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The Reimei (Dawn) Research Program is conducted based on public application to encourage
original and/or unique ideas in the field of new frontier research on atomic energy sciences.
Canditates for the offering have been extended beyond the country since the fiscal year of 2010.
The five research subjects including three ongoing ones were accepted in the fiscal year 2011
that were carried out in collaboration with Advanced Science Research Center. The three
successive projects, in particular, have achieved substantial progress through the effective
international collaboration. The summaries of these research subjects are compiled in this report.
We hope that new frontier research projects will be developed through the present Reimei
Research Program.
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1. New Approach to the Exotic Phases of Actinide Compounds under

Unconventional Experimental Conditions

A. Hiess'* and G. H. Lander!?

! Institut Laue-Langevin, Grenoble, France

2 European Commission, Institute for Transuranium Elements, JRC, Karlsruhe, Germany

Abstract
We describe some collaborative experiments using large facilities that have been performed
during the second year of the REIMEI project with the title above. Also discussed are the
conclusions of the 2nd Workshop on this program, held at the Institut Laue Langevin, Grenoble,
France, 1-3 Feb. 2012.

1. Research Objectives

We propose development of measurements for actinides compounds under unconventional
conditions 7.e. radioactive (uranium, transuranium, 235U enriched) samples, high magnetic field,
and high pressures on international collaborations of several institutes which have their own

special techniques, in order to discover and clarify the exotic electronic properties in 5f-electron
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Fig. 1 Organization of international collaboration
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systems, which appear only under extreme conditions due to large energy scales (Fermi energy,
Kondo temperature), compared with 4f-systems. A special emphasise will be put to combine
in-situ bulk measurements with scattering methods to gain microscopic insight into the various
phases in such systems. Because of the difficulty for international transport of actinides
samples, researchers and experimental methods will be encouraged to travel and collaborate to
develop and perform the investigations. The collaborative aspect of the project may be

1llustrated in Fig. 1.

2. Research Contents
We describe below some of the collaborations that have been extended in the second year of

operating the REIMEI project.

(1) High magnetic field NMR using 29Si-enriched URu2Si2 in NHMFL, USA. Collaboration
among JAEA, LANL and NHMFL underway at NHMFL.

(2) Observation of the 239Pu NMR signal in PuOs. Collaboration between LANL and JAEA.

(3) Work has been carried out on a new Pu-superconductor, PuColns as part of a collaboration
between LANL and ITU.

(4) Chirality of the spin resonance excitation in an unconventional superconductor.
Collaboration between ILL and JAEA.

(5) NMR in 115 and 127 materials. Collaboration between LANL and JAEA.

(6) Dynamics of UOz at low temperature. Collaboration between ITU and ILL.

(7) Mbssbauer-effect measurements on NpFeGas. Collaboration between ITU and CEA.

(8) Understanding the complex phase diagram of uranium: the role of electron-phonon
coupling. Collaboration between CEA, ITU, and LANL.

(9) Second International REIMEI Workshop at the Institut Laue Langevin, Grenoble, France,
1-3 Feb. 2012

(10) New in-sights combining in-situ AC (alternating current) susceptibility measurements

with neutron spectroscopy.

3. Research results
(1) High magnetic field NMR using ?Si-enriched URu2Siz in NHMFL.

Several single crystals of URu2Si2 enriched to 99.8 at. % by the 29Si isotope were prepared,
which can reduce the measurement time very efficiently. These samples were shipped from
LANL to NHMFL. The crystals were grown by the Czochralski-pulling method, and well
annealed with a solid-state electro-transport furnace under ultra high vacuum condition.
In the first NMR measurement by the JAEA and NHMFL NMR groups, we have
characterized the sample quality, which is in fact consistent with the previously reported
line width in a non-enriched sample. For the next measurement in the higher field, we will
concentrate to measure the temperature dependence of a NMR spectrum under the several
higher fields up to 29 T, in order to identify the phase transition around 22 T, which would
be accompanied with a change of Fermi-surface. In recent measurements up to 40T, we
have confirmed the anomaly at 22 T in the Knight shift, and found a strong increase of
Knight from 29 T to 35 T where a 1st order phase transition takes place. At 35 T, we have
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lost the signal due to a sudden change of the Knight shift, which indicates a large change of
the density of state at the transition. In addition to the high field NMR study, we have
developed high pressure NMR cell in order to perform NMR under multi-extreme (high H+
high P) conditions.

Discovery of 239Pu NMR signal in PuOs.
In a collaboration between JAEA and LANL the signal from the s = 1/2 nucleus of 239Pu
has been found for the first time in a sample of PuOz cooled to 4.2 K, as shown in Fig. 2.
It is important to observe a 239Pu-NMR signal since we can investigate the behavior of the
5f-electons directly by this method. NMR
signals of actinide nuclei have been

Py NMR in PuO,
at 1651 MHz, 3.95 K

searched for many years, but it has been
successful only for 235U-NMR previously.
Due to the synthesise of a very pure
239PuQz sample in LANL, the first
239Pu-NMR signal has been observed. So

far, the gyro-magnetic ratio for the

Spin Echo Intensity (arb, units)

239Py-nucleus has not been determined

precisely. This measurement has | | ! ! | | |
determined it as 2.8 MHz/us. This 570 572 574 576 578 580 582 584 586

observation opens a new aspect for

chemistry and physics in Pu complexes  Fig 2 239Pu NMR of PuO: (Spin-echo) field

and compounds. This work has been  swept spectra taken at 16.51 MHz and
published in ref. [1]. 3.95K .

External Field (T)

Discovery and characterization of a new Pu-based superconductor, PuColns.

In a collaboration between LANL and ITU, single crystals of this material have been
characterized. The 5f electrons in PuColns (7t = 2.5 K) appear more localized than those in
PuCoGas (7t = 18.5 K), and there is no antiferromagnetic(AF) ordering observed. The
physical properties indicate that the spin-fluctuation energy scale of PuColns is 3—4 times
smaller than that of PuCoGas due to a 28% larger unit cell volume, suggesting that the Pu
5f electrons are in a more localized state in PuColns than in PuCoGas . Electrical resistivity
measurements under pressure on PuColns will be useful for determining whether there are
two superconducting domes or whether PuCoGas and PuColns reside on the same broad
superconducting dome located near an AF quantum critical point and have a common

pairing mechanism. This work has been published in ref. [2].

Chirality of the spin resonance excitation in an unconventional superconductor.

