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Physical properties of actinides are interesting!
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Group Leader of Research Group for Materials Physics of Heavy Element Systems

Shinsaku Kambe
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“Actinide compounds containing elements
such as uranium and plutonium are not only
used as fuels for nuclear power generation but
are also known for their interesting physical
properties. However, the elements heavier
than uranium are highly radioactive. Therefore,
only a few research institutes in the world can
handle them. In the field of condensed matter
physics, actinides remain unexploited,” said Dr.
Shinsaku Kambe. Dr. Kambe and his colleagues
are investigating the physical properties
of uranium compounds at extremely low
temperatures, where magnets (ferromagnetism)
and superconductivity coexist, and of uranium
and neptunium compounds, which generate
strange magnetic orders.
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Uncharted area with novel physical
properties )

Actinides are 15 elements with atomic numbers from
89 to 103, including uranium (i,U) and plutonium (y,Pu).
They are shown customarily as two additional rows
below the main body of the periodic table of elements
along with lanthanides (atomic numbers 57-71 (Fig.
1)). Lanthanides are used as essential materials in
various high-performance devices. For example, strong
permanent magnets are made from neodymium (4Nd)
compounds.

Meanwhile, an oxide of copper (,Cu) shows
superconductivity, that is, zero electrical resistance, at
relatively high temperatures.

Physical properties such as magnetic force and
superconductivity are generated by the behaviors of
electrons. Electrons exist in several orbits around a
nucleus. The number of electrons in an atom of an
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(Note on Basic Science, Vol.15 No.1P2, Fig. 1)
Fig. 1 Lanthanides and actinides
Uranium is the last natural element in the periodic table.
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element is the atomic number of the element, and
in principle, electrons first fill the orbits closer to a
nucleus.

The electrons in the outermost orbit mainly generate
electronic properties. Electrons in the 3d orbital of
copper and 4f orbitals of lanthanides play significantly
influence the physical properties of those elements.

“Since 4f orbitals are close to the nucleus, they are
attracted strongly to the nucleus, and 4f electrons tend
to remain there in a localized state. By contrast, 3d
electrons have itinerant features that are transferred
to other places. Consequently, 3d electrons have strong
interactions such as repulsion with 3d electrons of
neighboring atoms due to Coulomb force and show
unexpected physical properties. The physical properties
of the actinides we are investigating can be ascribed
mainly to 5f electrons because the nature of these
electrons is intermediate between that of 3d electrons
and 4f electrons, that is, they have the both natures. As
a result, unique and interesting properties are expected
to appear,” Dr. Kambe said.

However, radioactive actinides must be handled
carefully. “Especially, the elements heavier than
uranium are highly radioactive, and only a few research
institutes in the USA, one in Europe, and Japan Atomic
Energy Agency (JAEA) can handle transuranium
compounds freely. Actinides remain unexplored and
are a promising area where the discovery of novel
physical properties can be expected.”

Superconductivity appears again by strong
magnetic fields )

Dr. Kambe and his colleagues are proceeding
with research on the physical properties of actinide
compounds up to compounds of americium (;;Am).
In the following, a few examples of this research are
introduced briefly.

“Uranium compound URhGe (4xRh: rhodium,
,Ge: germanium) exhibits the co-existence of
superconductivity and ferromagnetism, which is a
peculiar property because the two phenomena are
naturally incompatible.

When a magnetic field is applied to this
material, superconductivity is broken, but under
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continuous application of a stronger magnetic field,
superconductivity reappears, as reported recently” (Fig.
2).

Why are ferromagnetism and superconductivity
incompatible? Magnetism is generated by electrons in
a material. Electrons have both spin and charge. The
property spin is similar to rotation. As rotation can
occur in the right- and left-hand directions, spin, too,
has a direction. If many electrons in a material spin in
the same direction, the material becomes magnetic.

Meanwhile, if a superconductor is cooled, the
electrons moving in different directions form pairs
(Cooper pair). Electrons have both particle and wave
natures, but when a material attains superconductivity,
all Cooper pairs in it move as one wave. Then, electric
current flows without being hampered by impurities
in materials and without being affected by electrical
resistance.

When two electrons spin in the same direction,
the repulsive force is in effect, and they cannot
usually form a pair. In metallic and copper oxide
superconductors, one of the electrons in a pair spins
upward and the other spins downward (Fig. 3a-b).
Therefore, it has been thought that ferromagnetism
and superconductivity cannot coexist.

Then, why do ferromagnetism and superconductivity
coexist in URhGe? “It is thought that in URhGe,
electrons in a pair spin in the same direction while
revolving in an orbit called p-wave, away from one
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Fig. 2 Temperature-magnetic field phase diagram of
URhGe

Superconductivity disappears once under a magnetic field of
about 1.5 tesla, but by increasing the magnetic field strength
to 10-14 tesla, superconductivity reappears.
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Fig. 3 Orbit of Cooper pair

In URhGe, electrons in a pair spin in the same
direction, while revolving away from one another
in an orbit called p-wave, thus resulting in the co-
existence of ferromagnetism and superconductivity.
Ordinary superconductors (e.g., 4sNb: niobium) are
Ss-wave superconductors.
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another. Since these electrons do not move toward the
same location despite spinning in the same direction,
they do not repel each other and can, therefore, form a
pair. Thus, ferromagnetism and superconductivity can
coexist” (Fig. 3c).

