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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 of atomic energy sciences. The
five research subjects were accepted in the fiscal year 2010 that were carried out in
collaboration with Advanced Science Research Center. 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 Actinides Compounds under

Unconventional Experimental Conditions

G. H. Lander®2, A. Hiess!, and S. Kambe3

1 Institut Laue—Langevin, Grenoble, France
2European Commission, JRC, Institute for Transuranium Elements, Karlsruhe, Germany

3 Advanced Science Research Centre, Japan Atomic Energy Agency, Tokai, Japan

Abstract
We describe some collaborative experiments using large facilities that have been performed

during the first year of the REIMEI project with the title above. Also discussed are the
conclusions of the 1st Workshop on this program, held at Tokai 16-18 Feb. 2011.

1. Research Objectives

We propose development of measurements for actinides compounds under unconventional
conditions ze. highly radioactive (uranium, transuranium, 235U enriched) materials, high
magnetic field, 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 systems, which appear only under extreme conditions due to large
energy scales (Fermi energy, Kondo temperature), compared with 4f-systems. A special
emphasize 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 techniques will be encouraged
to travel and collaborate to develop and perform the investigations.

2. Research Contents
We describe below some of the collaborations that have been established in the first year of
operating the REIMEI project.

(1) High magnetic field NMR using 29Si-enriched URu2Siz in National High Magnetic Field
Laboratory (NHMFL), USA Collaboration between JAEA, Los Alamos National
Laboratory (LANL) and NHMFL underway at NHMFL.

(2) Energy scale of the electron-boson spectral function and superconductivity in NpPdsAls.
Collaboration between Insitute for Transuranium Elements (ITU) and JAEA.
Experiments at JAEA with theory at ITU and University of Turin.

(3) Search for quadrupolar ordering in the hidden ordered phase of URu2Sis. Collaboration
between ITU and Commissariat & I'énergie atomique (CEA) with experiments at ESRF.

(4) Resonant x-ray emission spectroscopy at the Ls edge of americium up to 23 GPa.
Collaboration between ITU and ESRF, with experiments at ESRF.

(5) Understanding the complex phase diagram of uranium: the role of electron-phonon
coupling. Collaboration between CEA, ITU, and LANL. Experiments at ESRF with
theory at CEA.
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(6) First International Advanced Scientific Research Centre Workshop in Tokai, 16-18 Feb.
2011.

3. Research Results
(1) High magnetic field NMR using ?9Si-enriched URu=Siz in NHMFL.

Several single crystals of URu2Si2 enriched to 99.8 at. % by 29Si isotope were shipped
from LANL to NHMFL. These crystals were grown by the Czochralski-pulling method,
and well annealed with solid-state electro-transport furnace under ultra high vacuum
condition. In this first NMR measurement by JAEA and NHMFL NMR groups, we have
characterized the sample quality. The line width of 29Si -NMR at 6.7 T is around 10 kHz
for H//a, which is quite narrow indicating a good homogeneity of sample. In fact, this line
width value is consistent with the previously reported line width in non-enriched sample
[1] if we consider some additional line broadening due to the dipolar contribution from
2951 nuclei. In addition, T-dependence of spin-lattice time has been found to be same as
the previously reported value in a high quality non-enriched sample. The 29Si -
enrichment can reduce the magnet time very efficiently. For the next measurement in

the higher field, we will | F
-

concentrate to measure the

temperature dependence of
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 [1]. In
addition to the high field
NMR study, we have
developed a high pressure
NMR cell (Fig.1) in order to
perform NMR under multi-
extreme (high field+ high

Fig. 1 High pressure NMR cell designed up to
pressure) conditions. 3.5 GPa

(2) Energy scale of the electron-boson spectral function and superconductivity in NpPdsAls.
The energy scale Qo of the electron-boson spectral function in the heavy-fermion, d-wave
superconductor NpPdsAl: has been predicted on the basis of Eliashberg theory
calculations (Fig.2). Assuming a spectral function shape typical for antiferromagnetic
spin fluctuations, and imposing constraints provided by the experimental values for the
critical temperature and the low-temperature energy gap, one obtains values of Qo of
about 2-2.5 meV, slightly dependent on the strength of the Coulomb pseudopotential.
These values are in excellent agreement with the characteristic magnetic fluctuations
energy estimated from NMR measurements of the nuclear-spin-lattice relaxation time at
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the Al site. The calculated temperature dependence of the upper critical field, the local
spin susceptibility, and the nuclear spin-lattice relaxation rate is also in good agreement
with available experimental data, showing that a coherent description of the
superconducting state can be obtained assuming that the electron pairing in NpPdsAl21s
mediated by antiferromagnetic fluctuations. Inelastic neutron scattering experiments are

planned to confirm the proposed scenario. This work has been published [2].
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Fig. 2 (Left axis) Gap values Ad calculated at 7" = 0.25 K assuming a Coulomb
pseudopotential xa* = 0, and an Eliashberg spectral function centered at an energy Qo and
having full width at half maximum of 1 meV (open circles) or 0.25 meV (open squares). The
horizontal dashed line represents the experimental value of xa* (Right axis) Electron boson
coupling constant As as a function of Qo, for 7¢ = 5 K, za*= 0, and FWHM of 1 meV (closed
circles) or 0.25 meV (closed squares). The inset shows the electron-boson spectral function in
the two cases.

