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Th e basi c pr oper ties of magnetism depend strong ly on the spin and
orbital comp onents of magneti zati on . I nf ormation about the magnetic mo -
ments can b e gained using new techni ques, li ke X -ray magnetic circular
dichroism or C ompton scattering, develop ed at third- generation synchrotron

sources. A fter a brief intro duction to the basic princip les of these new mag-
netic to ols, examples of exp eriments on 5 f -electron based systems are pre-
sented.
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1. I n t rod uct io n

Up to the earl y nineti es, neutro n scatteri ng and hyp erÙne intera cti on mea-
surements (NMR , M �ossbauer, etc. ) were tra di ti onal m etho ds used to expl ore the
m icroscopi c nature of the m agneti sm of new m ateri als. The experim ental situa ti on
gained a dram ati c im pulse wi th the advent of thi rd-generati on synchro tro n sources
whi ch provi de intense photo n Ûuxes wi th tuna ble polari zati on and energy. Thi s
led to a prof usion of new techni ques l ike X- ray magneti c di ˜ra cti on (resonant and
non-resonant), circul ar dichro ism, Com pto n scatteri ng, or nucl ear forwa rd scatter-
ing whi ch have opened up new possibi l i ti es to probe m agneti sm [1{ 3].

In thi s paper, we wi l l restri ct ourselves to X- ray m agneti c circul ar dichro ism
(XMCD ) and m agneti c Compto n scatteri ng (MCS) techni ques whi ch both requi re
ci rcul arl y polari zed X- rays and the presence of a net m agneti zati on in the studi ed
sam ple (general ly a ferro- or a f errim agnet). In the case of XMCD the photo n
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energy is tuned around the thresho ld (absorpti on edge) exci ta ti on of a core electron
into the unÙlled part of the valenceband. The integ rated intensi ti esof the dichro ic
signals al low, wi th the help of sum rul es, to determ ine the indi vi dua l orbi tal and
spi n mom ents of a given electroni c shell of a speciÙc element [4, 5]. MCS is a
techni que solely sensiti ve to spin magneti zati on and, because i t is an incoherent
scatteri ng process, only the to ta l spi n magneti zati on is m easurabl e [6, 7]. Ho wever,
in som e favourabl e cases site or even shell speciÙc inform ati on can be extra cted
from the analysis of the m agneti c Compto n proÙle.

T o i l lustra te the possibi l i ti es of both techni ques we wi ll present exampl es
of experim ents done recentl y on ura nium compounds [8{ 18]. D ri vi ng these series
of experim ents was theory whi ch m ade interesti ng predi cti ons about the orbi ta l
m oments of i ti nerant f electro ns [19]. It wa s conÙrm ed experim ental ly tha t f

electrons lose som e of thei r orbi ta l character in i ti nerant compounds. The second
interesti ng aspect was the demonstra ti on tha t d -conducti on electrons could carry
weak orbi tal m om ent [15]. Fi nal ly, we wi l l show tha t XMCD exp eriments on ura-
ni um based m ulti layers [15] pro vi de uni que inform ati on di £ cul t to atta in by other
m etho ds l ike neutro n reÛectom etry [20].

2. M agn et ism | sp in an d or b i t a l m om en ts

Orbi ta l and spin m agneti c m om ents are the m ost funda menta l quanti ti es for
understa ndi ng the m acroscopic m agneti c pro perti es of m atter. These mom ents are
determ ined by the interpl ay am ong several e˜ects : hybri di zati on (or band wi dth
W ), exchange (Â ex c h), and Coulomb (Â C ) intera cti ons, spin{ orbi t coupl ing (Â SO ),
and crysta l Ùelds (Â CF ). Typi cal energy scales for these di ˜erent intera cti ons for
acti ni des (5 f ), lantha ni des (4 f ) and 3 d tra nsiti on m etals are summ arized in T a-
bl e I.

T ABLE I

T ypical energy scale (in eV ) for bandw idth
( W ), exchange ( Â e xc h ), Coulomb ( Â C ),

spin {orb it ( Â SO ) and crystal Ùeld ( Â C F )
interactions for 5 f , 4 f , and 3 d transition
metals.