As in the case of high temperature superconductors, the spin dynamics changes on
entering the superconducting state in cerium- and uranium-based intermetallic
superconductors such as CeColns, CeCu2Si2, UBe1s and UPd2Als. Inelastic neutrons

scattering experiments reveal a magnetic response in the normal state at specific
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momentum space positions. On entering the superconducting state a gap opens at low
energies and an increased magnetic intensity is present above the gap, forming in most
cases a sharp ‘spin resonance’. Using the IN14 spectrometer at ILL we investigated the
polarization dependence of the inelastic peak present at (1/21/2 1/2) in CeColns under
an applied magnetic field. We show that the spin resonance of the heavy fermion
superconductor CeColns is a degenerate mode and that Zeeman splitting occurs, a feature
specific of Pauli limited superconductors. Beside the Zeeman split contribution which
exhibits a chiral character, a longitudinal-like mode is evidenced and both contributions
have similar spectroscopic g-factors. We now obtained beam time on the IN14 at ILL to
perform a similar investigation using the antiferromagnetically ordered superconductor
UPd2Als (7 = 14 K, 7t = 2 K). The signal at the AF position (0 0 1/2) has been extensively
studied with unpolarized and polarized neutrons. The latter confirms that the intensity is
exclusively of magnetic origin. We expect our experiment to answer two questions: Is the
‘spin resonance’ in UPd2Als a degenerate mode? Is the underlying anisotropy similar to
CeColns?

This work has been submitted for publication [3].

NMR in 115 and 127 materials

In a collaborative study between JAEA and LANL a number of so-called 115 and 127
compounds have been studied by NMR and bulk techniques. In the heavy-fermion
superconductor CeColns, quantum criticality is observed around the upper critical field Hee
at 7= 0, which is reported for macroscopic properties such as specific heat. However, the
origin of this quantum criticality has never been identified. The temperature dependence of
the spin-lattice relaxation time 71 has been measured for several different fields at low
temperatures [4]. At an applied magnetic field of He2 at 7= 0, 1/71 7, which is proportional
to the magnetic dynamical susceptibility, increases rapidly with decreasing 7 i.e.
approaching the Hez point. On the other hand, such prominent increase of 1/717 has not
been observed at different magnetic fields. This fact confirms that the quantum criticality
at He2 in CeColnsis due to magnetic instability.

The crystal structure of heavy fermion CePtz2In7 is similar to the 115 structure. In this
compound AF ordering is suppressed under pressure and superconductivity appears. The
antiferromagnetically ordered structure has been determined as an incommensurate one
by means of NMR at the zero field [5]. In addition, an incommensurate to commensurate
modification of the ordering structure is observed with increasing pressure. This behavior
1s quite similar to that of CeRhlns, which also shows super-conductivity under pressure.

Now, a study of the superconducting state under pressure is in progress.

Dynamics of UO:2 at low temperature.

This work has been performed on collaboration among ITU, ILL, and the University of
Parma, Italy. In this work, a complete understanding of the dynamics of UOz is given based
on quadrupolar related excitations after an effort that has lasted many years [6]. The

results are in very good agreement with the predictions of mean-field random phase
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approximation calculations, emphasizing the importance of multipolar super-exchange
interactions. By comparing neutron scattering intensities in different polarization
channels and at equivalent points in different Brillouin zones, we show the mixed
magneto-vibrational quadrupolar character of the observed excitations. The high-energy
resolution afforded by the cold triple-axis spectrometer allowed us to study in detail the
magnon-phonon interaction giving rise to avoided crossings along the [00E ] reciprocal

space direction.

Mossbhauer effect measurements on NpFeGas

This work has been performed on collaboration between CEA and ITU. NpFeGas single
crystals prepared by the Ga-flux method have been investigated by magnetization, specific
heat and 23"Np Mossbauer spectroscopy measurements. An AF transition has been
observed at 7k ~ 114 K. The second AF transition, which takes place at 7* ~ 74 K has only
been detected in the magnetization data. A saturated ordered Np moment of 1.00(5) ps and
the occurrence of an Np3+ charge state were inferred from the Mossbauer data. The angle
between the Np ordered moment and the basal plane was shown to be ~ 170, in good
agreement with the value observed by neutron diffraction in the low temperature AF phase.
The absence of change of the quadrupole interaction parameters at 7'* did not allow us to
gain information on the Np moment reorientation at 7' *. The trend of the isomer shift
along the NpTGas series and the discrepancy between the Np moments determined by
neutron diffraction and M6ssbauer spectroscopy indicates a partial spatial delocalisation of
the 5f electrons in NpFeGas . This work has been published [7].

Understanding the complex phase diagram of uranium:’ the role of electron-phonon
coupling.

This work represents a collaboration among CEA, ITU, LANL, and ESRF. It was
discussed in the last report, and the paper has now been published [8].

Second International REIMFEI Workshop at the Institut Laue Langevin, Grenoble, France,
1-3 Feb. 2012.

Some 40 scientists attended this Workshop, and discussed current problems associated
with actinide materials, as well as the large number of collaborations that exist between
different members of the REIMEI Group. The largest contingent was from Japan, some 14
scientists, most from the JAEA Tokai site. 14 scientists from the Grenoble region, most at
the CEA, also attended. 4 came from ITU, Germany, and 3 from the USA. 5 others from
different parts of Europe also attended. All received at least some support from the
REIMEI program.

The meeting started with an account of current research projects at the four major centers
involved in this work; CEA (J—P. Brison), ITU (R. Caciuffo), JAEA (S. Kambe), and LANL (J.
D. Thompson) bringing us up to date with both capabilities and collaborations. Over the

next 3 days we had a total of 24 talks by participants, and a lively poster session.
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Among the highlights of the meeting was the discussion of the new Pu-based
superconductor PuColns (7t = 2.5 K), discovered at LANL. Initially, this material was
thought to have AF ordering, but a collaborative program between LANL and ITU has
established that the AF ordering is from an impurity phase. Experiments have shown that
the 5f electrons in PuColns are considerably more localized than in the PuCoGas (7t = 18.5
K) material. Another major highlight from H. Yasuoka (JAEA) was the discovery at LANL
of the 239Pu NMR signal in PuOz at 4.2 K — a signal that has been sought for 50 years. This
was a joint LANL — JAEA success, and is now published in Science. There was a
two-session discussion of the famous “hidden-order” in URu2Si2. But despite considerable
efforts, the detailed physics behind this transition remains “hidden”!

J. D. Thompson (LANL) discussed possible “heterogeneity” in both 4f and 5f
superconductors, introducing the possibility of similarities with the “stripe phases” found
in high 7t cuprates. Both R. Caciuffo and K. McEwen discussed higher-order multipole
effects, and the important role that these can play in f-electron physics. This is
demonstrated by the dynamical properties of UO2, which are now finally understood, some
45 years after they were first measured.

