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Light
actinides -
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spectroscopy

L. Havela

Actinides — 5f systems (analogy with lanthanides — 4f)

Seaborg (1945)
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«Participation in bonding reflects
in atomic radii and crystal structures
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Overview of essential properties of elemental actinides,
summarizing available data on the g-coefficient of the low-temperature T
specific heat, temperature independent susceptibility c,, Néel o
temperature T, Curie temperature T, and paramagnetic Curie f :
temperature €, b |
3
5 [—
Th Pa U Np Pu Am.....
y(mJ/mol K?) 4 6.6 10 14 22 7 8
%, (108 m¥/mol) 0.12  0.34 048 0.68 0.64 0.85
Temperalure (K|
Pauii paramaqnets C |= 1/37‘[2N( EF)kBZ T= }’T Electrical resistivity of pure actinides (Cm data of Schenkel (1977)).
e
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T, (K) 64.. 34 51(Te)
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g (M) 7.55 9.7 9.7 11.3(2) Anere, o
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5f localized — Hund's rules magnetic moments ! L ot vt it
S -
No such clear boundary in compounds. Local moments do not 3 ! Aok ‘
% A 3 NpB,
imply localized states. go— s o .
U compounds-large variability of magnetic properties (Np, Pu 4 :»w, na, A |
parallels) 3 - ' O e, A
. . a u
On-magnetic behaviour due to CEF?? NO. O o N :
H ¢ N pon, |
High ymeans 5f states at E.. PR . TIP3 N O
m’ipﬁuz NpRN, NpBey, “
N""T Np, Fe | | J
—— T e (13 ‘*Dja o
g, [nm)
Magnetic ordering temperatures of Np intermetallics plotted against interactinide
spacing. (00) Tx; (A) Te; (@) no ordering.
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In compounds — no simple borderline
Local moment does not imply localized 5f states

Uranium compounds - large variety of magnetic properties
(Np, Pu — parallel)

CEF? No - weak paramagnets — low ¥
Approaching magnetic ordering (spin fluctuations)
¥enhancement

5f band intersected by Eg

Sf-5foverlap ......... U-U spacing
Hill criterion - 340-360 pm

Superconducting Magnetic
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Strong spin-orbit interaction in actinides — orbital moments induced
even in systems of itinerant electrons

Implications for relation of bonding directions and easy
magnetization directions

The compression of the 5f charge towards the bonding directions =——>
Population of the states with orbital moment

perpendicular
y _ Easy axis
\L;’ o anisotropy for
&

‘//. s planar bonding

"a bvidization

/

Easy-plane anisotropy for columnar bonding

Strong bonding directions often coincide with
The shortest U-U links

Twao-ion anisofropy
(CEF === single ion anisotropy)

The same distinct type of anisotropy in paramagnetic and ordered
state

Estimate:

- from intercept of hard- and easy-axis magnetization 10°- 10° T

- from difference of respective paramagnetic Curie temperatures
10°-10°K

(similarity to monoatomic layers)
Electronic and magnetic structure strongly interconnected e—--

any change of magnetic structure induces strong Fermi surface
reconstruction (even if moments do not change much)
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Il. MAGNETIC ORDERING AND ELECTRICAL RESISTIVITY

Metallic materials with atoms carrying magnetic moments: 1.2 | T T
{ )g/) A0 H 7 (‘_.
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- - 05 : i 1
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Other approach — LSDF calculations ab initio, total energy,

orbital polarization, ASW
(Sandratskii and Kiibler) U,Pd,Sn

LY < ’
O, Bl ’
“o .o s
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L and S need
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collinear

- NC4
'NC3

[ NC2
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F NC1

Narrow 5f-band system

éﬁc.l?and Hubbard” -
model"._ A

Minimum 2

- intraatbmic
Coulorb bands +
interaction-IJ hybridization

- band width-.

decay of mégnetism - monotonous decay of T¢ and
(e.g as a function of pressure)
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> ~Exchange coupling
non-monotonous

Hybridization strength
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FIG. 2. {a) Concentration dependence of T (@) and 6, (4 ). (&) Con-
centration dependence of the magnetic moment in 4T (#) and the effective
moment (& ).