5f 4f 3 d

W 2{5 1{2 5{10

Â exc h ¤ 0: 01 0.001{0. 01 ¤ 1

Â 10 20 10

Â 0 :3 0: 1 0 : 05

Â 0 : 01 0: 1 < 0 : 01 1
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The standard model for 4 f magneti sm (except f or anom alous 4 f elements
l ike Ce) is based up on the appro xi m ati on tha t the 4 f states are ato m ic-l ik e, i .e.,
the m agneti sm is local ized. The rati o R = ñ L =ñ S , where ñ L i s the orbi ta l mom ent
and ñ S the spin m oment, is easy to calculate. It is given by the expression

ñ L =ñ S =
2 À g J

2 (g J À 1 )
; (1)

where gJ i s the La ndÇe f actor in the Russell { Saunders (R S) coupl ing.
As long as Â SO Â CF , there is no mixi ng of J states and the value of R

i s independent of the crysta l Ùeld ground state. Ho wever, the to ta l 4 f m om ent is
general ly reduced com pared to the free-ion g J ñ B value.

In contra st, in 3 d m etalsthe 3 d band wi dths are large (a few eV), the 3 d states
are components of the conducti on electro n band structures and thei r magneti sm
is accounted for by i ti nerant m odels. The orbi ta l m oment is almost com pletel y
quenched (e. g. ñ = 0 : 1 4 ñ B and ñ = 1 : 6 4 ñ B for Co). The observed ti ny orbi ta l
m oment ari sesfrom the spin{ orbi t intera cti on.

As shown in T able I, the 5 f band wi dths of the acti nides are in between
tho se of 3 d tra nsiti on m etals and lantha nides wherea s the spin{ orbi t intera cti on
Â SO (5 f ) is large in com pari son. The standard m odels devel oped for 4 f and 3 d

m etals cannot be, general ly, appl ied to the interpreta ti on of the magneti sm of
the acti nides. In fact, i t wa s shown both theoreti cal ly and experim ental ly tha t
the orbi ta l m oments are reduced when the 5 f states are i ti nerant but, unl ike
the 3 d tra nsiti on m etal system s where ñ 0 , the i ti nerant 5 f states reta in a
large orbi tal character (in many cases the orbi ta l mom ents overcom e the spin
contri buti ons). The reducti on of the rati o R , given by expression (1) where g

i s now calcul ated wi thi n the fram ework of interm ediate coupl ing (IC), com pared
to the free ion values, reÛects somewhat the 5 f spd hybri dizati on strength [21].
Stro ngly depressed R values were found in the i ti nerant system s UF e , UNi ,
NpCo , and PuF e [21].

Up to recentl y m easurement of the form f actor f ( Q ) by polari zed neutro n
techni ques wa s alm ost the uni que to ol whi ch could determ ine the indi vi dual spin
and orbi ta l m oments [22]. W i thi n the di polar appro xi m ati on, the magneti c am pl i -
tude is given by

ñf ( Q ) = ñ [ j + C j ] ; (2)

where C = ñ =ñ ; j and j are ta bul ated f or given ioni c conÙgurati ons as a
functi on of the m odul us of the scatteri ng vecto r Q = sin ˚ =Ñ:

Thi s metho d is special ly well suited for cases where the 5 f (or 4 f ) orbi ta l
and spi n contri buti ons are in opposite di recti ons (l ight 4 f and 5 f elements) and of
comparable magnitude (e.g. UFe ). One of the weaknesses of neutro n form factor
m easurements is tha t they fai l to detect 6 d (or 5 d )- l ik e m agneti zati on densiti es.
Such m agneti zati on densiti es coul d be picked up by XMCD or MCS techni ques
whi ch theref ore are compl ementa ry to polari zed neutro n exp eriments.
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3. X -r ay m agn et ic ci r cu l ar d ichro ism

In an XMCD experim ent one m easures the di ˜erence in absorpti on (¥ +
À ¥ À )

between left (p ositi ve hel icity) and ri ght (negati ve hel ici ty) handed ci rcul arl y po-
lari zed X- rays duri ng the process of electro nic tra nsiti ons from core states to un-
occupied valence states (Fi g. 1). XMCD requi res the presence of a net m agneti c
m oment. It is thus general ly restri cted to ferromagnets (or ferri magnets), but i t
can be appl ied to param agnets or even anti ferromagnets i f they can be polar-
ized by an intense externa l Ùeld. Exp erimenta l ly the di chroic signal (¥ +

À ¥ À ) is
observed in the vi ci ni ty of an absorpti on edge. It is only a few percents of the
to ta l absorpti on. It was dem onstra ted both theo reti cal ly and experim enta l ly tha t
inv erti ng the externa l Ùeld (often easier) or the sign of the circul ar polarizati on
gives the same dichro ic spectrum . The choice of the absorpti on edge m akesXMCD
a uni que element and electro nic shell speciÙc to ol .