(3) Search for quadrupolar ordering in the hidden ordered phase of URu2Si>.

Experiments at the ID20 beamline at the ESRF (Grenoble) have searched for any
indication of quadrupole (or higher multipole) ordering in URu2Si2 below the ordering
temperature 7k = 17 K. All previous searches have been performed along the highly
symmetric [001] direction in reciprocal space, but symmetry considerations may possibly
forbid a diffraction peak in this direction, as is the case, for example, in UO2. We have
used a crystal cut with a (101) face and examined the (201) reflection. All aspects of the
signal, including its azimuthal dependence, follow precisely the predictions for a dipole
signal, in agreement with previous work. We can exclude al/ types of possible
quadrupolar ordering at wave vectors corresponding to ¢ = [1 0 0]. In addition, a careful
examination of the energy dependence eliminates the possibility of many higher-order
multipoles ordering, at least at this and neighbouring wave vectors. Our work
complements and extends a recent study reported from SPring-8 by a Japanese group [3].
This work has been accepted for publication [4].

,3,
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Resonant x-ray emission spectroscopy at the Lz edge of americium up to 23 GPa.
Resonant x-ray emission spectroscopy and x-ray absorption near-edge structure
experiments have been performed on Am metal at the /s edge as a function of pressure.
The hypothesis that the Am valence change at high pressure is associated with a mixing
of the 5f8 and 5f7 configurations, hybridized with the 6d valence band, is not
substantiated by the experiments. Neither the measured resonant x-ray emission
spectroscopy nor x-ray absorption near-edge structure exhibit additional features
expected for mixed valence. Only a small shift +2 eV of the s edge energy position and a
decrease in white line intensity at high pressure is observed. Further progress should be
directed toward experiments at the Am M edges to observe directly the 5f states. This
work has been published [5].

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

Both experiment (at the ESRF) and theory (performed at the CEA) have played a role
in understanding the phase diagram of uranium metal. Understanding the complex low-
temperature behavior of uranium metal has been a challenge for theorists since its
experimental determination in the period 1960-1985. Recently, theory has accurately
reproduced the phonon dispersion curves and predicted their behaviour under pressure.
We report an experimental confirmation of these predictions up to 20 GPa. New
calculations demonstrate the strong pressure (and momentum) dependence of the
electron-phonon coupling, whereas the Fermi-surface nesting is independent of pressure.
This allows a full understanding of the complex phase diagram, and the interplay
between the charge-density wave and superconductivity.

This work has been submitted for publication. S. Raymond, J. Bouchet, G.H. Lander, M.
Le Tacon, G. Garbarino, M. Hoesch, J.-P. Rueff, M. Krisch, J.C. Lashley, R.K. Schulze,
and R.C. Albers.

First International Advanced Scientific Research Centre Workshop in Tokai, 16-18 Feb.
2011.

The Workshop was attended by 12 scientists from outside Japan, all of whom gave
presentations: R. Caciuffo, and O. Pauvert ITU, Karlsruhe, Germany), G. H. Lander and
A. Hiess (ILL, Grenoble, France), J. P. Brison and S. Raymond (CEA, Grenoble, France),
A. Rogalev (ESRF. Grenoble, France), F. Ronning (LANL, USA), N. Magnani (LBNL,
Berkeley, USA), W. Knafo (LNCMI, Toulouse, France) and R. Urbano (NHMFL, USA)
and Z. Fisk (UC-Davis, USA and JAEA). About 20 Japanese attended the Workshop with
talks being given by: S. Kambe, Y. Haga, K. Kaneko, Y. Tokunaga, N. Tateiwa, H. M.
Suzuki, and H. Sakai (all of JAEA, ASRC), T. Okane, and S. Fujimori (JAEA, SPring-8),
and T. Hotta (Tokyo Metropolitan University).

The major purpose of the workshop was to identify collaborative projects for the second
and third year of the REIMEI project. A number of important such collaborations were

identified, some of which are discussed in the conclusions below.
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4. Conclusions

The present REIMEI programme has made a good start with a number of important

collaborations in the first year of operation (2010-2011). 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:

ey

&)

€))
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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 work to be concentrated on 115 materials at JAEA and LANL. A major goal is to
observe the NMR signal from 239Pu, which has never been observed.

NMR at ITU to explore multipolar order in mixed UOz — NpO2z 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.

LANL has reported a new Pu-based superconductor; PuColns and an intensive effort will
be made to further understand the microscopic origins of superconductor, in full
collaboration with LANL. High-pressure resistivity experiments are to be made at ITU.
Further efforts at I'TU to make crystals of 242PuColns would allow neutron experiments
at the world’s most productive source, ILL in Grenoble, France, and possible
measurements of the phonons and x-ray circular magnetic dichroism (XMCD) at the
ESRF, also in Grenoble. These experiments should prove whether the magnetic
fluctuations drive the superconductivity.