Finally, Z. Fisk (U. California Irvine) summarized the challenges ahead and there was a
spirited discussion of future collaborative projects, not forgetting the crucial importance of
samples, often in the form of single crystals, that are needed to disentangle the complicated

physics.

(10) New in-sights combining in-situ AC susceptibility measurements with neutron

Spectroscopy.

Similar to CeColns we also -’g 11 @ gfm 1
investigated UBeis wusing inelastic @0-8 - " .
neutron scattering. We established 50'6 i o 1

L . . S 04| i |
unusual longitudinally polarized spin Eozl cg‘ |
dynamics builds up on cooling for R l|ecoecomooemad® |
temperatures below 7~ 50 K at a @ () !4 E=0.25 meV

. . = B E=0.45meV
unique Qo position as a result of the ; 25 ¢ ] @® E=0.60 meV
competition among moment localization, J 20
exchange interactions, and £ | '
magneto-crystalline  anisotropy. The > 15}
normal state spin dynamics reflects the g
energy scales observed in heat capacity -g 101
measurements and determines the % 5 1 1

. . o I '
superconducting energy scales, i.e., 7. 5 | | 5

S 5 ‘ . :

On entering the superconducting state S UE—
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.€

no sharp 'spin resonance' appears. Some T (K)

hints for subtle changes in the spin Fig. 3 Temperature dependence of (a) AC

dynamics of UBeis at Qo are observed susceptibility and (b) spin dynamics

comparing spectra taking above and measured on the same UBeis single crystal.
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below the superconducting transition (Fig. 3). The unambiguous proof that the spin
dynamics changes is obtained when confronting the neutron measurements with AC
susceptibility measurements on the same sample and cryostat. Clearly the changes in the
neutron data coincide with the transition evidenced by the AC susceptibility measurement.
Those AC susceptibility measurements were performed at ILL using equipment kindly let
from MPI Dresden. Thanks to the allocated budget within the REIMEI program we now

acquired equipment dedicated for such measurements.

4. Conclusion

The present REIMEI program has made a good start with a consolidation in the second year of

operation (2011-2012). The objective is to increase our understanding of the unusual properties of

the 5f electron systems by establishing collaborations on an international scale, and performing

difficult experiments at large central facilities. These have the capability of answering questions

about the microscopic origins of the unusual physics of the 5f electron states.

Some examples of the work planned for the near future are given below:

6))

()
®3)

4

(®)

(6)

@)

Further work at JAEA on NpPdsAl: to make larger crystals for neutron scattering at JRR3
with ILL collaborators. This will allow a determination of the wave-vector dependence of the
spin susceptibility.

NMR will now move into the 115 materials, now that the details of the resonance are known.
NMR at ITU to explore multipolar order in mixed UOz — NpOz2 system. This will complement
neutron and x-ray work already done on these systems, and establish microscopically
whether the intermediate phases have a frustrated quadrupolar ordering.

It appears that the AF ordering observed in PuColns is from an impurity phase (possibly
Pulns?). However, there are still interesting experiments to be done to measure the electrical
resistance as a function of pressure in PuColns and compare with such measurements
already published for PuCoGas.

Growth of USns crystals will be attempted at JAEA and CEA, Grenoble. In principle, the use
of the inelastic scattering spectrometer at J-PARC should give important information on the
momentum dependence of the magnetic fluctuations, which have already been measured by
NMR at JAEA. However, at the moment J-PARC does not allow the use of uranium samples,
so this administrative problem needs to be solved. Further experiments on USns single
crystals would be ARPES at SPring-8 — allowing a comparison of band structure calculations
Researchers from JAEA, CEA, and ILL collaborate on inelastic neutron scattering
investigations. The project started with studies on cerium 115 superconductors such as
CeColns. Those compounds are precursor for future investigations planned on the newly
discovered isostructural plutonium based superconductors PuCoGas and PuColns.
Experimental beam time has already been granted to an ILL-JAEA-ITU group to study
UPd2Al.

A further follow-up workshop is planned in 2013.
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2. New fission mechanism peculiar to proton-rich nuclei

Andrei Andreyev!, Katsuhisa Nishio?, Xavier Derkx!, Joseph Lane!,Valentina Liberati?,
Kalvinder Sandhu?!, Satoshi Chiba2, Shin-ichi Mitsuoka2, Ichiro Nishinaka2, Hiroyuki Makii2,
Yasuo Wakabayashi2, Yoshihiro Aritomo2, Shuya Ota2, Tatsuro Nagayama?2, Lars Ghyss3,
Tsutomu Ohtsuki4, IS466 and ISOLDE Collaboration (CERN, Geneva, Switzerland)

1 School of Engineering, University of the West of Scotland, UK
2 Advanced Science Research Center, Japan Atomic Energy Agency, Japan
3IKS, KU Leuven, Belgium
4Tohoku University, Japan

Abstract
In a series of complementary experiments at the tandem of JAEA and at the mass-separator
ISOLDE (CERN), new fission phenomena in the very proton-rich nuclei in the lead region were
investigated. At ISOLDE, the low-energy fission of 178Hg and of 202Rn was studied via the
process of beta-delayed fission of the parent 178T1 and 202Fr nuclei, respectively. At JAEA the
higher-energy fission studies of excited compound nuclei 180.184190,194Hg* were performed in

fusion-fission reactions.

1. Research Objectives

It is well known that low-energy fission data are notoriously difficult to obtain except for
well-studied cases of spontaneous fission and particle-induced fission in the vicinity of
beta-stability in the actinide region, see nuclei shown by open circles in Fig. 1. However, in the
last decade, through technological, experimental and theoretical advances, the situation in
experimental low-energy fission studies has changed dramatically. Nowadays, with the use of
modern production and detection techniques we can obtain fission data for new regions of nuclei,
which is characterized by the different isospin of a nucleus or neutron-to-proton ratio (N/Z). The
preferential asymmetric fission fragment mass split of actinide nuclei with N/Z ~ 1.5-1.6 (e.g.
227Ra, 236U, 256Fm in Fig. 1) is well understood due to the strong shell effects of the fission
fragments in the vicinity of the doubly-magic 132Sn (Z = 50, N = 82). In contrast to this, a
transition to a predominantly symmetrical mass split was observed in the pre-actinide and
light At-Ra nuclei with N/Z ~ 1.38—-1.40 (e.g. 209Ra, 213At in Fig. 1). The studies of even more
exotic proton-rich nuclei is important to establish what role the shell structure plays in the
fission process in the region of nuclei with N/Z ~ 1.2-1.3 in Fig.1.