Fig. 1. N ormal geometry for X MC D experiments. T he X MC D signal is the di˜erence

in the absorption when either the handedness of the X -ray (RC P/ LC P) or the direction

of the external Ùeld ( B ex t ) is reversed.

The ori gin of the XMCD signal is easiest to understa nd by taki ng an ato m ic
m odel as a starti ng point and consideri ng the electro nic tra nsiti ons governed by
the electri c di pole (E 1 ) selecti on rul es: Â l = 1 and Â m = +1 (p ositi ve helic-
i ty , left polari zati on), and Â m = 1 (negati ve hel icity , right polarizati on) where
Â l , Â m are the di ˜erence between the ini ti al and Ùnal orbi ta l and m agneti c quan-
tum numb ers, respect ively. Fi gure 2 i l lustra tes how the selection rul es lead to the
observati on of a dichro ic signal . For photo ns wi th positi ve helici ty the tra nsi ti on
from the core state 0 ; 0 to the unoccupi ed 1 ; 1 state is al lowed. In contra st,
for photo ns wi th negati ve hel icity the tra nsi ti on to the Ùnal state is forbi dden as
the 1 ; 1 state is al ready occupied. Hence, a large XMCD signal results.

For rare-earth com pounds the M and L edges are the most studi ed [24]
wherea s for 3 d tra nsiti on meta l compounds the L edges are the m ost use-
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Fig. 2. Simpli Ùed energy level diagram of an atom containing eight electrons and il-

lustration how the electric dip ole selection rules lead to a large X MC D signal (af ter

A ls-N ielsen and Mc Morrow [23]).

ful [25, 26]. XMCD experim ents on acti nide com pounds were so far essential ly
l im ited to the M 4 ; 5 edges (T able I I). Al l these edges are spli t by the spin{ orbi t
coupl ing acti ng on the core-hole. They al low to probe the f ( M 4 ; 5 edges) or d ( L 2 ;3

edges) shells whi ch carry a m agneti c mom ent.

T ABLE I I

U seful absorption edges for X MC D studies of 3 transition
metal, rare- earth and actinide comp ounds.

3 transition metal 2 3 (400 1000 eV )

compounds

Rare- earth comp ounds 3 4 ( 800 1600 eV )

2 5 (5 10 keV )

Actinide comp ounds 3 5 (3 5 keV )

Two im porta nt m agneto-opti cal sum rul es have been deri ved by Tho le et al .
[4] and Carra et al . [5] whi ch al low to deduce element speciÙc orbi ta l ( L ñ )
and spin ( 2 S ñ ) m oments from XMCD experim ents.

The Ùrst (or orbi ta l ) sum rul e l inks the integrated dichro ic signal over the
two edges to the ground state exp ectati on value of the z -component of the angular
m omentum acti ng on the shell whi ch receives the photo electron in the Ùnal
state.

For a tra nsi ti on between a core level c to wa rds a valence level l wi th n

electrons in the ground state, the orbi ta l sum rul e wri tes

L

n l
=

( ¥ ¥ ) d!

( ¥ + ¥ + ¥ ) d!
: (3)
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n h i s the numb er of holes in the l shell ( n h = 4 l + 2 À n ) ; ( ¥ + + ¥ À + ¥ 0 ) =3

corresponds to the non-polari zed absorpti on spectrum . The integ ra l over J + and
J À i s over the J = c + 1 =2 and J = c À 1 =2 edges energy range. For M 4 ; 5 edges,
c = 2 and l = 3 , wherea s for L 2 edges, c = 1 and l = 2 :

The second (or spin) sum rul e relates a l inear combi natio n of the XMCD
signals at the core spli t edges to the avera ge values of the operato rs S and T

acti ng on the shell whi ch receives the photo electron in the Ùnal state. Keepi ng
the sam e nota ti on as above and assuming the energy separati on between the two
edges is large enough to al low integrati on over separate energy ranges, the spin
sum rul e wri tes

2

3 n h

S +
2 l + 3

l
T =

(¥ ¥ ) d ! ( ¥ ¥ ) d!