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 Angle Resolved Photoemission
Spectroscopy (ARPES) at SPring-8 — allowing a comparison of band structure
calculations

XMCD at SPring-8 on UQOs: oxygen K-edge, and U M-edges at ESRF. These experiments
should allow a further understanding of the role of covalency in the actinide oxides.
Researchers from JAEA, CEA and ILL collaborate on inelastic neutron scattering
investigations. The project focuses 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.
Experiment on uranium based supercondcutors are also planned at ILL on Th-doped
UBei3, UPts and UNi2Als.

A further follow-up workshop is planned to be held in Grenoble.
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2. KX K DBTT 7=V UfE (ATP) HUH RS O /Y03

Biological Assessment of Radiation Damage of ATP by Soft X-rays

FOGARE 1, BRI —RE 2, BRI RRE 3, HAOLER, /NEJE

Nobuyoshi Akimtisu®, Shin-ichiro Fujii?, Kentaro Fuijii®, Mitsutoshi Tsukimoto®*, Shuji Kojima*

TR 7A4Y h—Tfhatr¥—
1Radioisotope Center, the University of Tokyo
2 PEZERRAWIZERT  FHAAREHERTZEET Y
2Biomedical Standards Section, National Metrology Institute of Japan (NMIJ),
National Institute of Advanced Industrial Science and Technology (AIST)
3 BRI T FERHsE s Seim i nist e o 2 —
Advanced Science Research Center, Japan Atomic Energy Agency
AHRCREERLRY
4Faculty of Pharmaceutical Sciences, Tokyo University of Science

BE
U AEEE (Ribonucleic acid, RNA) O—FETHLT T /> =V U (ATP) (X, ARz L¥
— G L U TR A LS~ R VX — 25 LT D, E2FRFIC, ATP [ EBERO
A WETHDH A v P —RNA ZERTH7200RE L LT, S5 ITHafIEREDE &
LTHMEI<, A2 Tl SPring—8 ¥ IR IR X #i v — A F 4 o BL23SU DFEi> &/ fiRhe
B X BROMEHZ LV | ATP IZxd D8k X #R IR RS 2 2R A P RIRIE OBLE. (R L ¥ —
it 5. B RE, MREEREE) ST L,

ATP (Adenosine tri-phosphate), one of ribonucleic acids, acts as an intracellular energy
transfer. ATP is used as a substrate to synthesized messenger RNA and as a ligand of
inter-cellular signaling. SPring-8 beam line BL23SU can produce high resolution
monochromatic soft X-rays. In this study, we analyzed the soft X-ray induced radiation damage
of ATP by various biological assessments, such as energy donor activity, genetic information

transfer activity and inter-cellular signaling activity.

1. HZREH

U JREZEE (Ribonucleic acid, RNA) O—FTH BT T / 2 =V g (Adenosine tri—phosphate,
ATP) 1%, R X—(L5WE | BEHBROMNMTMETH DL A v Vv —RNA OERIEE, K&
O, MfaRE SRR EDE & U ClBiET 5, 20X 910, AMIEE O~ 22 R IC BV CHEEREE
O AP IE, HbEELAEERMEDO DL E 25, ZHETIC, BUHREEEO BN EED & —
7 b & LTO DNA TS 2 B B IR I L < Rr ST &7z, LovL7edinh, DNA SR L
W5y CTd D RNA (ATP & RNA 23 7 O—FETH 5) ITkT D STRBEFEOFEMIXIZE A EFb
TIhehole, BT, X #7e EDOR= R X —X FOWREDEMNI LD RNA 53 FOFEE N Z —
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DECIZONTIEEL o TV RNEE R D,

T IR R EER X B A FH T DNA SRR IS oy A B A R S B D B S BHZ S (1, 2], FR
92 X MOWEEZZLIELZ LICX ) DNA Sy FEREZEEST D 2 ERARRIC o T2, ZOfH
PR DR Th2s 5, DNA & [ UAERRSY 1~ Tdh % ATP 72 ¥ D RNA 45112568 LT b U GER X A v
TR 725 TR OFER D RRIC /e 5 E WIS LD, & 2 TAMSE T, SPring—8 il 7 JIiE
X BRE— LT A DR E S RBRITIEH LT, XU L - THIEE Z S D ATP OREIERIIE
= ONCAPEERE R 2 T2, FRC, BRI 28K X AROTERIE & ATP 55 & OFEBIRILR &2 B 5 20
(2T D 72O DI 2 T L. ATP ORI E 2 ZHMANTTR R D VAT LEEE LT,

2. HEAR

AWFFETIE, FT, XA L7z ATP 2N T 2 56 ORI RS HEIHE S 2 0ER H D,
[E N E T, RS OB % 2 1 72 WINETEYED - OIRIIA A TH B2, ED X H 7%
WEMEEDE 21325 2 L AU Z R~ I, X E RN L7 L 2ITAET D ATP, KO
Fix DR 7 LAF Ry OREEZAL DA AR X BRI A7 R LORIEIC K> T2, R&&Ic,
FRES 28K X RO TRE 222 5 Z L1 L » T3 5 ATP OAEMITENEZ T,