Our collaborative program started with the observation of the f+/EC delayed fission in several
proton-rich Bi and At nuclei at GSI, Darmstadt. For example, during the irradiation with 56Fe

projectiles on the 141Pr target, large pulse signals were recorded at the focal plane silicon
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detectors of the velocity filter SHIP, which we assigned to the B*/EC delayed fission of 194At
(fission of 194Po). As shown in Fig. 2, beta-delayed fission (BDF) is a two step process in which a
parent nucleus undergoes B+/EC decay to populate excited states in the daughter isotope and
then the daughter nucleus fissions. The fission probability is determined by the balance
between the decay Qgrc-value of the parent isotope and the fission barrier Bt of the daughter
nucleus. Since the excitation energy of the daughter nucleus is limited by the available
Qec-value, which is typically less than 12 MeV in this region of nuclei, shells effects are
preserved in the fission of proton-rich nuclei.

Motivated by this finding, we initiated a dedicated program at the ISOLDE mass separator at
CERN (Geneva) to measure the fission properties of the most proton-rich nuclei in the lead
region in more detail. The first case to study was the p*/EC-delayed fission of 180T1 (fission of
180Hg), as ISOLDE is capable of production of very clean and sufficiently intense sources of
lightest T1 isotopes, not available anywhere else. Based on the traditional understanding of
fission derived from the typical fission of the actinide nuclei with N/Z ~ 1.5-1.6, 189Hg was
expected to split into two equal fragments 90Zr + 90Zr, since semi-magic zirconium-90 has the
closed neutron shell N = 50. The result was, however, unexpected. Mercury-180 splits
dominantly into fission fragments around 8°Kr and !°°Ru and shows asymmetric mass
distribution as schematically indicated in Fig. 1 [1]. The results imply the new region of

asymmetric fission, which occurs in proton-rich nuclei.

Actinide and pre-actinide nuclei N/Z=1.4-1.6 .258|:[
Region of our interest
N/Z~1.2-1.3
Z=82
P
Z E&IJHE |
N/2=1.25 } A |
—— ; * (- particle induced

= 4 -e.m. —induced E*~11 MeV
< 126

Neutron Number N

Fig. 1. The map of nuclei in the Ir-Rf (Z = 77-104) region with measured mass/charge
distributions at low excitation energies. Most of the data on the map have been collected for the
“easier-accessible” pre-actinide and actinide nuclei, located within the larger oval shape on the
right and having a typical neutron-to-proton ratio of N/Z ~ 1.4-1.6. The particle-induced data
are shown by open circles, the fission data from electromagnetically (e.m.) induced fission
experiments at GSI are shown by crosses. The region of our interest is shown by an oval on the
left, with a very proton rich (neutron deficient) nucleus with N/Z ~ 1.2-1.3. The position of 180Hg
(N/Z = 1.25), for which a surprising asymmetric mass split was found in our study at ISOLDE
[1] is also shown.
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By studying fission in this region, we aim to see the appearance and evolution of shell
structure to regulate fission of exotic proton-rich nuclei. Since the number of nuclei available for
studies by B*/EC delayed fission is limited, we also use heavy-ion induced fusion to populate
higher-excited proton-rich nuclei. By doing this, we can cover wider region on the chart of
nuclei.

18
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Fig. 2 Schematic presentation of the Fig. 3 The B*/EC delayed fission events

for 202Fr (fission of 202Rn) [2]. Top panel —
energy distribution of 112 singles fission
events in Si detectors. Bottom panel — the
2D energy distribution of 43 coincident
fission fragments in Si detectors.

process of BH/EC delayed fission.

2. Research Contents and Results
2.1 P'/EC delayed fission study at ISOLDE (CERN)

The B+/EC delayed fission was studied at ISOLDE (CERN). In our experimental campaign in
2011, we performed the beta-delayed fission studies of 202Fr [2] and of 178T1 [3]. A 1.4 GeV proton
beam with an average intensity of 1.4 pA impinged on a 50 g/cm2 UCx target producing a
nucleus of interest. 202Fr atoms were surface-ionized in the ion source, extracted and
post-accelerated up to 50 keV. Following the mass separation with the High-Resolution
Separator (HRS) of ISOLDE, a pure 202Fr beam of ~90 atoms/s passed through the hole in an
annular silicon detector and was implanted into a carbon foil of 20 pg/cm? thickness. A second
Si detector was placed 3 mm behind the carbon foil. By using the two silicon detectors (both
with a thickness of 300 pum), fission fragments of 202Rn (being the daughter of 202Fr after beta
decay) were detected in singles and coincidence mode. In total, 112 singles and 43 coincident
fission events were detected. The respective energy spectra are shown in Fig. 3.

In spite of the relatively low statistics, it is found that the low-energy fission of 202Rn (Z = 86, N

=116, N/Z ~ 1.35) has a single-humped energy spectrum, which means that it has a symmetric
fragment mass distribution centered around 100Mo (Z = 42, N = 58, N/Z = 1.38) and 102Ru (Z = 44,
N =58, N/Z ~ 1.32). On the one hand, this finding is in a clear contrast to the asymmetric mass

split of 180Hg, measured via beta-delayed fission of 180T1 [1]. On the other hand, however, it is
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important to remind that the heavier group of the fission fragments from 180Hg was centered
around 190Ru. Therefore, it seems that the fission fragments around 190.102Ru could play a
special role in the fission of proton rich nuclei in this region.

Another important observation from the fission of 202Rn is the relative broadness of energy
distribution of the fission fragments and of the Total Kinetic Energy (TKE) distribution (not
shown in this contribution). This hints to the fact that possibly two different fission modes
contribute to the observed spectra for 202Rn [2].

In a similar way, the beta-delayed fission of 178T1 (fission of 178Hg) was studied at ISOLDE [3].
Due to much lower production rate (~1 atoms/s) only 8 fission fragments were observed. Despite
low statistics, the measured energy (thus mass) distribution of fission fragments of 178Hg is
asymmetric, similar to the case of 180Hg.

2.2 Fusion-fission study at JAEA tandem facility.

We also performed fission studies at relatively higher excitation energies populated by
heavy-ion induced fusion reactions. An advantage of this approach is that by choosing different
combinations of projectile and target nucleus, wider variety of fissioning nuclei can be
populated, allowing us to study systematic behavior of fission properties along the Chart of
Nuclei. Moreover, by changing the beam energy, we can study the excitation energy dependence
of the fission fragment mass distribution, and thus the transition from the low-energy fission
influenced by the shell effects to the higher-energy fission where the symmetric liquid-drop
behavior would be expected. For this study, we used the JAEA tandem facility at Tokai. The
studies at JAEA are unique and very important for this program, as we have access to a tandem
accelerator (to reach the necessary beam energy precision when moving to deep sub-barrier
energies) and also the JAEA fission group possesses a two-arm fission spectrometer used for
many fission studies [4]. So far, we have carried out the fission studies in the reactions 36.40Ar +
144,1545m — 180,184,190,194Ho* in the bombarding energies corresponding to the excitation energies
of E* = 35 — 66 MeV.

