomaly
coming from the Np nucleus is present, induced by magnetic
fields and hyperfine interactions.

FIG. 4. Critical fields Bc2
!T" of the NpPd5Al2 single crystal

along the #100$ and #001$ directions determined by electrical resis-
tivity. The insets show the superconducting transition shifted under
field for both directions.

FIG. 5. Cp /T of NpPd5Al2 at 0 T and 14 T. Cp /T of ThPd5Al2 is
presented in comparison for phonons contribution substraction. The
progressive disappearance of a superconducting transition under a
magnetic field !inset, right" and the nonexponential behavior of
Ce /T !inset, left" in a superconducting state are presented.

BRIEF REPORTS PHYSICAL REVIEW B 77, 212502 !2008"

212502-3

Griveau et al., PRB 77 (2008) 212502.
237Np nuclear Schottky ?
　→200-300T internal field !
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NpPd5Al2 : Heavy Fermion superconductor

tetragonal ZrNi2Al5-type 
Tc = 4.9 K
C(Tc)/T = 200 mJ/K2mol, ΔC/γTc = 2.23
Pauli-limited critical field
1st order transition at Hc2
Curie-Weiss law in normal state Np3+ or Np4+

- vanishes in the superconducting state ...
- huge heavy fermion spin susceptibility (> 80 % of bulk χ)

How about other heavy Fermion superconductors
- UPd2Al3 ～ 10 % of bulk χ contribute to SC : NMR, μSR
- CeCoIn5 ～ 60 % 
- UPt3 small ? (odd parity)
- URu2Si2 small ?
- UBe13 small ?
- CeCu2Si2 ～ 100 % ? from NMR

- Pu superconductors ?
- High-Tc cuprates ?
- pnictides ?
- related to spin-resonance ?
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2 to 300 K by a PPMS-9 setup. Heat capacity experiments
were performed in the temperature range of 2.5–300 K and
in magnetic fields up to 14 T using the PPMS-14 device. The
thermoelectric power was measured from 6 to 300 K in a
homemade setup using pure copper as the reference material.
The measurements of all the physical properties of PuPd5Al2
!even using a very small mass amount of the material" were
prevented below 2 K due to the self-heating effect arising
from the radioactive decay of the 239Pu isotope !W
=1.9 mW /mg". Moreover, to avoid any contamination risk
due to radiotoxicity of plutonium, all experimental studies
were carried out using special encapsulation techniques.

III. RESULTS AND DISCUSSION

A. Magnetic properties

Figure 2 shows the temperature dependence of the inverse
magnetic susceptibility of PuPd5Al2. Above 10 K, the !−1!T"
curve is clearly curvilinear and may be well described by a
modified Curie–Weiss law with an effective magnetic mo-
ment of "ef f =1.05"B, a paramagnetic Curie temperature of
#p=−12.5 K, and a temperature independent term !0=6.9
$10−4 emu /mol. The origin of the latter contribution is re-
lated to the core-electron diamagnetism, the Pauli paramag-
netism, and the Van Vleck term. The experimental value of
"ef f is larger than the free Pu3+ ion value expected for LS
coupling !0.84"B", but it is close to 1.01"B, as anticipated
for intermediate coupling. Indeed, it has been shown recently
that the intermediate coupling is appropriate for the 5f states
of the Pu metal and Pu-based intermetallics.8,9 The negative
sign of #p refers to antiferromagnetic exchange interactions
and is consistent with the antiferromagnetic ordering in the
compound studied !see below".

As shown in the lower inset of Fig. 2, a distinct peak in
!!T" manifests an antiferromagnetic ordering below TN
=5.6 K. With increasing magnetic field, the maximum in the
magnetic susceptibility gradually weakens and shifts to
lower temperatures. The latter phenomenon indicates the
presence of a complex magnetic structure in the compound.
The upper inset in Fig. 2 displays the isothermal magnetiza-
tion taken at several temperatures. The measurements were
done with increasing and decreasing magnetic fields, and no
hysteresis effect was observed. The antiferromagnetic char-
acter of the magnetic ordering in PuPd5Al2 is corroborated
by a weak metamagneticlike transition at a critical field of
about 2.5 T. This can be observed in the %!"0H" graph de-
termined at T=2 K !see the solid line in the upper inset in
Fig. 2". However, the magnetic saturation is not reached even
at the strongest applied field. For T=2 K and "0H=7 T, the
magnetic moment extracted is 0.1"B /Pu atom. This value is
much smaller than the theoretical values calculated for the
free Pu3+ ion, "s,LS=0.71"B and "s,int=0.86"B, taking into
account Russell–Saunders or intermediate coupling, respec-
tively. This large reduction of the magnetic moment is most
probably due to crystal field interactions. This clearly indi-
cates the splitting of the 6H5/2 ground multiplet in a tetrago-
nal crystal field potential.