Usually, superconductivity is broken by applying
a magnetic field. The superconductivity of URhGe,
in which electrons spinning in the same direction
form a pair, is not broken upon the application of a
moderately strong magnetic field, but it is broken with
the application of a strong magnetic field of 1.5 tesla.
This is thought to occur because a magnetic field leads
to the growth of a normal conducting region, not a
superconducting one. However, if the magnitude of the
applied magnetic field is increased to 10-14 tesla, the
material regains its superconductivity, and under such
a field, the superconductivity is more stable than that
in the case without the application of a magnetic field.

Dr. Kambe and his colleagues clarified the
mechanism in 2015. “It is impossible to explain this
phenomenon accurately without using mathematical
formulae,” he explained as follows.

“Under a strong magnetic field, electron spin is
aligned in the direction of the magnetic field, and it
fluctuates considerably. You may imagine that electrons
form pairs due to the spin fluctuations and the material
becomes superconducting. However, the magnetic field
is applied in only one direction, and a difference of only
0.1 degree does not induce superconductivity.”

Superconducting magnets capable of generating
strong magnetic forces are used in linear motor
car and in MRI devices for medical examination.
However, any attempt to increase the magnetic
force of a superconducting magnet causes it to lose
superconductivity due to its own magnetic force. “By
referring to the mechanism of URhGe, which becomes
superconducting under a strong magnetic field, it
may be possible to produce stronger superconducting
magnets.”

Discovery of magnetic octupole )

If water is cooled to temperatures lower than 0 C ,
it becomes solid ice, in which water molecules are
arranged in an ordered pattern. “Superconductivity
and magnetism are phenomena in which spontaneous
order is achieved by cooling a material, leading to
the appearance of novel physical properties,” said Dr.
Kambe.

Cooling a superconductor creates the order in which
electrons moving around discretely form a pair and
move like a wave.

At high temperatures, the spin directions of magnets
are random, and magnets do not have magnetic force,
but when cooled, the spins are aligned and magnetic
force appears. With the spins being aligned, electrons
create a magnetic order called “magnetic dipole” with
S and N poles akin to a bar magnet.

The crystal structure of neptunium oxide (NpO,)
is the same as that of uranium dioxide (UO,), which
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Fig. 4 Magnetic octupolar ordering in NpO,
The drum shape denotes the distribution of
5f-electrons in Np, and the colors denote the
directions of electron spins. At the center of the
drum, or at the nucleus of Np, the spin is zero, that
is, magnetism is zero.
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is used as a fuel in nuclear power generation. It has
been known since the 1950s that if NpO, is cooled
to about 26 K (0 K = —273.15°C), its specific heat
changes largely and some magnetic order is generated.
Subsequent work has revealed that the magnetic order
of NpO, is not magnetic dipole, and for over half a
century, its real magnetic order remained unknown.

Dr. Kambe and his colleagues discovered that NpO,
generates a peculiar magnetic order called magnetic
octupole in 2006. This is called multipolar order, and it
is of a higher order than the conventional dipolar order.
“The magnetic octupolar ordering has been expected
theoretically, but NpO, is the first material to exhibit it.
The spin directions of a magnetic octupole are shown
with different colors in Fig. 4. I call this “electronic
lollipop,” (haha). Uranium (U) and Neptunium (,sNp)
are adjacent to each other on the periodic table of
elements. Although the crystal structures of NpO, and
UO, are identical, magnetic octupoles are not generated
in UO,. The presence of one additional 5 electron in
NpO, leads to the generation of magnetic octupoles in
it, but the reason underlying this phenomenon has not
been clarified yet. We are also promoting research on
AmO,, the order of which has not been identified at all.
In contrast, it is known that PuO, does not have any
order.”

The specific heat of uranium superconducting
compound, URu,Si, (,,Ru: ruthenium, ,,Si: silicon)
changes considerably at 17.5 K, and some order is
created, and this order is unknown thus far. “Our
precise measurement of the magnetism of this material
revealed a novel magnetic order. Some say that this is
the first known material in which a magnetic 32-polar
order is generated. This order is beautiful in appearance,
like a chrysanthemum flower made of electrons
(Fig. 5). This material becomes superconducting at
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Fig. 5 Magnetic 32-polar ordering expected in
URuU,Si,

The chrysanthemum-flower-like shape denotes the
distribution of 57-electrons, and the colors denote the
spin directions. The colors or the spin directions of only
the flower in the center are opposite to those of the
others (antiferroic multipolar order).