Figure 4 shows example of the measured fission fragment mass distributions (top) and total
kinetic energy distributions (bottom) for 36Ar + 144Sm — 180Hg* and 36Ar + 154Sm — 190Hg",
The mass distributions are well reproduced by asymmetric fission split with masses centered at
AL/Au = 79/101 and 82/108 for 18°Hg* and 190Hg", respectively. As the bombarding energies for
the two reactions are nearly the same, the angular momentum brought to the system (in other
words - the rotational energy of the fissioning systems) is nearly the same. The fission of 180Hg*
gives almost the same mass asymmetry as observed in the p*/EC-delayed fission of 180T1 (A /4n
= 80/100). It means that the mass asymmetry does not change much with increasing the
excitation energy, and the data obtained in the fusion-fission data can be used to study the
island (or peninsula) for the asymmetric fission in the proton rich nuclei. Another interesting
finding in the mass distribution is that even at the excitation energy of 57 MeV in 19°Hg" the
shells are not washed out and to regulate the mass asymmetry in fission. These findings are in
clear contrast to the fission of typical actinide fissions of around N/Z =1.5 - 1.6.

Total kinetic energy obtained in the higher-energy fission of 180Hg" is 131.7 MeV, which is very
close to the value obtained in the p*/EC-delayed fission of 180T1 (134 MeV) [1]. The standard
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deviation of 11.7 MeV for the TKE FAr + 4sm = g’ *Ar + 1%sm = *Hg’
distribution is larger than that for Eom=126 ME\I/ ( ET =34 Mev) E;O”;;T%B IVIeV (E* : ST MeV)
the B*/EC-delayed fission of 180T1 2000-;2‘:517;?1“;' ] :‘ Z[?D;u I |
(5.6 MeV) [1], which means that 2 on=95u -21000_7“:1}3:,.‘ ]
the higher temperature of the 3 1000F 7 "._ i 3 TR
fission system does not change the obesd st 0_.\_ " 0 50,'., L ' o
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charge centers at the instant of i\:f; 17 3r11£vmev i \ing 12 351 :Vrmev
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Fig. 4 Fission fragment mass and TKE distributions
obtained in the reactions of 36Ar + 144Sm — 180Hg" and
36Ar + 154Sm —> 190Hg*'

3. Conclusion

In a series of ISOLDE experiment, p'/EC delayed fission of 202Fr and of 178T] was studied. The
measured kinetic energy spectra suggested the symmetric fission of 202Rn with the fission
fragments centered around 100Mo-102Ru. As the next step in the program, we will continue
experiments for the p'/EC-delayed fission of 200Fr and of 194196At at ISOLDE.

At the JAEA tandem facility, in-beam fission studies in the reactions of 36.40Ar + 144154Sm —
180,184,190,194Hg* were carried out. We found that mass asymmetric fission is kept up to much
high excitation energies than studied by beta-delayed fission at ISOLDE, so that the mass
asymmetry can be studied in more detail also in the heavy-ion induced reactions. Detailed
analysis on the excitation energy dependence is under analysis. As the next step at JAEA, the
90Zr + 99Zr — 180Hg* and, later on, 19°Ru + 80Kr — 180Hg* reactions, leading to the same
compound nucleus 130Hg* will be studied. The 9Zr + 9Zr — 180Hg* reaction leads to a low
excitation energy of E*(180Hg) ~ 15 MeV, which approaches the maximum excitation energy of
10.4 MeV achieved in our beta-delayed study of 180Hg.
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Abstract

We have carried out experiments to investigate bio-mineralization of rare earth elements
(REE) on the cell surface of yeast Saccharomyces cerevisiae, and the bacteria Bacillus subtilis,
Pseudomonas fluorescens and Serratia sp. The continuous removal of 1 mM La (100%) Nd
(100%) and Eu(>80%) was observed using a continuous flow through immobilized Serratia sp
cell columns. Chemical and physical characterization of bio-mineralized La and Eu was done
by XRD at Birmingham and showed the formation of phosphate minerals. Additional cell
column work using S. cerevisiae, B. subtilis, or P fluorescens, showed that these bacteria are
capable of bio-mineralizing Ce(III) and Sm(III). Chemical and physical characterizations of
bio-transformed Ce and Sm were analyzed by JAEA, Kyushu U., Tokyo U. Tech. and Kyoto U.
using XAFS, SEM and TEM. Results showed that Ce and Sm nanoparticles were formed. The
high radiostability of the metal accumulating enzyme of Serratia sp. (which promotes metal
phosphate deposition) was shown in whole cells, whereas pure enzyme lost its activity quickly
under irradiation. Additional work on radionuclide (Cm) incorporation into Serratia sp
calcium phosphate minerals (analogue for human bones) using EXAFS and Time Resolved
Laser Fluorescence Spectroscopy (in collaboration with Karlsruhe Institute of Technology)
showed that this actinide binds at the grain boundaries between crystallites, which has

health implications for human exposure.
1. Research Objectives

The overall objective of the research is to explore new biological specific function and to

understand this function in molecular level. To achieve this the aims are to use precious
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metals, actinides (An) and rare earth elements (REE) as stimuli, focusing particularly on
cerium since Ce(III) and Ce(IV) are a surrogate for An(III) and An(IV), and Ce is also a REE
in its own right. We aim to focus on bio-mineralization, even though many processes of
transformation are reported. Chemical and physical forms of the minerals formed by
bio-transformations will be analyzed by JAEA, Kyushu U., Tokyo U. Tech., Kyoto U. by using
XAFS, SEM, TEM, SANS, SAXS, EC, SEC-UVVis-RIM-ICPMS in order to find evidence of
biological specific function for the transformation, and to elucidate the chemical processes
responsible. In addition, we would like to apply the biological specific function to harness
bioprocesses towards specific decontamination challenges resulting from the 2011 earthquake

and tsunami.

