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Nuclear Moment Parameters for Selected Actinide Nuclei

Isotope Spin| y(MHz/T) Q(barns) Abundance Half-life  Signal*

235( 7/2 076  4.55 0.72% 7.04x108y 0.00064
27Np  5/2 957  3.89  100.0% 2.14x108y 0.95

2Py 1/2  3.05 SUUE 24110y  0.0079
23Am  5/2  4.58 A8 e 7370y  0.10
©Cu 32 1129 021  709% = - 1.00

*Signal ~ Y H21(I+1)/(I+1/2), normalized to 1 for 83Cu.




2350,: The Forerunner

e Fluorite (CaF,) structure.
e Cubic insulator, AFM at T =31K (1st Order).
e Triple-g AFM structure.

e 23U enriched to 93%.
e 235U ‘AFNMR’ (spin echo) observed only for T< 15K.

e 1/T, = aT’”. Phonon Rahman process with magnetoelastic
coupling.

'K, lIkushima, et al., Phys. Rev. B63, 104404 (2001).




Transverse Triple-q AFM Order in UO,

fcc Lattice of U%*in UO, Triple-g AFM in UO,
12 nn — High Level of Frustration K. lkushima et al., PRB 63,104404 (2001)
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{ :uranium at z=0

() : uranium at z=1/2



Spin-Echo Amplitude (a.u.)
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The %3°U AFNMR spectrum in
UO, Is shown. The ordered-
state HF field is found to be

H,=2523+1T

The AFNMR spectrum is
splitinto 7 lines (I =7/2) by
an electric field gradient:

2
e

ZQ =[3cos’0~1|=392+14 MHz



Nuclear Moment Parameters for Selected Actinide Nuclei

Isotope Spin| y(MHz/T) Q(barns) Abundance Half-life Signal*

2351 7/2 0.76 4.55 0.72% 7.04x108y 0.00064
Z3'Np 5/2 9.57 3.89 100.0% 2.14x10% 0.95

20Py  1/2  3.05 - 24110y 0.0079
23Am  5/2  4.58 43 7370y  0.10
6Cu  3/2 1129  0.21 70.9% - 1.00

=Signal ~ y H21(I+1)/(I+1/2), normalized to 1 for 83Cu.
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Physical properties of USb,

USb, structure e 5f itinerant antiferromagnet.

u @&;A@——% -------------- up (+) TN =203 K9 <“’> =1.88 “B
Magnetic unit cell 1s

Sb2) ® D doubled along c-axis.
CD @ CD --------------- up (+)
(uudd-structure)
O
Sby(1 O
e e Mossbauer study (Tsutsui, et. al.)

(&I ,—% ............... down (-) H =270T

e’qQ = -35 mm/s,

corresponding to:
v, ~ 205 MHz

%:% ............... e Vo ~ 140 MHz




Spin-Echo Intensity (arb. units)

1211235 AFNMR: USb, with H=0

| I
12ISb: [=5/2
: U‘sz; zero field, —

T=4K Y= 10.189 MHz/T
| 4 12B8Sb;1=7/2
: : /=229 MHz v=5.5176 MHz/T

ftfi b7

o100 150 200 250

‘ | 1218h(1) H,_=10.7 T (Sb(1))
() ST E 21552) 10.8 T (Sb(2))

Frequency (MHz)

K. Ikushima, et. al.




Zero-field Spectrum: 23°U Spin Echo Amplitude

20 % enriched sample; randomly oriented powder.

H. Kato: Weak signal
USb, observed at /=217 MHz

Zero Field; 7= 4.2 K
235

U-signal Consistent with the Mossbauer study.

* Appropriate Pulse conditions for
this signal are quite different from
those for Sb signal.

Intensity (arb. units)

First observation of a 23U NMR

| | | | . .
214 215 216 217 218 219 signal in a metallic system.

Frequency (MHz)



235) AFNMR in USh,

Broadening effect in

applied magnetic field.

T=4.2K.

Spin Echo Amplitude ( arb. unit )
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Magnetic field
broadening of
121Sh and 235U
at T=4.2K.

USb2 fNMR VS. H

241 .
I Jl* | |
’J'
’.,..""l
#7 My 2100189 MHz /T
& { =10.189 MHz
.f'
‘f
l'”
210 [ |
&,
“h
N
‘1-
\".
Ny
&'\
—_— ‘.‘.
LY
% = ﬁ\‘ _'!F-.i_. =, 784 MHz ."I T
220 P~ “.ﬁ -—-—T
- m-- —————————————— ‘:: —————————— B
o — L N —--G-_..‘_h‘--_ﬁ -------- R -----
""r L
b
B,
u

210 |~ . —
235 . . . h“'
L 1T NMR: Double-Gauseian fitting peak Sa
E -
¥ U7 WMR: Box-Edge .
A 'Sb NMR: Box-Edge -
200 | | | |
0 5 10 1t 20

H,, [ k0]

25



235 Relaxation Times at 4.2 K

T, measurement [, measurement
6 [ 1 1 | . | | |
- — 6,_
T USh,, **U-signal; o
. I f=2172MHz,T=42 K, ZH
8 T ] ar
2
~ 0.1} S
= S S
= o -~
o 4: E 2+
L USb,, 23le-signal: - l
0.01 | — £=2172MHZT=4.2 K, ZF
8k I I ' I : 001 = | | | |
0 02 04 06 08 1.0 40 60 8 100 120x10°
time (msec) T(sec)
1 0 1 75 2H 1225 5 ar
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T, ~ 14.5 msec T, — 80 usec. (T,/16 =90 usec).