( ¥ + ¥ + ¥ ) d !
: (4)

S i s the ground state average value of the spin operato r and T of the
m agneti c dipolar operato r = 3 ( ) = . T i s related to the
ani sotro py of the local magneti c Ùeld pro duced by the spin when the valence
cl oud is di storted either by spin{ orbi t or crysta l Ùeld intera cti ons. It is often di f-
Ùcul t to separate T and S al tho ugh i t has been suggested tha t T for 3 d

m etals is negl ig ibl e wi th respect to S . Thi s is generally not the case f or 4 f and
5 f elements where T and S can be of com parabl e m agni tude. The values of

L , S , and T com puted for U (5 f ) and U (5 f ) free ions are given in
T able I II.

TABLE I II

The sum rul es have been appl ied wi th successto the M edges of rare-earth
and acti nides [24] and to the L edges of 3 d tra nsiti on metals [26]. Ho wever,
i t wa s shown tha t they fai l at the L edges of rare-earth com pounds wi th 4 f

m oments [24]. Appl icati ons of the sum rul es requi re a tho rough analysis of the
di ˜erent appro xi matio ns under whi ch they are vali d [28].

Co mpto n scatteri ng is an incoherent process whi ch involves inelasti c scatter-
ing of photo ns by electro ns (Fi g. 3). The scatteri ng for polarized photo ns from a
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stati onary free electron is described by the cross-section wri tten as [29]:

d¥

d ¨
=

r 2
0

2

˚
k 2

k 1

Ç
2

ç

1 + cos2 ˚ + P l sin2 ˚ +
ñh ( k 1 À k )

mc
(1 cos ˚ )

+( cos ˚ 1 ) P
ñh ( cos ˚ + )

mc
: (5)

( ) are the wa ve vecto rs of the inci dent (scattered ) photo ns, ˚ i s the scatteri ng
angle, r | the Tho m son scatteri ng length (2 :8 1 8 1 0 m), P and P are
the degrees of l inear and ci rcul ar polari zati on of the beam, m i s the electron rest
m ass, c | the veloci ty of l ight and § i s a uni t vecto r indi cati ng the electron
spi n di recti on. There is no term associated wi th the orbi ta l m agneti zati on because
wi thi n the im pul se approxi matio n the intera cti on ti m e is m uch smal ler tha n the
orbi tal period [6, 7].

In practi ce, the electrons wi l l always possesslinear m omentum and for a Ùxed
scatteri ng angle, the energy spread of the scattered beam due to the moti on of the
scatterer yi elds the quanti ty cal led the Com pto n proÙle denoted J ( p ) (Fi g. 4).

It is the pro babi li ty of Ùnding an electron in the scatterer wi th a com ponent
of m omentum p along the scatteri ng vector . It is deÙned as the pro j ection n ( )

of the electron mom entum density as f ollows:

J ( p ) = n ( ) dp dp : (6)

The m agneti c Com pto n proÙle rel ies on the spin resolved quanti ty . It is given by

J ( p ) = n ( ) n ( ) dp dp ; (7)

where n ( ) and n ( ) are spin up and spi n down distri buti ons.
Actua l ly, the cross-secti on for the Co mpto n scatteri ng consists of a spin-

- independent term cal led the charge term , plus a term whi ch is l inearl y dependent
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Fig. 4. C ompton scattering pro cess when the scatterer has a Ùnite momentum. T he

spread in energy of the C ompton p eak (Doppler shif t) due to the motion of the electrons

in the scatterer yields the electronic momentum distribu tio n called the C ompton proÙle

J ( p z ) .

on the ini ti al electron spin, the m agneti c term [1]. Thi s is best i l lustra ted by
exam ini ng the di ˜erenti al cross-section d 2

¥
d ¨ dE 2

, whi ch fol lows from expression (5):

d2 ¥

d ¨ dE 2

m

h K

d¥

d¨
J p

d¥

d ¨
J p (8)

wi th

d¥

d¨

r k

k
cos ˚ P sin ˚

h k k

mc
cos˚ (9)

and

d¥

d¨

r k

k
cos ˚ P c

h cos˚

mc
: (10)

Insp ection of these equati ons shows tha t the magneti c contri buti on, i .e, the
m agneti c Co mpto n proÙle can be isola ted from the di ˜erence in cross-secti ons
when the di recti on of the spin vecto r is reversed by appl yi ng an externa l m ag-
neti c Ùeld. Mo reover, Eq. (10) indi cates tha t the m agneti c signal is m axi mi zed by
wo rki ng at high energies and at backscatteri ng geom etry ( ˚ ). The m ag-
neti c scatteri ng is onl y a smal l f racti on (general ly smal ler tha n 1%) of the to ta l
scatteri ng.