2. Research Content

We used representative microorganism: yeast (Saccharomyces cerevisiae) and Gram positive
(Bacillus subtilis) and Gram negative (Pseudomonas fluorescens, Serratia sp.) bacteria,
‘simple’ rare earth elements (Eu(III), Nd(III), Sm(III)) and multivalent ones (Ce(III)/IV)) as

well as the radiotoxic actinide curium

which exists predominantly as Cm(III).
The microbiological systems were
representative examples while the
chemical systems comprised ‘cold REE
surrogates for An(II)/(IV) as well as a
real actinide Cm(III) for cross-validation.
As well as examination of the underlying
molecular mechanisms of metal removal
into deposited biominerals and the
physical and chemical nature of the
metallic deposits, the work predicted
continuous stability of the system by
high-dose radioactive challenge

experiments and by determination of the

: FYarm 2868

continuous removal of the REE

Fig. 1. TEM images of the precipitates formed on | ‘surrogates’ from aqueous flows using
Serratia sp. after exposure to La(IIl) solution with

added phosphate donor (5 mM glycerol 2-phosphate). immobilized cells mn a filter

arrangement.
3. Research Results

Scoping tests using Serratia sp. showed high radiostability of the metal-depositing

phosphatase which promotes metal phosphate deposition on the cells[1]. Phosphatases are
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often very robust enzymes. Exposed to a commercial 60Co gamma source purified phosphatase
lost activity but whole-cell enzyme radiostability was seen after more than 1000 Gy, boosting
confidence towards field applications over extended periods. The same system was used to
show continuous removal of 1 mM La (100%) Nd (100%) and Eu(>80%) from a continuous flow
(pH 5.5) using cells immobilized as biofilm on reticulated foam sponge and supplemented with
glycerol 2-phosphate (phosphate donor for the enzyme; 5 mM. La(III) was eventually removed
to up to 10 times of the bacterial dry weight, with individual cells buried in crystalline
precipitate (Fig. 1) identified as metal phosphate (LaPO4) by XRD.

Further studies used S. cerevisiae. When a 1 x 104 M Ce(III) solution was contacted with
cells, the soluble Ce(III) concentration decreased as a function of exposure time and more
rapidly at pH 5 than at pH 3 or 4. Analysis of the cells by FESEM, TEM, and XAFS shows
that needle-shaped Ce(III) phosphate nanocrystals with a monazite structure were formed on
the cells by exposure to Ce(III) for 42 h (Fig. 2), even though the initial solutions did not
contain any added P species. The Ce(III) phosphate nanocrystals grew from ~ 50 nm to
hundreds of nm when the pH was increased from 3 to 5. A lower pH gave a higher P
concentration in the solution after the yeast cells were inoculated, indicating the release of P
from the cells, and indicating that sorbed Ce on the cell surfaces reacted with P released from
inside the yeast cell, resulting in the formation of Ce(III) phosphate nanocrystallites.

When a 1 x 104 M Sm(III) solution was contacted with S. cerevisiae, B. subtilis, or P

fuorescens, the

concentration of Sm
o e pH5
decreased with increased
exposure time at pH 3, 4,
and 5, respectively. After
the first 2 h, the Sm

concentration decreased

Energy (keV)

quickly in all systems,
and then gradually
decreased to the detection
limit up to 120 h at pH 4
and 5 conditions. SEM

Monazite

hotographs and an EDS
P grap 3.19 2794

spectrum of yeast cells 287 31.12
. TEM with SAED pattern 215 4197
after exposure in Sm(IIT) —200nm 132 7137

solution for 2 h, showed
Fig. 2. SEM and TEM images of yeast exposed to Ce solution (42 h at pH

that the yeast cell surface 5). EDS spectrum showed Ce & P are contained in the precipitates formed
on cell surface shown by ¢ with arrow . TEM & SAED showed clear fringe

was clean without indicating that monazite develops directly from the cell surface.

precipitate formation at
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pH 3, 4, and 5. The decrease in the Sm concentration over 2 h indicates short-term adsorption
onto yeast cell surface. Up to 24 h and 120 h, small sized precipitates were detected on the cell
surface at pH 4 and pH 5. At pH 3, no precipitates formed at 24 h, but were detected after 120
h. The Sm concentration kept almost constant up to 48 h, decreasing at 96 h from the
precipitation. The composition of the precipitates analyzed by EDS showed obvious Sm and P.
It suggested that Sm-bearing phosphate precipitates formed on yeast cells surface, which
resulted in more amount of Sm sequestrating from solution in a long-term sorption process.
SEM photographs of cells of P fluorescens and B. subtilis showed small (~100 nm)
Sm-phosphate precipitates on the bacterial cell surfaces at pH 4 and 5 with the amount of
precipitates increasing with exposure time to 120 h. Both in Sm/yeast and Sm/bacteria,
adsorbed Sm formed Sm phosphate phase precipitates on the cell surface after short-term
adsorption, similar to the Ce (light REE) precipitation process in yeast exposure system/[2].
Adsorbed Sm on the cells reacted with the P released from inside cells to form the
Sm-precipitates under supersaturated condition. Compared with Sm precipitation at 24 h on
yeast, the formation of Sm-precipitates on bacteria was more rapid (2 h exposure at pH 4 and
5), possibly promoted by the different structure of the yeast and bacterial cell walls; yeast has

a thicker cell wall, which may make it better to release P more slowly than the bacterial cells.

Fig. 3. Serratia cells before metal deposition (left) and buried under biogenic hydroxyapatite, which is
analogous to the HA found in growing bone, i.e. having small crystallites.

The ‘real world’ will contain an excess of Ca2* ions which will compete for available
phosphates to make Ca-phosphates like hydroxyapatite (HA), as hybrid co-crystals with the
‘target’ radionuclide phosphates. Such co-crystallization helps promote removal of trace
radionuclides by forming crystallization foci and making a ‘host crystal’ for efficient
radionuclide entrapment and capture. Serratia cells deposited calcium phosphate identified
as HA by XRD (Fig. 3). Cells were prepared with different HA crystallite sizes, down to 20 nm

(approx. 6-fold smaller than commercial HA). Target metal uptake (in this case Sr2* and Co?)
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was inversely correlated
(correlation 0.9) with HA
crystallite size; metals were
removed from real groundwater,
with stability of the biomineral
against dissolution as compared
to ‘commerciall’ HA. Using
Eu(ID/Cm(III) (for comparison
in the REE/actinides system)
and a combination of XAFS and

TRLF spectroscopy, direct | Fig. 4 The actinide Cm(II) was shown by XAFS and TRLFS to
bind at the grain boundaries between crystallites (right panel)
which has health implications for human exposure in cases
matrix was excluded and the | where the bone is highly nanocrystalline (e.g. juveniles)

@ Dopant Atom
© Grain Boundary

O Crystalline Atom

incorporation into the biological

incoming metal was concluded

to bind at the grain boundaries of the host HA crystal (Fig. 4).