Indirect Measurement of <>° T, in URh,

(Y.
Tokunaga)

o URh,: Pauli paramagnet.
® HAB= Zij Dilezilej(t) — Transverse Cross Relaxation.
 103Rh NMR observed.

| SE(t) ~ So exp(-t/TZG)Z exp(-t/TzCR),
e where 1/T2(3R = <A602>A|3 235T1.

|- 19°Rh
l5,;(t): #3°U

e Results: 20% enriched vs. unenriched 235U.
e Gaussian (like-spin) process same in both samples.
e 20% enriched sample has 1/Tocr in addition.
o 1/Tocr(T) gives: 2T, T~ 2 sec K.

e First measurement of 23°T, in I-M compound.




235 — 13Rh Cross Relaxation Study of #3°U T, Process in URh;
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Cross-Relaxation in NpO,

Specific-heat anomaly at T~ 26K (1953)

T l ! ' i ’J‘%
Absence of dipole moment lé’lz ’ —
Neutron, Mossbauer: k. |
ue< 0.01p./Np. i3 8 ——tt
J cmea| U0
8, | % -
Not purely Quadrupolar! P
Breaking of time ol Tk'!(}-——-
reversal invariance 0O 50 10 150 200 2% 300
Susceptibility, uSR Molar heat capadities C, of NpO;, UQ,, and ThO; as

. _ _ functions of the temperature T. Experiments by Osbomne and
No lattice distortion through T, Wesmam1ll. 5\ Osborne and E.F.Westrum 1953

-.I:.-[Iilll Atom s E".'.wra'__x Researelh Instituti



NpO,: Triple-q Octupolar-Quadrupolar Ordering

Resonant X-ray Scattering Study
J. A. Paixao et al, PRL89 (2002) 187202-1

longitudinal Triple-qg antiferro quadrupolar (AFQ)
ordering of I'; -quadrupole.

T

Driven by the ordering of magnetic octupoles
(AFO) of I'; symmetry- Proposal.  primary OP

Secondary OP

Spin Up

Mean-field model of I'; octupolar order Spin Down
K. Kubo and T. Hotta, PRB 71, 140404(R) (2005).

Ref: Kubo and Hotta (JAERI)

r.]npl;lu Atomig |';1'|L'|'-_:!-' [{L‘:H. areh Institute.



Spin-Lattice Relaxation: ir® |
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170 Spin-Lattice Relaxation — Low T
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23'Np — 70O Cross Relaxation ’T, Process

170
w)y 1,1, e e

23’Np Nuclear Spin

Fluctuation Spectra: N

[,:70 I;:%'Np B 0 U e

J@(w) : spectral densities

OR: T 4= 0p°T 5/ (A0 pg + (A% agT15 ]
Check:

2y dip ~ 7 g2 2y di ~ 1
(Am?)pg®P ~2.2%x10" s _SA@ agP I3 ~ 0.88 s\
T,5 ~ 40x10° s.

Japan Atomiz Enerey Research Institute.



Spin-Lattice Relaxation: 17O|
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70 Cross — Relaxation Analysis
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Enhancement of Dipolar Unlike Spin — Spin Coupling
* 2'Np Hyperfine Coupling: Ay,lg-S = K= Ay x/(Nhygus)
* Moment induced by hylg:  gupAS = Ig Ay, ),/ (N,gHp)
=  gugAS =7hI K
* HF Coupling with '7O: H,;= Hy,,(1+€), & = Hybridization Coef.
* Enhanced 23’"Np-17O Dipolar Coupling:

[1+ K(1+ E)] FIdAB = [(Aw?)pp]"? oc K(T) oc 1,,(T).



Unlike-Spin Second Moment Enhancement

Maximum enhancement of
[(Aw?)ug]"2 ~[14K(1+ E)] ~ 21

Mossbauer: K ., ~ 4
= £~ 4

Ratio of spin fluctuation

T,'s (Moriya): £ ~ 3
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Heavy-Fermion Superconductor:

e v =200 mJ/mol K?

e T.~49K




Field Dependence of 2’Al T4 in NpPdsAl2

(Vies~122MHz, H~11 T)
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Frequency Dependence of 2’Al T1 Decay Curves in NpPdsAl2

(H. Chudo and Y. Tokunaga)
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Cross-relaxation from fluctuating 23’Np nuclear spins (Aw?) 5
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Cross — Relaxation Analysis
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Results of Cross-Relaxation Analysis
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e First measurement of T, for the magnetic ion nucleus of a heavy fermion system.

e Result: T,y, ~ constant (Moriya process?)
e 5f electrons: localized?

e \Which electrons are heavy fermions?