The area under the Co mpto n pro Ùle, J p integ rated over al l momenta,
is equal to the to ta l numb er of electrons Z invol ved in the scatteri ng pro cess,
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R
J ( p z )dp z = Z , wherea s the area under the m agneti c Compto n proÙle is equal

to the spin m oment of the inv estigated sam pl e,
R

J m ( p z )dp z = ñ S . The m easure-
m ents are general ly cal ibrated by measuri ng, wi th the sam e experim enta l setup
and geom etry , the m agneti c Co mpto n pro Ùle of ferromagneti c i ron whi ch has a
wel l -known spin m oment (ñ Fe

S
= 2 : 1 2 ñ B ).

The measured magneti c Co mpto n proÙle of a f erro- or ferri m agneti c sampl e
conta ins contri buti ons from al l electro ns wi th unpa ired spins. However, the site
(or even shell) spin mom ents can be deduced because the m omentum distri buti ons
associ ated wi th each site (shel l ) are general ly signi Ùcantl y di ˜erent. As an exampl e
we show in Fi g. 5 the ato mic Com pto n pro Ùle of Rh 4 d , Ce 4 f , and Ce 5 d used
to analyse the magneti c Compto n proÙle of the f erromagnet CeRh3 B 2 [31]. One
can noti ce tha t the Ce 4 f electro ns are more ti ghtl y bound and theref ore have a
bro ader Compto n proÙle tha n the Ce 5 d electrons whi ch are di ˜use and have a
less extended proÙle.

In summary, from the analysis of a m agneti c Com pto n proÙle one can extra ct:
(i ) the sign (i .e. para l lel or anti parall el to the m agneti zati on) and magni tude of
the spin m oment of the inv estigated ferro- or ferri magneti c sam ple, (i i ) possibl y
one can di stinguish the contri buti on of di ˜erent electro nic shells from di˜erent
chemical elements [32].

5 f

In thi s section we wi l l Ùrst report on XMCD and/ or MCS exp eriments
perform ed on bul k urani um compounds wi th di ˜erent degree of hybri di zati on:
USb T e (local ized) [10], US (weakl y hybri dized) [8, 15], and UFe (stro ngly
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hybri di zed) [9]. Then, we wi l l present recent XMCD results obta ined on a series
of mul til ayers made wi th urani um .

5.1. U Sb0 :5 T e0 : 5 , U S, and U Fe2

USb 0 :5 Te0 :5 and US whi ch crysta l l ize both in the rock-sal t (Na Cl ) typ e struc-
ture are very ani sotro pi c ferrom agnets (T 200 K and 180 K, respecti vely) wi th
the easy axi s along the [111] di recti on. The satura ti on m agneti c m oment of the ura-
ni um ato m has a value of : ñ for USb T e and : ñ for US. USb T e
is considered as a local ized system wi th a purel y ioni c U conÙgurati on ( f ). In
contra st, US is cl assiÙed as an i ti nerant m agnet; the f electron count is estimated,
from band structure calcul ati ons, to am ount to 2.54. Mo reover, it was anti cipated,
by compari ng neutro n and bul k magneti zati on data , tha t the d electrons in US
are polari zed anti para llel to the f moment [33].

UF e crysta l l izes in the cubi c La ves phase (C structure) and is ferro-
m agneti c below 165 K. Evi dence for strong hybri dizati on between the U f and
Fe d electrons was Ùrst pro vi ded by theo ry and conÙrmed by neutro n form fac-
to r m easurem ents [34]. The m oment on the U ato m is alm ost zero because of the
cancellati on of the orbi ta l and spi n m oments, whi ch are both about : ñ , but
are oppositel y di rected. The hybri di zati on also m odi Ùesthe Fe m agneti c mom ent
whi ch is substa nti al ly reduced from : ñ in pure Fe to : ñ [34].

