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incorporates most of the physics that is

difficult to calculate (for example, low-

symmetry structures and the relativistic

motion of core electrons), demonstrates

convincingly that the 5f electrons are

bonding in !-plutonium.

It is still true, however, that early 

pioneers such as Willie Zachariasen and

Jacques Friedel led the way, predicting

that the 5f electrons in the light 

actinides are bonding. They based their

conjecture on a comparison of the

atomic radii (or volumes) of the light

actinides with those of the d-electron

transition metals. Atomic volumes 

provide one of the best guides to what

the electrons are doing. 

As shown in Figure 9, the nearly

parabolic decrease in atomic radii of

the light actinides is very similar to that

of the 5d transition metals, providing

convincing evidence that, as 5f valence

electrons are added across the early part

of the actinide series, they increase 

cohesion and thus cause the atomic 

volume to decrease. This decrease in

atomic volume due to 5f bonding was

not anticipated for the 5f series. 

The 5f electrons were supposed to 

behave like the 4f valence electrons 

in the rare earths, which are localized

in the ionic cores and are therefore

chemically inert, or nonbonding. 

For that reason, the atomic volume 

remains relatively constant across 

the rare-earth series.

Another sign of electron localization

vs itinerancy is the presence or absence,

respectively, of local magnetic 

moments. The 4f electrons in the rare

earths produce local moments (except

for those elements with half-filled or

filled 4f shells), whereas the 5f elec-

trons in the light actinides, up to

!-plutonium, do not. 

Why do 5f electrons bond in the

light actinides? Why do 4f electrons not

bond in the rare earths? In other words,

why are the 5f electrons spatially more

extended than the 4f electrons? The

Pauli exclusion principle requires that

the 5f wave functions be orthogonal to

the 4f core-level wave functions in the

actinides. This requirement pushes the

5f wave functions somewhat farther

from the ion cores. In addition, the

greater nuclear charge of the actinides

compared with that of the rare earths

causes larger relativistic effects, 

increasing the radial extent of the 5f

wave functions somewhat, while draw-

ing the 7s and 7p orbitals closer to the

cores, as shown in Figure 3. One impli-

cation is that the relative radial

separation of the 5f, 6d, and 7s orbitals

in the actinides is less than the corre-

sponding radial separation of the 4f, 5d,

and 6s orbitals in the rare earths. So, in

the rare earths, the 5d and 6s orbitals of

neighboring atoms overlap, whereas the

4f electrons remain nonbonding. In the

actinides, on the other hand, as the 6d

and 7s orbitals of neighboring atoms

overlap and become bonding, so do the

5f orbitals. 

Boring and Smith emphasize (see

the article on page 90) that the 5f con-

duction band determines the bonding

properties and crystal structure of 

!-plutonium, which has five 5f elec-

trons and only one d and two 

s electrons. They also emphasize the 

interplay of the different bands in deter-

mining the equilibrium crystal volume.

Their simplified band calculations (for

fcc structures with spherical potentials)

show that occupation of the s states in

plutonium provides a repulsive force,

expanding the equilibrium crystal vol-

ume and making the f bands narrower

than they would be otherwise. This

general picture is borne out by the

more-sophisticated full-potential band

structure calculations performed by

Wills and Eriksson. Those calculations

demonstrate clearly that the 5f electrons
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Figure 9. Experimental Atomic Radii of the Actinides, Rare Earths, and 5d

Transition Metals 

The atomic radius displayed is the Wigner-Seitz radius, defined as 4"/3 RWS = V, where

V is the equilibrium volume per atom of the primitive unit cell. The rare-earth elements

show only a slight lattice contraction, indicating that the 4f electrons are added to the

core (that is, they are localized) as the nuclear charge is increased across the series.

The exceptions are europium and ytterbium for which one electron is removed from

the conduction band to fill up half of the f shell and the entire f shell, respectively.

Fewer conduction electrons (or lower valence) result in weaker bonding and an 

expanded volume. The actinides follow the transition-metal trend up to plutonium. Past

americium, they behave more like the rare earths. 

5d, 4f, 5f 単体金属の原子半径



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. 
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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

Pu単体金属の構造相転移



原子力機構（原研＋サイクル機構）
　次世代原子炉、再処理のための物理・化学研究
　そのための設備（グローブボックス、セル、etc）

東北大金研大洗施設（量子エネルギー材料科学国際研究センター）
　材料照射
　アクチノイド研究（国内唯一マクロ量のアクチノイド取扱）

世界的には
　LANL
（ロスアラモス国立研究所）
　ITU
 （欧州超ウラン元素研究所）　
　CEA
 （フランス原子力庁）

日本での超ウラン研究に向けて
ー　5f 電子系は興味深い現象の宝庫　ー

] JAEA-ITU-CEA 国際協定



原子力機構東海
Npメスバウア

JRR-3
中性子散乱

阪大
強磁場磁化SPring-8

磁気コンプトン

原子力機構大洗
Pu化合物単結晶育成

金研大洗を拠点とする共同研究へ

金研大洗

マクロ物性、dHvA効果、NMR、メスバウア

原子力機構東海
理論グループ

Np 金属調整
単結晶育成
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アマルガム還元法によるNp金属調整と単結晶育成

開始���� 　 1時間後��������� 4時間後�

Np 金属(~1g）

Np6+→ Np5+→ Np4+→ Np3+

!"#$

HCl%&

#$

NpCoGa5

10 mm

図 5: NpCoGa5 の単結晶。上面が正方晶 (001)面，側面が (100)面に対応する。
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図 6: NpCoGa5 の電気抵抗。矢印はネール点 TN = 47 Kを示す。
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Ga-flux法による単結晶育成