3. HIEFER

TREHRIBS ATP D EINRFAGERENL, WONEBOITIEIC L 5 BRES FEEDORE

ATP R°T U ¥ = U Uk (UTP) ITHR X & B3~ 5356, 28 CREAREHT IS 21T\ ZRBK
R S THEINAZIT 9, BIZAT O EWFAEMERHEIZ VW T, 92 ATP o UTP O &4 WAES 5
I, [ENCER ARSI A 2 2 & AL 2 D, ATP R0 UTP 2D b DIIIEIC L 255 FHEiEDE
(R FGAEN D T2, EICRRHMEIC 31T 2 B 72 I ERITITTE /R, £2T, Cs X Rb &
SRR 72t HE A NEEE L U CIREFEHZ P ORI L, FFEE S 77 A~ BoirikE (1ICP-MS,
Agilent7500a, Agilent Technologies) T, %Kit % MHAIL CHIET 5 Z LItk -> T, el
WA RET D FEORI &R AT,

AHFFETHF H AL H R X BRI % OEIGUBHEIL, it u L &M ETH S, @, ICP-MS THW
HNDHREHEAR T, 1 BN THonL FRE ORI 2 VE LT3, WEoT, ZZTiE. MAICH
% LT sBRE AR (AIF-01, S.T. Japan and AIST) 325 Z & T, 1 oMb 7= 0 OEIHEE
200 nL FCHE L, ICP-MSIZHIT 240 K LRIEZ TEE & L7z (3], K X SRR S8R AT O TR ET
B W CIRINEINERZIT 728 2 A, T4~93%D IR L FMT 2 2 LN TE 2720,
SPring-8 "C? ATP i ~D#R X KRS FH O R D W 21T - 7, BNEIEIZ OV T, £Y)
LETEPERTEAMG I 3V THE L 72 ATP <2 UTP B IEIZ V=,

T, BXERE RS L7 ATP 3EHZ DWW T, B &L E AWz B 0 T ORE 21T - 72,
HIEICIE, BEEE 7 a~ 77 7EESIEE (Quattro Ultima, Micromass) ZfAVN, MS T®
AAFF— RTD Scan DT &iT-72[4], Fig 1 ICHIER R4 R”T, Fig. 1 FIZITARMBE D ATP
B HIE L7 2 /RT3, ATP °ATP OF MU v A, U VRN —o =TT /v )
VR (ADP) NROLNDDHTH D, ZAUIx LT, 560 eV DR X fpZ BE U723k (Fig.1 £) T
1% m/z = 252 NPAEITE S ATP ORI CTH LT 7 /) L oM BERPIMUIZ S O L HEHI S
No, ZOZ &, HBIRO X BRI ALY R CIT % EHEFAO K WU SHAEE D 216 i
THEZZON, BT XX —2BSETGE0, 2 FRALE LG aI 0 FEs LTy
DX RBEERROLID D E D sUCTHIBREN,
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Ekx%ill\\ E-J- I:I_t*‘l' Scan ES-
100 426 1.34e8
1 A— DP 4%[)\48.
=
1 79 528
159 203 448 539 550
0 ‘k“\n‘“““““““‘““““““““\““\““““““““““\““'\\““““\J‘“ rL A/ Ty
ATP- ScanEs-
S iy 50 8.30e7
o0, SREBHHE R b o/ 2
159 TP+Na
=] 52
1180 o3 141 167 4!2L6 30
O R R i A R S R S B AR B AR AR SRR AR SR R ‘ i \m/Z
50 100 150 200 250 300 350 400 450 500 550 600

m/z

Fig. 1: #k X #RIRS ATP - 250k &
X AR (FED) 36 L OMK X MIBIHE0RE (135) OB EOIRE R, RIINUEHIIE ATP 225 —
DU VAN RIT T2 ADP WETEEN TS, —F, K X AR O, ADP R T
bo7T=r (A PHEFE N) BTz A-N 3Bl S,

HXBBHFRICL DX VAT R F O XARBIN ALY SV ORIE
ZIVETIZAT o 72 DNA (KT 28R X BRIRE EBR NS . A A b T2 e BIRTH 2 L2k,
HR SN DWIPEINLOEBOBENRKE LSBT HZENHLNIR->TWD, o, HT0#
XﬁwWX&7%w¢Kﬁm5ﬁ%&B~7%Ei ZOTOEIREBIKFT L2 LR mbN
TWb, 2T, EHREEIZL VAT D ATP 51 ORIEZIC OV TOMRZG D 72012, ATP
%ﬁ@%Xﬁ%%%%®%Xﬁwa«abw@Mm%ﬁot(hgmoﬁﬂ (ZHRG L7l X R &
LT, RE, BRERBIUV®BEL A 4175 560 eV DR X B2 S L7-, RIFFIZDOES AT
W(ﬁgﬂw)%%\%WW@XN7FW¢@ZO®£?@E%7#\HXﬁ%%;i@ﬁu@Q
LTWDZEBHLMNIRoT (KPR, 26O =27 X ATP EEFT O Y VBRIZFEEL LT
BIREEIC R L7 gk <

oL X ORI ENTY
VERDR L, RN
LTWbEBxLND, BT,
AF AL LEWEL D &5
eV BERZ R X —IZHET

5. Ndte v — 7 25— x
NF¥—L L TCGRITHZ & T,

A F AL E TR o T KOG RR

@1-6:(51) FEREEIN ;::gﬁg' HDHERESNTEY, BiED
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3. Theory of Materials for Spin Electronics and Dynamics of