The XMCD exp eriments at the ura nium M edges were carri ed out at the
Euro pean Synchro tro n Radiati on Facil i t y (ESR F) on the beaml ine ID 12A using
the to ta l Ûuorescence yi eld detecti on m etho d. The absorpti on and the dichro ic
spectra obta ined after correcti on of the raw data for self-absorpti on e˜ects and
energy dependence of the ci rcul ar polari zati on rate are presented in Fi g. 6 for
US [15]. Sim ilar spectra were found for USb T e [10] wherea s the di chroic sig-
nals are about 15 ti m es smal ler for UF e [9]. Thi s reÛects tha t the orbi ta l and spin
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contri buti ons are about an order of magnitude weaker in the latter com pound. A
comm on feature for al l three sam ples is tha t the dichro ic signal at the M 5 edge
presents some structure (a positi ve lobe and a smal l negati ve spl inter) whi le at
the M 4 edge i t consi sts in a bro ad feature. It is worth m entio ni ng tha t, at vari -
ance wi th standard 4 f compounds, ato mic m ulti plet calcula ti ons fai l to repro duce
the deta i ls of the shape of the M 5 dichro ic signal [9]. Calculati ons incl udi ng hy-
bri dizati on e˜ects as wel l as crysta l Ùeld intera cti on are clearly needed. Ho wever,
i t wa s shown qual ita ti vely tha t the observed M 5 l ine shape can be used to access
to the distri buti on of electrons (holes) in the 5 f density of sta tes [14]. One also
noti cesfrom Fi g. 6 tha t the di chroic signals have the sam e sign (negati ve) at both
edges. W i th reference to the Ùrst sum rul e (Eq. (3)) we deduce tha t the orbi ta l
m oments ñ

5 f
L are para llel to the bul k sam ple m agneti zati ons and large for US and

USb 0 :5 T e0 :5 :

The appl icati on of the orbi ta l sum rul e and norm al izatio n to satura ti on at
low tem perature give ñ = 2 : 7 (4 ) , 4.2(2), and 0.21(2) ñ for US, USb T e ,
and UFe , respecti vely. Note tha t the uncerta inty on n in UF e (b etween 11 and
12) was ta ken into account in the error bar on ñ . T o extra ct ñ from the XMCD
data , we need inf orm atio n about T . For USb Te , a local ized system , we can
use the rati o T = S = 0 : 6 2 val id f or U free ions (see T able II I) and then
deduce ñ = 1 : 6 (1 ) ñ by appl icati on of the spin sum rul e (Eq. (4)). The rati o
ñ =ñ 2 : 6 (3 ) is cl ose to the theoreti cal U f ree ion value (see T able I I I).

Let us now deal wi th the case of UFe . The XMCD value of ñ i s in excel-
lent agreement wi th the result given by polari zed neutro n scatteri ng [34]. Because
UF e is a stro ngly hybri dized i ti nerant ferrom agnet i t is expected tha t T i s
stro ngly reduced wi th respect to i ts ato mic v alue. Thi s is in l ine wi th the ob-
served very weak anisotro py. Mo reover, band- structure calcul ati ons and experi -
m ents have shown tha t, in the bul k, the iti nerant magneti c system s Fe, Co , Ni are
characteri zed by T = S lower tha n 0.01 [26]. If we set T = 0 we get f rom
(Eq. (4)) S = 0 : 1 1 (1 ) and ñ = 0 :2 2 (2 ) ñ in accordance wi th the neutro n
data . These results were broadl y conÙrmed by MCS experim ents whi ch in addi -
ti on pro vi ded inform ati on on the ori entati on and size of the di ˜use and i ron spin
contri buti ons [16].

W e wi l l now turn to the m ore di£ cul t case of US whi ch can nei ther be
considered as local ized nor as ful ly i ti nerant. Indeed, setti ng T to zero or the
rati o T = S to either U or U free ion values leads to non-physi cal results.
T o solve thi s puzzl ing probl em we perf orm ed MCS exp eriments on US [15] at the
end-stati on of the beam l ine ID 15A at ESR F.