4. Conclusions

This study identifies the importance of biogenic metal phosphate deposition as an important,
robust and durable method for removing radionuclides from solution using microbial ‘filters’
of several types. For high metal loads extra phosphate is supplied to the cells, but in other
cases the cells require no extra feed and can generate biomineral precipitate from their own
accumulated phosphate reserves. The importance of biogenic calcium phosphate
(hydroxyapatite) is shown in the promotion of Cm removal and implications for human health

have been revealed using the microbial model systems.
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Abstract
In the Reimei project of FY 2010-11, we synthesized a new ferromagnetic system Li(Zn,Mn)As
based on a I-II-V semiconductor LiZnAs and performed characterization by transport,
magnetization and MuSR measurements. In FY 2011-12, we have published this discovery of
new ferromagnet in Nature Communications. In addition, we synthesized a similar system

Li(Cd,Mn)P and performed nuclear magnetic resonance measurements both in Li(Zn,Mn)As
and Li(Cd,Mn)P.

1. Research Objectives: Introduction and background

Ferromagnetic systems obtained by doping transition metals into semiconductors [1],
commonly called as Doped (or Diluted) Magnetic Semiconductors (DMS), have generated
extensive studies since early 1990's [2] because of their potential use for spin-sensitive
electronics (spintronics) devices. In prototypical systems based on III-V semiconductors, such as
(Ga,Mn)As and (In,Mn)As, substitution of divalent Mn atoms into trivalent Ga or In sites leads
to severely limited chemical solubility, resulting in chemically metastable specimens available
only as epitaxial thin films [1]. Their materials quality exhibits high sensitivity on preparation
methods [3], and self-doping of hole carriers via substitution prohibits electron doping. To
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overcome these difficulties, Masek et al. [4] theoretically proposed systems based on a I-II-V
semiconductor LiZnAs, where magnetism due to isovalent (Zn,Mn) substitution may be
decoupled from carrier doping with excess/deficient Li concentrations.

Recently we succeeded in synthesizing bulk poly-crystal specimens of Lii+y(Zn1xMnx)As at the
Institute of Physics (IOP) of Beijing [5]. As shown in Fig. 1, Li(Zn,Mn)As systems exhibit
ferromagnetism with Tc up to 50 K in nominally Li-excess (y = 0.05 — 0.2) compounds with Mn
concentrations x = 0.03-0.15, and a very low coercive field (30-100 Oe) promising for spin
manipulations. Resistivity show metallic conductivity for Li deficient and Li excess systems.
The Hall resistivity exhibits anomalous Hall term due to spontaneous magnetization, and, to
our surprise, p-type carriers in Li excess systems. This is likely due to excess Li substituting the

Zn site and forming an acceptor.
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Fig.1 Magnetization M(H) of Liii1(Zni1<«Mny)As. The triangular symbol (<) in shows a very
small coercive field of 30-100 Oe. The inset table shows the values of Tc and the average
ferromagnetic ordered moment size M(T=2K;H=2kOe) per Mn derived from magnetization

measurements for nominally Li excess systems. From [5].

We performed MuSR measurements in Li1.1(Zno.ssMno.os)As, and confirmed static magnetic
order below Tc ~ 27 K, with the full volume fraction at T = 0 [5]. In a plot of the muon spin
relaxation rate (which represent the ordered moment size times concentration) and Tc, the
results from Li(Zn,Mn)As and (Ga,Mn)As [6] exhibit a common slope, which suggests a common
ferromagnetic interactions. These results are consistent with Local Density Approximation and
quantum Monte-Carlo calculations by Gu an Maekawa.

As shown in Fig. 2, ferromagnetic Li(Zn,Mn)As (T¢ ~ 50K) and semiconducting LiZnAs have a
crystal structure similar to those of antieferromagnetic LiMnAs (Tn ~ 450 K) and
superconducting LiFeAs (Ts. ~ 25 K), having common square-lattice As layers with 10 % lattice
constants matching. This feature may enable fabrication of junction devices of various

combinations of these systems for spin-sensitive electronics.
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(c)

LiZnAs, Li(Zn,Mn)As LiMnAs LiFeAs

Fig. 2 Crystal structures of semiconducting LiZnAs, ferromagntic Li(Zn,Mn)As,
antiferromagnetic LiMnAs and superconducting LiFeAs.
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Fig. 3 Magnetization hysteresis curve M(H) observed in Li1.1(Cd1<xMnx)P at T = 2K.

2. Research Contents and Results:

I. Synthesis of a new ferromagnet system Li(Cd,Mn)P based on a I-II-V semiconductor LiCdP
During FY 2011-12, a new system Li(Ca,Mn)P was synthesized and characterized at IOP in

Beijing. Most of the basic magnetic properties are similar to those in Li(Zn,Mn)As, and

ferromagnetism was found with the Curie temperature Tc up to ~ 50 K for systems with excess

Li concentrations. As shown in Fig. 3, the size of saturation moment was about 1 Bohr

magneton per Mn, and a very small coercive field of ~ 50 G was observed in the magnetization

hysteresis curve M(H) at T = 2K. The Hall effect measurements confirmed positive hole carriers,
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which indicates that the carriers are most-likely due to Li atoms occupying Cd sites. Although
most of the magnetic and transport results are similar to those of Li(Zn,Mn)As, the new
Li(Cd,Mn)P system is different from the previous Li(Zn,Mn)As in allowing to avoid usage of

toxic As in the material.

II. NMR measurements of Li(Zn,Mn)As and Li(Cd,Mn)P

The availability of bulk specimens allowed NMR studies in these two systems with signals
from 7Li and 3P nuclei. The Li NMR in Li(Zn,Mn)As exhibits sharp peaking of the relaxation
rate 1/T1 at the ferromagnetic transition temperature Tc as shown in Fig. 4. The observed
scaling of 1/T1T with 1/(T+Tw), appearing with a positive Twin a wide temperature region above
Tc, suggests an influence of antiferromagnetic coupling between Mn moments located in the

nearest-neighbor geometry.

Li1I1Znug5Mn005As

%

0
_%¢é56o

Fig. 4 The "Li nuclear spin relaxation rate 1/T1 in Li1.1Zno.9sMno.osAs shown in a plot of 1/T1T

versus temperature T.

3. Conclusions and Outlooks

The results in Li(Zn,Mn)As and Li(Cd,Mn)P indicate that a wide range of ferromagnetic
systems can be generated doping transition metal atoms in I-II-V semiconductors. The
availability of bulk specimens is a distinct advantage over counterpart DMS systems based on
III-V semiconductors. Successful measurements of NMR in Li(Zn,Mn)As and Li(Cd,Mn)P
clearly demonstrate this advantage. NMR of P probes systems at different crystallographic
sites from that of Li. Hence P NMR studies in Li(Cd,Mn)P may reveal new features additional
to the results of Li NMR. Currently an effort is underway to generate single crystal specimens.
Once crystals with sufficient size become available, neutron scattering studies can also be
performed. NMR, MuSR and neutron studies using bulk specimens would certainly enrich

magnetic characterizations of ferromagnetic DMS systems.
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Abstract
The purpose of the project was to understand mechanisms underlying the material design of
devices useful in spintronics and other multifunctional materials. New directions include the
applications of inverse spin Hall effects to probe nonlinear magnetic susceptibilities and
investigating mechanisms for the use of muon precession to measure conduction electron spin

polarizations in out of equilibrium semiconductors.