Magnetic Nanostructures

Timothy Ziman

Institut Laue Langevin(ILL), France

Abstract

The purpose of the program was to reinforce efforts to understand mechanisms underlying the
material design of devices useful in spintronics and other multifunctional materials. The
theoretical investigation was in close contact with experimental groups developing promising
devices with large or giant spin Hall angles in order to clarify the underlying mechanisms and
to contribute to the choice of new materials or designs. In the field of multi-ferroics we advanced
collaboration with several experimental teams to explain from a microscopic point of view the
mechanism of coupling of ferroic and magnetic degrees of freedom in a good model system. The
collaborative project also led to new directions, including 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

By combining theoretical and computational approaches, we study the basic science
underlying spin electronics and multifunctional materials and thereby look for novel means of
improving, for example, the efficiency of interconversion of spin and charge in the spin Hall
effect or the coupling between magnetism and ferroelectricity in multi-ferroics. By combining
theoretical and computational approaches we wish to develop new materials and devices for
high efficiency of spin current generation, based on spin Hall effect and spin motive force. The
mechanisms for usefully large spin Hall effects have based on spin skew scattering of impurity
magnetic ions, transition metals or rare earths, in metallic Hall bar. The fundamental physics
underlying the phenomenon involves spin-orbit couplings, crystal field splitting and Hund's
rule coupling but computation has been a challenge because of many-body correlations that give
results that cannot be obtained purely by density functional methods.

A related class of materials needed for spintronics are multi-functional materials with both
ferro-electric and magnetic properties. To be useful candidate materials must possess both
properties with appreciable coupling between them. Because of the different symmetries the
couplings must be non-linear and it is a challenge to quantify them from experiments probing

at an atomic level. In many candidate materials the multi-ferroicity is based on magnetic

_13_



JAEA-Review 2011-031

frustration, spin-orbit couplings, charge disproportionation and lattice couplings. In this
proposal we concentrated on the case MnWO4 which has an ideal temperature and field range
for experimental investigation. The microscopic magnetic couplings had been estimated some
years ago by inelastic neutron scattering, which for reasons of simplicity of analysis, had only
been performed in high symmetry directions in reciprocal space. The number of exchanges
fitted was large considering the few directions of dispersion measured. The extracted
parameters, while showing the importance of magnetic frustration also were very different
quantitatively from those estimated from recently published ab-initio estimates. The first task
was to re-measure the dispersion in off-symmetry directions, aided by numerical calculation of
the dispersion and intensities in arbitrary directions of reciprocal space. This will also identify
the appropriate wavevectors where one should be able to continue and do a full polarization
analysis in order to measure more directly coupling between magnetic fluctuations and nuclear
displacement. An alternative mechanism, wherein coupling to charge disproportionation is
more effective than nuclear movement, should more clearly be seen by means of resonant X-ray
scattering than neutrons, as the elemental specificity of the resonant scattering can be
exploited. It is planned to pursue these studies in parallel by collaboration with different, but

overlapping, experimental teams.

2. Research contents
(1) Enhanced skew scattering and microscopic mechanisms of the spin Hall effect:

Extensive Quantum Monte Carlo Techniques are used to make quantitative calculations of the
spin Hall angle, fully including Kondo fluctuations and examining crossover between room
temperature and high and low temperatures. The dependence on surface-specific contributions
was explored, following experimental indications that there was a specific surface-dependent
effect.

(2) Microscopic mechanism of multiferroicity in the material MnWO4 spin Hall effects

Calculate dynamics of magnetic excitations in the model multi-ferroic material MnWO4 in

order to compare to neutron inelastic scattering studies, eventually with polarisation analysis.

New Projects initiated during the period of the REIMEI program:
(3) Inverse spin Hall effect as a probe of non-linear susceptibilities

Calculations of the spin Hall angle for conduction electrons couple to a magnetic lattice will
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.

(4) Theory of muonium as a probe of conduction electron polarization.
Calculations will be made to test the hypothesis that dynamically generated triplet states of
the negatively charged muonium ion can detect the conduction electron spin density in doped

semiconductors.
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3. Research results and Future Prospects
Enhanced skew scattering and microscopic mechanisms of the spin Hall effect:

The first results gave quantitative evidence for the hypothesis, previously advanced by Guo,
Nagaosa and Maekawa, that Kondo-type fluctuations, where there are both spin and orbital
degeneracy, can substantially enhance the effect of spin-orbit interaction on the skew scattering.
This was first demonstrated for the case of Fe impurities in Au (Ref.1), but there was an
apparent contradiction between the enhancement predicted and the measured orbital moments
(as deduced by X-ray Magnetic Circular Dichroism). In addition there was the puzzle of the
original experimental observation by Seki et al of the giant spin Hall Effect and the null result
obtained by different experimental groups with slightly different devices. A possible resolution
showed different regimes depending on correlation energies and applied magnetic field and is

shown in Fig. 1.