2.5 mm

Single Crystal Growth
in Ar-circulated Glove Boxes

isotopically pure 239Pu metal

 5 MeV α-radiation (T1/2 = 24000 years)

 • radiation damage

 • self-heating : 6.9 μW for 16 mg PuRhGa5

PuRhGa5 single crystal

 Ga-flux 

 Pu:Rh:Ga = 1:1:20 

Ag cap
single crystal

Kapton tube filled with stycast

[001]

[100]
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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。



 
H. Sakai et al.,
J. Phys. Soc. Jpn. 74, 1710 (2005).
（JPSJ注目論文に選出）

Ga-NQR測定（酒井）

PuTGa5 (T=Co, Rh) のd波超伝導

the vicinity of the Fermi level EF located at 0.446 Ryd,
there occurs hybridization between Pu 5f and Ga 4p
states. Above EF near the M point, the flat 5f bands split
into two groups, corresponding to the total angular mo-
mentum j ! 5=2 (lower bands) and 7=2 (upper bands).
The magnitude of the splitting ! between the two
groups is estimated as !"Pu# ! 1:0 eV, which is almost
equal to the spin-orbit splitting in the atomic 5f state of
Pu. Note that each Pu APW sphere contains about 5.2
electrons in the f state, suggesting that the valence of the
plutonium ion is Pu3$, consistent with the experimental
result [1].

By using the total density of states at EF, evaluated as
N"EF# ! 97:3 states=Ryd cell, the theoretical specific
heat coefficient !band is estimated as 16:9 mJ=K2 %mol,
while the experimental electronic specific heat coefficient
!exp is 77 mJ=K2 %mol [1]. If we define the enhancement
factor for the electronic specific heat coefficient as " !
!exp =!band & 1, we obtain " ! 3:6, which is smaller than
" ! 10 for CeCoIn5 [11]. Note that the enhancement of
" from unity is a measure of electron correlation effect.
The moderate " in Pu-115 suggests that the correlation
effect in Pu-115 should be weak compared with Ce-115.
Since localized nature is stronger in 4f electrons, the
correlation effect is more significant in Ce-115.

Now we discuss the Fermi surfaces of PuCoGa5.
Since the lowest 14 bands are fully occupied, as shown
in Fig. 1(a), the next four bands are partially occupied,
while higher bands are empty. Then, as shown in
Figs. 1(b)–1(e), the 15th, 16th, 17th, and 18th bands cross-
ing the Fermi level construct the hole or electron sheets of
the Fermi surfaces, summarized as follows: (i) The Fermi
surface from the 15th band includes one small hole sheet
centered at the " point. (ii) The 16th band constructs a
large cylindrical hole sheet centered at the " point, while
two equivalent small hole sheets are centered at X points.
(iii) The 17th band has a large cylindrical electron sheet
centered at the M point. (iv) The 18th band provides
another cylindrical electron sheet centered at the M point.
Among them, the main Fermi surfaces are determined
from the viewpoints of the Fermi-surface volume and
f-electron admixture. As for the Fermi surface con-
structed from the 18th band, f electrons are not uniformly
distributed on it, as expressed in the color scale. Around
the A point, the f-electron admixture is large, while the p
electron gives a large contribution around the M point.
If we ignore three dimensionality and small-volume
Fermi surfaces, the main contributors are the hole sheet
from the 16th band centered at the " point and the
electron sheet from the 17th band centered at the M point.

Next let us make a comparison among the results
for Ce-115 [11], U-115 [12], Np-115, and Pu-115. In
Figs. 2(a)–2(d), we show the energy band structures
around EF for CeCoIn5, UCoGa5, PuCoGa5, and
NpCoGa5, respectively. Note that CeCoIn5, UCoGa5,
and PuCoGa5 are compensated metals, while NpCoGa5
is not. We estimate !"Ce# ! 0:4 eV, !"U# ! 0:8 eV,
and !"Np# ! 0:95 eV, which are almost equal to the
spin-orbit splittings in the atomic 4f and 5f states for
Ce, U, and Np, respectively. As expected, we obtain
!"Ce#< !"U# & !"Np# & !"Pu#.

We note that the number to label the red and blue
curves increases one by one among compensated metals
in the order of CeCoIn5, UCoGa5, and PuCoGa5 (see the
caption of Fig. 2), corresponding to the increase in the
f-electron number by two per site [see Fig. 2(a)]. Note
also that the shapes of the red and blue curves among
the three compounds are similar to one another, since
overall band structure around the Fermi level is always
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FIG. 1 (color). (a) Energy band structure for PuCoGa5 ob-
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sheets, (d) 17th band electron sheets, and (e) 18th band electron
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set at the " point.
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T. Maehira et al.,
Phys. Rev. Lett. 90, 207007 (2003).

遍歴5f電子によるフェルミ面（眞榮平）

PuCoGa5
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17O NMR
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NpO2



D. Aoki et al., J. Phys. Soc. Jpn. 73, 519 (2004).
（JPSJ注目論文に選出）

NpNiGa5の単結晶育成（青木）

ネプツニウム系で世界初のdHvA測定
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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。

PuIn3の単結晶育成　（芳賀）

プルトニウム系で世界初のdHvA測定

Y. Haga et al., J. Phys. Soc. Jpn. 74, 2889 (2005).
（JPSJ注目論文に選出）