1. Research Objectives

The purpose was to reinforce efforts to understand mechanisms underlying the material
design of devices useful in spintronics and other multifunctional materials. Of particular
interest was the understanding of new mechanisms for enhanced spin-dependent skew
scattering essential to the design of applicable inverse spin Hall effects devices. A new direction
was to seek a theoretical underpinning for novel applications of muon precession to probe
conduction electron spin polarizations in out of equilibrium semiconductors. This program was
undertaken in close contact with relevant experimental groups with the purpose of explaining
existing results and hopefully to suggest new experiments useful for either applications or

better understanding of underlying mechanisms.

2. Research Contents

The specific projects in the project included the following:

(1) Enhanced skew scattering and microscopic mechanisms of the spin Hall effect.

Calculations of the spin Hall angle for conduction electrons coupled to a magnetic lattice were
proposed to test the prediction that the inverse spin Hall effect can be used to probe nonlinear
susceptibilities in the critical region of a ferromagnet and other magnetic materials
(2) Theory of muonium as a probe of conduction electron polarization. This work was
undertaken in response to experimental results of the Nagamine / Shimomura / Torikai
(KEK/JAEA/Yamanashi) muon group who made the surprising discovery that muon spin

resonance can detect the spin polarization of conduction electrons in n-type doped GaAs.
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Calculations were proposed to understand the fundamental mechanism that could explain this
observation, interpreted by the experimentalists in that negatively charged muonium ions can
detect the conduction electron spin density.

(3) The dynamics of a model multi-ferroic magnetic material MnWO4 examined to better
understand the role of spin-orbit interactions and the origin of the multiferroic phase. This is a
project with experimentalists where inelastic neutron and X-ray data are still being obtained

and the intermediary results will not be presented in the following.

3. Research results
(1) Derivation of anomalous and spin-Hall effects from microscopic spin-orbit coupling.

These effects are useful both for applications in novel spintronics devices. Spin-orbit effects, as
relativistic corrections, are intrinsically weak, especially in light atoms, and it is important to
find ways of enhancing their effects. In past work we have looked theoretically at the effects of
quantum fluctuations of magnetic impurities to enhance spin-dependent skew scattering and
this leads to a better quantitative understanding of the role of different impurities both in the
bulk and, in the case of Pt impurities in gold, at the surface[2].

More recently, the group of Otani (ISSP, Kashiwa) [3]took the step of investigating the effect
on the inverse spin Hall effect of cooperative thermal fluctuations close to the Curie
temperatures in ferromagnetic nano-wires. This necessitated a theory to explain the observed
anomaly. Contribution of magnetic fluctuations can become increasingly significant as we
approach the Curie temperature and these can affect the skew scattering. The understanding of
such effects had not advanced, and had been rather forgotten, since the classic calculations of
Kondo in the early 60s [1] to estimate the fluctuation-induced contribution to the anomalous

Hall coefficient.

J. J
.JH.\ \ ' ———— ' T
& \
\Js
Fig. 1A The anomalous Hall effect Fig. 1B The spin Hall Effect depends
depends on a three-spin correlation on a 4-spin correlation function.

function

We re-examined the question and showed that the calculation has to be extended to fully
account for the new data, in particular of the inverse spin Hall Effect[3, 4]. Even for the
anomalous Hall Effect there are extensions to the classic Kondo calculation which may be
necessary to account for new and more accurate measurements, for example in Ni and Ni alloys.
In the work of Kondo, the local moments fluctuate and, via the spin-orbit coupling, this leads to
skew scattering. He included purely local fluctuations with the thermodynamics calculated
within molecular field theory. Such excitations, classified as “extrinsic” in the sense that the

transverse coefficients will have a linear dependence on the longitudinal resistance, but
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“Intrinsic” in the sense that these are properties of perfectly pure and crystalline materials, will
be strongest in the vicinity of the Curie temperature. This is where molecular field theory is
least accurate. We then extended Kondo’s theory of skew scattering coefficients to include more
fully critical fluctuations and extracted the components which are independent (Fig. 1A) or
dependent (Fig. 1B) on spin. Monte Carlo estimates of the higher order spin correlations for
Heisenberg spins that enter the generalized expressions for the transport coefficients that we
have derived are shown in Fig. 2. They show, the change of slope seen in the experimental

curves of Ref 3.

. Fig. 2 The spin Hall resistivity is predicted
f.1 ;fi - 4 - to be a sum over 4-spin, two-site correlation
E 0.05 | " 4 functions, with different pairings on nearest
L ¥ . . ..
Seu i —— neighbour sites defining ylo2a and ylocgp [3].
F S ... . .
U_“Ln;;_m“v' Anomalies near the Curie temperature are
-0.05 | . seen in Monte Carlo simulations.
-06 -04 -02 0 02 04 08
(T-T )T,

(2) Theory of muonium as a probe of conduction electron polarization.

Recent experiments by the group of K. Nagamine, K. Shimomura (KEK) and E. Torikai
(Yamanashi) at J-PARC have raised the issue of calculating spin dependent scattering from
bound states of the Muonium  ions formed in doped GaAs by the capture of a pair of
conduction electrons by a positive muon. The theoretical challenge is to make quantitative
estimates of both the spin-dependent scattering of conduction electrons and the scattering
potential of the bound ion and the spin-flip rate of the positive muon at the centre of the
Muonium “ion”, which is coupled via the hyperfine interaction to the electrons. This can be
formulated in the terms of the spin-dependent phase shifts of the electron from the Muonium-
ion, as well as a perturbative treatment of the spin-orbit and hyperfine interactions. The
theoretical challenge is to see whether resonant effects, for example, quasi-bound excited states
of Muonium-, can produce an amplification of the effects of the hyperfine interaction. An open
question is whether a treatment of the scattering in a vacuum is adequate, or whether the
properties of the GaAs matrix are central. In Fig. 3. we show calculations of the local electronic

structure around the muon using Gaussian bases.

Fig. 3  Calculation of electron densities by Bo Gu for a
Mu- in an AsFs fragment of the GaAs lattice.
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4. Conclusion

The Reimei project was extremely useful in seeding enduring collaborations between the
different national partners and also between the theoretical members and several different
experimental groups, primarily in Japan, but also, for the case of the multiferroics, in Europe.
The project also was vital in the organization of the joint meeting in Tokai in January 2012 with

the Reimei project directed by Prof. Uemura, postponed from March 2011.
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