Ao Fig. 1: (From reference 1) The

: -g.; spin-orbital correlation function,

-g.g i which determines the spin Hall

angle, as a function of

correlation energy U and

l magnetization. Different
~1 . .
08 theoretical and experimental
_ 27 . .
: = HE--"E' 04 . W‘t regimes are indicated by arrows.
7 U(eV) 5 o2
DFT [Ref 6] 7 -

Indications from several different experiments, suggesting the relevance of surface effects,
have lead to recognition that Pt impurities at the surface of Au can have an extra degeneracy,
leading to enhancement in skew scattering. This gives a third route to giant spin Hall: surface-
induced degeneracy of crystal field levels plus Kondo enhancement. We show theoretically a
novel route to obtain giant room temperature spin Hall effect using surface-assisted skew
scattering. By a combined approach of density functional theory and the quantum Monte Carlo
(QMC) method, we have studied the spin Hall effect due to a Pt impurity in different Au hosts.
We show that the spin Hall angle could become larger than 0.1 on the Au (111) surface, and
decreases by about a half on the Au (001) surface, while it is small in bulk Au. The QMC results
show that the spin-orbit interaction (SOI) of the Pt impurity on the Au (001) and Au (111)
surfaces is enhanced, because the Pt 5d levels are lifted to the Fermi level due to the valence
fluctuations. In addition, there are two SOI channels on the Au (111) surface, while only one for
Pt either on the Au (001) surface or in bulk Au.

Experiments, of the Takanishi group of IMR, Sendai, jointly published with the theory (Ref. 2)
confirmed this. In the experiments, the spin-Hall effect was obtained in Pt-doped Au films with
different thicknesses #. A giant spin-Hall angle y5 = 0.12 + 0.04 was obtained for #; = 10 nm at
room temperature, while it was much smaller for the # = 20 nm sample. The combined
ab initio and quantum Monte Carlo calculations for the skew scattering due to a Pt impurity
predicted 5 = 0.1 on the Au (111) surface, but a small value for bulk Au. In future calculations
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in order to fully compare to experiments, for example on decoherence properties of impurities,
we need to follow the calculated skew scattering cross sections to lower temperatures by
improving the quantum Monte Carlo calculations at lower temperatures. This is in the process
of being implemented using recent Continuous Time Monte Carlo algorithms instead of the

Hirsch-Fye algorithm.

a) Bulk A [w'111) sutace T )
S o4 A R Fig. 2 : (From reference 2) The calculated
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Microscopic mechanism of multiferroicity in the material MnWO4

The investigation of the multi-ferroic MnWO4 has advanced with notably the analysis of the
dispersion of magnon modes in lower symmetry directions by Inelastic Neutron Diffraction at
Paul Scherrer Institut (PSI) Zurich and to be undertaken shortly at the ILL, Grenoble. The
theoretical contribution was to calculate the intensities of modes according to different coupling
strengths. Full polarisation analysis, which is limited by available flux depends crucially on the
intensities. In collaboration with experimentalists specialised in X-ray scattering, proposals
have been made to the ESRF, Grenoble and Diamond, Oxfordshire, UK for measurements of the

magnetic moments in the MnO complexes.

Fig. 3 : Calculated dispersion and
intensities from previously published
exchanges, compared to measurements,
A. Poole et al unpublished.

Energy /meV
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Inverse spin Hall effect as a probe of non-linear susceptibilities.

The Otani group (ISSP *1, Tokyo) has recently measured the inverse spin Hall effect in Ni-Pd
electrodes with composition chosen to be ferromagnet ( a few % Ni). They observed an anomaly
in transverse resistance around the Curie temperature. Our aim was to understand these
anomalies in terms of the correlations in the ferromagnet near criticality. We have constructed

a theory to explain the results of the Otani group, based on extension of Kondo's classic theory

_16_



JAEA-Review 2011-031

of skew scattering from impurities with crystal field and spin-orbit scattering. The transverse
resistivity is predicted to be proportional to a non-linear susceptibility. This opens up an
interesting possibility of using the inverse spin Hall effect as a novel probe of higher

susceptibilities on nanowire samples.

Theory of muonium as a probe of conduction electron polarization:

This project came about at a meeting with the experimental team of Nagamine et al
(Tsukuba/RAL*2 /Tokai) who have been looking for theoretical explanation of their results
showing that muon rotation can be used as a probe of non-equilibrium distributions in n-type
doped GaAs. Our calculations have looked at the stability and electronic structure of muonium-,
1.e. bound states of positive muons with two electrons. There have been preliminary results
from two complementary approaches: (i) treating the band structure of the GaAs host with
correlations treated in Local Density Approximation(LDA) and (i) taking hydrogenic wave
functions that go beyond mean field approximations but treat the semiconductor as a vacuum.
Ultimately a synthesis of the two approaches will probably be necessary. In particular we wish

to elucidate the possible role of metastable triplet state of muonium- in scattering processes.