B. Heat capacity

Figure 3!a" shows the low-temperature dependence of the
specific heat of PuPd5Al2. A distinct &-shaped anomaly at
TN=5.6 K confirms the magnetic ordering in this compound.
When applying magnetic field, the peak gradually weakens
and shifts to lower temperatures #see the inset in Fig. 3!a"$.
Above the magnetic ordering, the Cp /T ratio extrapolated to
T=0 K is estimated as 67 mJ /mol K2. It is similar to the
Sommerfeld coefficient obtained for CePd5Al2
!60 mJ /mol K2".6 In order to estimate the magnetic contribu-
tion to the specific heat of PuPd5Al2, we have measured the
specific heat of ThPd5Al2, which is its isostructural counter-
part with no 5f electrons. With this assumption, the magnetic
contribution to specific heat 'C!T" may be expressed by the
relation 'C!T"PuPd5Al2 =Cp!T"PuPd5Al2 −C!T"ph

ThPd5Al2, as shown
in Fig. 3!b". In this analysis, our unpublished C!T"ph

ThPd4Al2

data were used. The Sommerfeld coefficient of ThPd5Al2 is
5 mJ /mol K2.10 Below the Néel temperature, the 'C!T"
curve may be well described by the model proposed by de
Medeiros et al. !Ref. 11", which takes into account excita-
tions of antiferromagnetic spin waves over a gap in the mag-
non spectrum. Assuming that the dispersion of antiferromag-
netic magnons can be approximated by the relation (
=%'2+Dk2, in which ' is the spin-wave gap while D stands
for the spin-wave stiffness. The specific heat may be ex-
pressed as11

'C!T" = )*T + c'7/2%Te−'/T&1 +
39T

20'
+

51
32
' T

'
(2) , !1"

where the coefficient b is defined as b*D−3/2.11 The first
term describes the electronic contribution to the specific heat.

FIG. 2. !Color online" Temperature dependence of the inverse
magnetic susceptibility of PuPd5Al2. The solid line is a modified
Curie-Weiss fit. Lower inset: low-temperature susceptibility mea-
sured in several magnetic fields in zero field cooled !open symbols"
and field cooled !full symbols" conditions. Upper inset: magnetiza-
tion versus magnetic field taken at several temperatures and mea-
sured with increasing !open symbols" and decreasing !full symbols"
magnetic fields. The solid line shows a straight line behavior.
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Shown as a solid line in Fig. 3!b", below 4.5 K, this expres-
sion describes very well the experimental data of PuPd5Al2
with the following parameters: c=1.04!10−2 J /mol K4, "
=3.7 K, and #*=341 mJ /mol K2. The so-obtained value of
" is reasonable with respect to the Néel temperature and is
similar to that derived from the electrical resistivity data !see
below". The so-obtained magnetic contribution to the specific

heat provides the magnetic entropy S=#
"C!T"

T dT shown in the
inset of Fig. 3!b". At the magnetic transition, the entropy is
5.4 J /mol K which is much smaller than expected for a six-
fold degeneracy of the 6H5/2 multiplet. It clearly indicates a
splitting of the ground multiplet in a tetragonal crystal field
potential. Moreover, at TN, the entropy is close to a value of
R ln 2, corresponding to a doubly degenerated ground state.
The small deviation from the expected value of R ln 2 at TN
may be due to the straightforwardness of the estimation used
or due to the presence of short-range magnetic correlations.

C. Transport properties

The temperature dependence of the electrical resistivity of
PuPd5Al2 is shown in Fig. 4!a". The overall shape and mag-
nitude of the $!T" are typical of metallic conductors and
differs from the one observed in NpPd5Al2 !Ref. 5". With
decreasing temperature, the electrical resistivity decreases
down to a magnetic ordering temperature showing a broad
hump around 120 K. The origin of this upward structure may
be explained by strong crystal field interactions, and the po-
sition of the hump can give an estimation of the total crystal
field splitting in this material. Just below TN, the resistivity
exhibits a distinct maximum at 5 K $see Fig. 4!b"%. As shown
in the inset in Fig. 4!b", the temperature dependence of the
derivative of the resistivity shows a negative divergence of
the Suezaki–Mori type.12 The Néel temperature defined as
the minimum in the d$

dT !T" curve is 5.6 K, which agrees very
well with magnetic and specific heat studies. The increase of
the electrical resistivity below the Néel temperature might be
associated with an enhanced scattering of conduction elec-
trons due to the formation of a “magnetic” Brillouin zone

FIG. 3. !Color online" !a" Temperature dependence of the spe-
cific heat of PuPd5Al2 !circles" and ThPd5Al2 !squares". Inset: low-
temperature specific heat measured in several magnetic fields. !b"
the magnetic contribution to the specific heat. The solid line is a fit
of Eq. !1" to the experimental data. Inset: low-temperature entropy
of PuPd5Al2.