In most of cases — U moment vanishes in the dilution limit

Exception - 0.3% U in gold (Hillebrecht, Sechovsky) — XPS,

susceptibility
Amitsuka — diluted heavy fermions

YRu,Si;-U .......... Kondo
ThRu;Si; - U ........ local moment
ThPd,Si,-U ........ local moment

Metamagnetism
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N(E)

energy

AE,;, = N(Eg )(5E)2

AE,, =-U[N(E,)SE)[

Stoner criterion

U N(E;) = 1....spontaneous splitting

magnetic field can help to bring up to instability
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Local probes

« Neutron diffraction
Analysis of form factor in high-field state
iNB=1T: =060 py  us=-0.28 p,
Heo= 0.06 g
inB=8T: 141=0.79 py Hs=-0.40 p,
Heo= 0.07 g
Javorsky et al. 2002

NMR

Decrease of the spin-lattice relaxation time
1/T, at the metamagnetic transition (on
Co)

lwamoto et al. 2001
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Critical point — minimization of free energy F = U — T*S 60

Increase of entropy due to thermal fluctuations

Decay of magnetism due to other ‘control’ parameter 50 ¥
£ (concengtration, pressure)

If Tc —0, quantum fluctuations start to be important

N
o

1 —
Hubbard Hamiltonian -/ = ~ /¢
[ =
Quantum fluctuations at the critical point adding extra degrees
of freedom - like extra dimensions, depending on propagation and
damping of magnetic fluctuations

Non-Fermi liquid behaviour

z (108 m¥mol f.u.)
w
S

Landau Fermi liquid theory

N
o

1

FL-C=T

T

. 0 50 100 150 200 250 300
T(K)
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Effects of
pressure
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These things are not really new — theory of weak itinerant

metism

L= g iuijirit diiad

Mathon 1968  p=bT%"......Z1Zn,, TiBe,, NiAl

Selfconsistent spin fluctuation theory — Moriya, Ueda
1970-90

A0 n=3/2 (aisdiverging)

1¢.:oh

Mishra and Sreeram PRB 1998  n decreases with
decreasing dimensionality

p

Band metamagnetism YCo,

Theories -

1. Spin fluctuations — Landau Ginzburg; free energy
expansion including M term

(Yamada)

2. Two competing states, one with zero spontaneous

magnetization

control parameter
X, H

M eE
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Rule of magnetovolume effects in
itinerant systems

AV o« M?

In UCoAl

Aalax (AM)*
AM =AM, —kbda
...................... i.enot dp, or OV

Critical pressure to suppress
metamagnetism - about 60-70 kbar

Landau-Ginzburg theory

1000
800
600 |
400 ¢
200 |

0

-200

-400

0 2 4 6 8 10

F=aM?+bM*+cM°®

b<0,a>0,c>0

Yamada — extended the Moriya SF theory
b— mode — mode coupling

Ux(T)=a+5/3b ET)? +35/9¢ &T)*
&(T)* —mean square amplitude of spin fluct.
-increases with increasing 7'

archetypal band metamagnet YCo,
B ~70T
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Uniaxial pressure
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Models

Yamada theory extended

to uniaxial case

(but needs still the 6™ order
term on the free energy
expansion series)

s Takahashi-Sakai
two different phases, each
without the 6% order term.
Both with spin fluctuations,
one with zero-point SF. The
high-field state equivalent to
Ferro state (linear Arrott plots
above the transition)

But none explains so far
the NFL behaviour

Plutonium

An element at oddswith itself

lutonium is a physicist's dream but an engineer’s nigh With little

wuvmﬁon.ﬂummchmﬂiu‘mhy!'mmhuum.llan

be as brittle as glass or as malleable as aleminum; it expands when it solidi-
fies—much like water freezing to ice; and its shiny, silvery, freshly machined
mfmvmmmﬂlmmkuhlﬂlymmuunmudmﬂymdmmzn
solution, forming multiple comp p in the envi and dur-
ing chemical p ing. It by ioactive decay, causing damage to its
mmﬂhﬂmhﬁiﬂdhﬁm americium, uranium, neptunium, and
mrmrmmhndmmsmmmwmmtndummn
hhn&.muk-wt&ﬂyﬂlysmwwldﬂcmdmmm