4. Conclusion

During the period of the REIMEI project, useful advances have been made in the theory of
spin Hall effect in alloys and a new route indentified to the occurrence of giant spin Hall angles.
In the area of multiferroics the theory has been an impetus to a new set of experimental
investigations by neutron diffraction and also magnetic X-ray scattering. The REIMEI project
has allowed, in the last few months two new collaborations on the subject of inverse spin Hall
effects in ferromagnetic metals and spin-dependent scattering of muonic atoms in
semiconductors. We note that an important part of the REIMEI project was the organization of
an international workshop in March 14-17 2011. This unfortunately had to be postponed

because of the major earthquake of March 11 but will be held during the current financial year.
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Abstract

Based on the support of the Reimei project from JAEA, we have generated a new
ferromagnetic system Li(Zn,Mn)As, by doping carriers with excess / deficient Li
concentrations and doping spins with (Zn,Mn) substitutions in the I-II-V semiconductor
LiZnAs. This system was characterized by the x-ray scattering, magnetization, conductivity
and Hall effect measurements in China as well as by the MuSR measurements in Canada.
We established that Li excess systems have Tc up to 50 K for Mn concentrations of up to 15%
with a very small coercive field, and that the static magnetic order is achieved in the full
volume fraction in a single phase system. Contrary to general expectation, we found p-type

charge carriers in Li excess systems.

1.Research Objectives: Introduction and background
I. Doped magnetic semiconductors based on ITI-V systems

Most of currently available diodes, transistors, and other semiconductor devices have been
made based on charge transport which does not involve spin selection. As demonstrated in
highly successful application of magnetoresistance phenomena on magnetic memories,
however, novel functions may be achieved if semiconductor devices acquire spin sensitive
functions. “Spintronics” is a fashionable word generated for this concept, but current effort
has been confined to studies of basic properties of candidate materials.

In early-mid 1990’s, Hideo Ohno and his collaborators succeeded in making ferromagnetic
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films of Mn doped III-V semiconductors (In,Mn)As [1] and (Ga,Mn)As [2]. This triggered
extensive studies on “doped magnetic semiconductors” (DMS) continuing up to now [3]. In
these systems, substitution of trivalent Ga3+* or In3+ with divalent Mn2+ results in self-doping
of hole carriers. Mn atoms have 4-5 Bohr magneton of spins per each, and RKKY-like
interaction of Mn and hole carriers mediate effectively ferromagnetic interaction, since
carrier density is very low and the RKKY-like oscillation length scale is much larger than the
distance between neighboring Mn atoms. This picture has developed into “p-d Zener model”
[4], while a somewhat different view point of “Mn impurity-band” model has also been

presented [5] to explain ferromagnetic couplings.

Due to mismatch of the charge states of Mn and Ga or In, chemical solubility limit is very
low (less than 1% doping) in Mn substitution into III-V semiconductors. Therefore,
ferromagnetic specimens can be made only as very thin films fabricated by Molecular Beam
Epitaxy, which leads to metastable chemical material. Due to this feature, magnetic
properties are often sensitive to fabrication conditions and heat treatments of the MBE-

grown films [6].

II. Low-energy MuSR studies of (Ga,Mn)As films

Magnetic properties of (Ga,Mn)As films have been studied mainly be magnetization
measurements and anomalous Hall effect which reflects ferromagnetic order. Thin film
specimens prevented application of neutron scattering and NMR. The low-energy (LE) muon
beam at PSI allows implantation of positive muons with the depth of 20 — 100 nm from the
surface with precision of *+10 nm. MBE films of (Ga,Mn)As typically have a thickness of
about 20-50 nm. We performed LE-MuSR studies of (Ga,Mn)As films at PSI, and recently
published our results in Nature Materials [8]. Contrary to earlier views of “highly
inhomogneous magnetism” [7], we demonstrated that properly-made (Ga,Mn)As films exhibit

spatially homogeneous ferromagnetism over a wide range of Mn concentrations [8].

III. Next generation DMS system Li(Mn,Zn)As based on I-II-V semiconductor

LiZnAs is a direct-gap semiconductor [9,10], and has a crystal structure very close to that of
GaMnAs, as shown in Fig. 1. The role of trivalent Ga3* is replaced by Li* and Zn2+, and
consequently this system can be denoted as a I-II-V semiconductor. LiMnAs is an
antiferromagnet with Neel temperature of ~ 410 K, and ordered moment of 3.75 Bohr
magneton per Mn at T = 13 K [11]. Recently, Jungwirth et al. [12] performed theoretical
calculation of electronic and magnetic properties of Mn-doped LiZnAs using Local Density
Approximation (LDA), and predicted that Li(Mn,Zn)As can be an analogue of (Ga,Mn)As.

The I-II-V DMS systems are expected to have several possible advantages over the III-V
DMS systems. Thanks to iso-valent substitution of Zn2* with Mn2+, the (Mn,Zn) alloyed
compound can be made without chemical solubility limit, and may be available in bulk
materials rather than chemically metastable thin films grown by MBE. Unlike self-doped p-
type (Ga,Mn)As, Li(Mn,Zn)As may be obtained both in p- type and n-type region, tunable via
the Li off-stoichiometry, as discussed by Jungwirth et al. [12].
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2. Research Contents and Results:
I. Synthesis, Structure, Magnetization and Transport studies of Li(Zn,Mn)As

Since April 2010, we started synthesis of poly-crystalline specimens of Li(Zn,Mn)As with Li
concentrations between 0.9 and 1.2, and Mn concentrations of 0 — 0.15. X-ray scattering
studies confirmed single phase of the material in this composition range. Magnetization
studies revealed ferromagnetism for Li excess systems, with Tc up to 50 K for Li 1.1 and Mn
0.10-0.15, as shown in Fig. 2, and average ordered Mn moment size up to ~ 3 Bohr
magnetons per Mn. A very small coercive field of ~ 50 G, observed in ferromagnetic

Li(Zn,Mn)As, will help future manipulation of spin polarization by the applied field.