TWb, [HE/MBETE2 DL 52 &5 - 72 NpO, R,
AmO, 1& MOX #REHZ A > TV E ¥, REMLBKETH
% U0, % PuO, DYPEIZOWTH, FZF L L G0
TWRWnWZ ERDHY 3, LaL. BIEKRTOWEITE
BEGHII D E RV E W) AD W E TR TN,
R LT SIZBMPEIAICERL BT TLED RV

IRHFTT 2 LED D) T 5o BN TVLET
7 F 0 A FALEW ORGSR R8s & o fAR X
BRI OBDIEDL Y RN I 2l —Ya VICHEBITE
HEBWET]

FUOF/ARKDAEY NOZY AR )

MR GL 72 b 3R, Fo I LWIFER IHD 72,
TIFIA K&, AL o=y ZZHHT A5,
koL 7 vu=s ATk, FICEHOWEPFIE
NC&, av¥a—%3, FI I RFIZERIHN
LN L E 1L 0SS TEHAZT> W
50 NIYIUAY R EDFETFEBMLT L LT, a v
Ya— 4 OFERL - mafbsEHINTE 225, 2h
LRFUITEDONT WD E b TWwh, £2T, BTO

BAIZIMNMZ T, AE Y SEHRLEICRIHAT 2 A Y b
=7 ADWEFHED LI TV 5,

BFPEFEOR Y % A3 2 IREBIEERA I
NTVBERBRTIENTE, ZHUME- TS (BLE
fEEE) PAEFENDL, ENDFETOAYE VITKE LT
BrH5252 bbb, Thxe A VEEHEER L

by

o

[AY V2 BHRAEICRET 5121, EAT A (BD)
2T TFF (Pt) R EAY VEHEMEMER RN TEE
REWET, 7T b AY VHEMEERS A D
ZEpHLENTWET, RRiZw T v koT s F /A4 F
A, A bO= g A2 ENRL SWE RN FER
RO T L7e ZNEBELCHMATHL L > TN
fzecd
—BLI7HASDL Y RUZWED M) 74 (4 Th)
MR SNEREBEO TV LD H L, [VTF i E
DT IF A FIWEZRELILET, LAY b
0= AEEslE e s b LhEdA. £/, bt
REDSRVBEIR OB T 2 & 25T & B 1Bk O F
LLTCT77F /74 FEFHATEARE S D T3]
MEGLIZZ b b, 725/ 4 FOHREAVWITEE
Bl WHICDEB L T2 )72,
(B - g s & 74 b2 ) 4 b)

temperatures below 1.5 K. This may be a completely
new type of superconductivity based on fluctuations of
the magnetic 32-polar order .”

Dr. Kambe believes that understanding the basic
properties of actinide compounds would be useful
from the viewpoint of fuel design in nuclear power
generation. “NpO, and AmO,, which have been found to
generate magnetic octupoles, are categorized as mixed
oxide (MOX) fuels . Knowledge about the physical
properties of UO, and PuO,, which are typical fuels, is
not very detailed. However, some say that knowledge
of physical properties at extremely low temperatures
1s not necessary for fuel design. Fuel for nuclear
power is designed such that heat does not accumulate
somewhere they are burned and the fuel itself does
not melt. I believe the basic physical properties of
actinide compounds that we are investigating, such as
magnetic order and specific heat, will contribute to the
simulation of heat conduction of fuel.”

Spintronics research using actinides )

Dr. Kambe and his colleagues have started
completely new research area recently—the use of
actinides for spintronics. The property of charge
has been mainly used for conventional electronics.
Computers calculate based on whether electric current
flows or not through a transistor to one and zero.
Miniaturization of the elements of a transistor has
helped realize large-scale integration and facilitated
the development of computers with high processing
speeds, which is now thought to be approaching the
upper limit. Therefore, research on spintronics, where
electron spin is used in addition to electron charge for
processing information.

The situation in which electrons revolve around a
nucleus can be thought of as electric current flowing
in circle, along with simultaneous generation of a
magnetic field (orbital angular momentum). This
phenomenon is called spin orbit coupling, and it can
exert a great influence on electron spin.

“To use spins for information processing, elements
with strong spin-orbit interaction, such as bismuth (gBi)
and platinum (;sPt), are used. Uranium, too, is known to
have very strong spin-orbit interactions. I have started
experiments to investigate the usefulness of actinides
such as uranium for spintronics. This is probably the
first such attempt worldwide.”

Small amounts of thorium (4,0 Th) are added to the
lenses of some single-lens reflex cameras to enhance
their functionality. “Adding small amounts of actinides
such as uranium may help develop new spintronics
physical properties. It may be possible to use actinides
as materials for fabricating information devices to
be used in the decommissioning of highly radioactive
sites.”

Dr. Kambe will continue to investigate the
interesting and unique physical properties of actinides
and contribute to the development of their applications.
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