FIG. 4. !Color online" !a" Temperature dependence of the elec-
trical resistivity !left axis" and thermoelectric power !right axis" of
PuPd5Al2. !b" Low-temperature part of the resistivity of PuPd5Al2.
The solid line is a fit of Eq. !2" to the experimental data. Inset:
low-temperature variation of the derivative of the resistivity of
PuPd5Al2.
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Shown as a solid line in Fig. 3!b", below 4.5 K, this expres-
sion describes very well the experimental data of PuPd5Al2
with the following parameters: c=1.04!10−2 J /mol K4, "
=3.7 K, and #*=341 mJ /mol K2. The so-obtained value of
" is reasonable with respect to the Néel temperature and is
similar to that derived from the electrical resistivity data !see
below". The so-obtained magnetic contribution to the specific

heat provides the magnetic entropy S=#
"C!T"

T dT shown in the
inset of Fig. 3!b". At the magnetic transition, the entropy is
5.4 J /mol K which is much smaller than expected for a six-
fold degeneracy of the 6H5/2 multiplet. It clearly indicates a
splitting of the ground multiplet in a tetragonal crystal field
potential. Moreover, at TN, the entropy is close to a value of
R ln 2, corresponding to a doubly degenerated ground state.
The small deviation from the expected value of R ln 2 at TN
may be due to the straightforwardness of the estimation used
or due to the presence of short-range magnetic correlations.

C. Transport properties

The temperature dependence of the electrical resistivity of
PuPd5Al2 is shown in Fig. 4!a". The overall shape and mag-
nitude of the $!T" are typical of metallic conductors and
differs from the one observed in NpPd5Al2 !Ref. 5". With
decreasing temperature, the electrical resistivity decreases
down to a magnetic ordering temperature showing a broad
hump around 120 K. The origin of this upward structure may
be explained by strong crystal field interactions, and the po-
sition of the hump can give an estimation of the total crystal
field splitting in this material. Just below TN, the resistivity
exhibits a distinct maximum at 5 K $see Fig. 4!b"%. As shown
in the inset in Fig. 4!b", the temperature dependence of the
derivative of the resistivity shows a negative divergence of
the Suezaki–Mori type.12 The Néel temperature defined as
the minimum in the d$

dT !T" curve is 5.6 K, which agrees very
well with magnetic and specific heat studies. The increase of
the electrical resistivity below the Néel temperature might be
associated with an enhanced scattering of conduction elec-
trons due to the formation of a “magnetic” Brillouin zone

FIG. 3. !Color online" !a" Temperature dependence of the spe-
cific heat of PuPd5Al2 !circles" and ThPd5Al2 !squares". Inset: low-
temperature specific heat measured in several magnetic fields. !b"
the magnetic contribution to the specific heat. The solid line is a fit
of Eq. !1" to the experimental data. Inset: low-temperature entropy
of PuPd5Al2.

FIG. 4. !Color online" !a" Temperature dependence of the elec-
trical resistivity !left axis" and thermoelectric power !right axis" of
PuPd5Al2. !b" Low-temperature part of the resistivity of PuPd5Al2.
The solid line is a fit of Eq. !2" to the experimental data. Inset:
low-temperature variation of the derivative of the resistivity of
PuPd5Al2.

BRIEF REPORTS PHYSICAL REVIEW B 77, 092405 !2008"

092405-3

consistent	
  with	
  Pu3+



Jan 8, 2012 Beijing

Summary
NpPd5Al2 : first-order transition at Hc2

magnetic susceptibility and electronic specific heat 
suppressed below Hc2

large electronic entropy remains at low 
temperatures.  237Np nuclear contribution ?

UPd5Al2 : CEF-singlet ground state : U4+ suggested

magnetic anisotropy in AnPd5Al2

Ce, Pr, U - uniaxial
Np - XY type
Ce under pressure ??  Pu ?? 