II. Transport measurements

Transport studies revealed: (a) semiconducting behavior for stoichiometric LiZnAs and
metallic transport for Li-deficient or excess LiZnAs; (b) increasing resistivity with increasing
(Zn,Mn) substitution and metallic behavior for (Zn,Mn) substituted systems; (c) large
negative magnetoresistance below ferromagnetic Tc; and (d) anomalous Hall effect for
ferromagnetic specimens below Tc, together with most surprising p-type carrier (hole
carriers) for Li excess systems. The p-type carriers can be understood if we assume that
excess Li atoms occupy substitutional Zn sites, while the replaced Zn atoms leave from the
system. This possibility is consistent with the behavior of lattice constant which remain

constant with increasing Li for excess-Li systems.

LiZnAs

Space group  F-43m (no. 216) SPacegroup F-43 m (no. 216)
Unit cell dimensions a = 55080 A Unitcell dimensions a = 5.9390 A

Fig. 1: Crystal structures of GaAs, LiZnAs and LiFeAs

III. MuSR Measurements
We performed MuSR measurements on poly-crystalline specimens of Li(Zn,Mn)As. As

shown in Fig. 3(a), we found a sharp increase of the zero-field muon spin relaxation rate
below the ferromagnetic transition temperature. Measurements in zero field and weak
transverse field (WTF) show that the volume fraction of regions with static magnetic order
increases with decreasing temperature below Tc, and finally the entire volume participates

in static magnetic order, as demonstrated in the asymmetry in WTF in Fig. 3(b) which
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represents muons in non- or para-magnetic environment. The ratio between the relaxation
rate at T = 0 and the ferromagnetic transition temperature Tc in Li(Zn,Mn)As follows the
behavior observed for (Ga,Mn)As [8], indicating that the strength of magnetic exchange
interaction is comparable in Li-excess Li(Zn,Mn)As and in (Ga,Mn)As. This is consistent
with our finding that Li-excess Li(Zn,Mn)As is a hole-doped magnetic semiconductor, similar
to (Ga,Mn)As.
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Fig. 2: Temperature and field dependence of magnetization in Li1.05(Zno.s5sMno.15)As
showing clear signature of ferromagnetic

IV. LDA and quantum Monte Carlo studies

We also performed theoretical studies on Li(Zn,Mn)As. Our quantum Monte-Carlo (QMC)
and local density approximation (LDA) calculations indicate that the carriers are p-type for
the compound with the ratio of the excess Li atoms at interstitial sites to those at Zn-
substitutional sites being lower than 1.5. Furthermore the QMC-LDA calculation implies
that ferromagnetism in Li(Zn,Mn)As can be expected only for p-type carriers, which is

consistent with our observation of p-type carriers in the ferromagnetic Li excess systems.
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Fig. 3. (a) Muon spin relaxation rate in Zero Field in a Li excess and Mn 5% specimen of
Li(Zn,Mn)As. (b) The muon spin precession asymmetry in a weak transverse magnetic field
of 30 G. This asymmetry represents muons in non- or paramagnetic environment.
Absence of asymmetery below T = 10 K indicates establishment of static magnetic order in
the entire volume fraction.

3. Conclusions and Perspectives

In conclusion, we demonstrated that Li(Zn,Mn)As becomes ferromagnetic for Li excess
systems with Mn concentrations up to 0.15. The carriers are p-type. As shown in Fig, 1,
cubic crystal structure of Li(Mn,Zn)As is different from that of a layered superconductor
LiFeAs (T. ~ 20 K). However, with lattice matching at As layers, one might form junctions
of semiconducting LiZnAs, ferromagnetic Li(Mn,Zn)As and superconducting LiFeAs or
NaFeAs. For designing future spintronics devices, availability of superconducting system
will provide widely different functionalities. It may also be possible to make similar DMS

compounds based on the 1111, 122 and other FeAs superconducting systems.
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Time-resolved Neutron Contrast Method

by Pulsed-high-magnetic-field Nuclear Polarization
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Yasuo Narumi®, Hiroyuki Nojiri', Kenji Ohyama®
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Hnstitute for Materials Research, Tohoku University
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Neutron scattering and transmission experiments have been performed in conjunction with
pulsed high magnetic fields to realize a novel neutron contrast method without any isotope
substitution and/or any organic radicals as sources of an electron spin polarization. At BL-10 of
Materials and Life Science Experimental Facility (MLF) in Japan Proton Accelerator Research
Complex (J-PARC), Time-of-Flight neutron scattering experiments have been demonstrated
with the world highest magnetic field of 42 T.
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