m:@-mum:bymdmhu—ucthdwdb

y nuclear prop 239,

Plutonium, the Most Complex Metal

Plutonium, the sixth member of the actinide series, is a metal, and like other
metals, it conducts electricity (albeit quite poorly), is electropositive, and dissolves
nnmﬂﬂmhumdydﬂw—mmmmuuuu—ﬂu
it is healed, it begins (o show its incredible
dmnmch;ﬂnchanmequwmumwmdmhww

hmMMMM
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o ! Juint Research Centre

Background information - Th to Pu just plain band picture

T
vz 40.8 eV (UPS) —

lecalized St stotes-
“rmultiplet ™

PHOTOELECTRON INTENSITY (arb. units)

no occupied Sf states
1 .

J. Naegele, 1980s

9 -

Egs0

BINDING ENERGY Eg (eV)

Fig. 5. UPS conduction band spectra for actinide metals from
Th to Am for 40.8 eV excitation.

im.-g (arb. :gu) §

Z

intensity (a.u.)
O =2 NWAMNMO = N W & O = NGB

PuSb
hv=21.2eV

N\ sb-Sp

| hv=40.8eV
diff.

PuSe

6 4 2
binding energy (eV)
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intensity (a.u.)

430
binding energy (eV)

(a) 8-Pu (constrained)

Intensity (arbitrary units)

(b) 8-Pu

Intensity (arbitrary units)

Intensity (arbitrary units)

1 1

1 1 !

=30 -25 -2.0

Number 26 2000 Los Alamos Science

-15 =10 0.5
Binding energy (eV)

Actinide Ground-State Properties

of states is found to be contained in a
narrow region within 0.5 ¢V of the Fermi
energy (similar to uranium results). This
result is clearly at odds with experiment
and reinforces the notion that at least
some of the 5f electrons are localized.
The c-plutonium caleulation and
measured spectrum are compared in
Figure 1(c). Some puzzling problems
become evident because the sharp struc-
ture near E, clearly observed experi-
mentally, is not well reproduced in an
unconstrained GGA calculation. Conven-
tional wisdom states that ct-plutonium
is much like a transition metal with
conventional bands. A sharp peak at
the Fermi energy would suggest that
even this transition-like material exhibits
strong correlation cffects. But the sharp
fieature in the c-plutonium spectrum
occurs at 100 meV below Ey, and it
therefore calls into question the correla-
tion effects. Moreover, one would not
anticipate electron-¢lectron comrelations
in a system with a femperature-indepen-
dent susceptibility as well as a denscly
packed crystal structure, in which direct
-f overlap is possible. Nonetheless, we
must recall that o-plutonium 4f core lev-
els show satellite behavior similar to, yet
not as intense as, that in 8-plutonium.
Perhaps correlation phenomena are im-
portant in spite of the 5f maximum oc-
curring at 100 meV below £. A reason-
able calculational approach for
a-plutonium might be one of renormal-
ized bands, in which the Hubbard Hamil-
tonian is introduced as a perturbation on
GGA-derived bands. Vanation of
the Coulomb correlation energy interac-
tion U controls the strength of the elec-
tron-electron correlations. This approach
may solve the problem for a-plutonium
but is more problematic for 8-plutonium,
whaose GGA-calculated bands are too
narrow compared with experiment.
The structure at 1 eV may not be repro-
duced by renormalization. »

153
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a-Pu surface prepared at various temperatures

8-Pu, TTK

intensity (arb. units)

77K -l
D C BA

4 2 0
binding energy (eV)
Elucidates the discrepancies between different authors:

low-T preparation - triangular shape, no details
high-T - features of 8-Pu

Explained by theoretical work Eriksson et al., PRB 1992.
Shows that 3-Pu should be stable at the surface of a-Pu due
to lower coordination.

Monoatomic Pu layers on Mg

Very small intermixing of
Pu and Mg

Depostion at room 7 -
Pu islands

Deposition at approx. 100
K -nearly homogeneous
coverage
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Peak A - not pure 5f