Fi gure 7 shows the magneti c Com pto n proÙle (MCP) of US. It is negati ve
reÛecting tha t the spin m oment of US is anti para llel to the externa l Ùeld B .
Thi s is exp ected because the magneti sm of US ari sesm ainly from the 5 f electrons
and fol lowing Hund ' s rul e ñ i s anti para l lel to ñ . The analysis of the MCP
pro vi des not onl y the tota l spi n m oment of US, but it al lows also to separate the
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Fig. 7. Magnetic C ompton proÙle of U S (Ùlled circles) at 160 K and 0.9 T . T he energy

of the incident photons w as 104.36 keV and the scattering angle ˚ w as set to 1 71 : 2 £ .

T he Ùt (solid line) w as obtained from 5 f and 6 d f ree atom calculated proÙles of uranium

convoluted by the experimental resolution function. The dashed line is the contribution

of the 5f electrons of uranium [15] .

5 f and 6 d spin contri buti ons (Fi g. 7). Thi s is because the characteri sti c U 5 f and
U 6 d ato mic m omentum distri buti ons, and hence thei r pro jecti ons whi ch consti -
tute the Co mpto n proÙle, are di ˜erent. Actua lly, the mom entum density above
2 a.u. ari ses onl y from 5 f electrons. The com binati on of spin- resolved Com pto n
data wi th the tota l and 5 f mom ents as determ ined by bul k m agneti zati on and
neutro n di ˜ra cti on experim ents leads to the determ inati on of the orbi ta l mom ents
carri ed by the uranium 5 f and 6 d electrons (T able IV). The most ori ginal fea-
ture ari ses f rom the non-vani shing orbi tal m oment for the U 6 d electro ns. Thi s
reÛects a relati vely stro ng spin{ orbi t coupl ing in the 6 d band. In addi ti on, the
data ta ken from T abl e IV, to gether wi th the dichro ism results whi ch provi de a
preci se estim ate ({ 1.56(6)) f or the rati o h L z i =( h S z i + 3 h T ), al low to deduce a
value for T (0 : 4 1 (4 )) in good agreem ent wi th the one (0.36) obta ined by Shishi-
dou et al . [35] from band- structure calcul ati ons. The T value we Ùnd seems to
suggest a 5 f conÙgurati on (after rescal ing the 0.81 free ion value of T by the

TABLE IV

Saturated magnetic moments in U S in ñ units deduced
from MC S experiments values (ñ ; ñ ; ñ ) [15] com-
bined w ith magnetizati on (ñ = 1 :55(2) ) and neutron scat-

tering ( ñ = 1: 70(3) ) data [36] .

ñ ñ ñ ñ ñ ñ

{1. 33(9) 2.88(9) 2.67(8) {0. 97(7) {0. 36(3) 0.21(5)
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facto r 1.7/ 3.30) whereas the rati o R = ñ
5 f

L
=ñ

5 f

S
= À 2 : 7 5 (2 2 ) l ies close to the 5 f 3

conÙgurati on value (T able I I I). W e m ust however be aware tha t neutro n, XMCD ,
or MCS results have been deduced using free ato m parameters.

5.2. U {A s/C o mul t i layer s

Fol lowi ng the di scovery of large magneto -opti cal Kerr e˜ects (MOKE) in
ura nium compounds at low tem perature [37] much attenti on wa s paid to the fab-
ri cati on of materi als conta ining uranium whi ch exhi bi t large MOKE at ro om tem -
perature. Af ter unsuccessful attem pts involvi ng U{ As Ùlm s doped wi th Co [38],
the interest turned to U{ As/ Co multi layers whi ch present large Kerr ro ta ti on at
room tem perature. Thi s observati on was ascribed to an exchangeinduced m agneti c
m oment in the U{ As layers by the cobal t [39]. T o conÙrm thi s claim , polari zed
neutro n reÛectivi ty m easurem ents were underta ken but they fai l to determ ine un-
am biguously the m agni tude of the m oments in the consti tuent layers owi ng to the
large ferrom agneti c signal from the cobal t [20]. Thi s led us to perf orm XMCD
m easurements at the urani um M 4 ; 5 edges in order to pro be the 5 f magneti sm and
determ ine the ura nium m oment.

W e exam ined three of these multi lay ers wi th di ˜erent combinatio ns of am or-
phous U{ As and pure crysta l line Co wri tten in the form

Co (200 ¡A ) [U À As ( t ¡A ) =Co( 20 ¡A ]n

wi th U/ As rati o of ¤ 1 : 5 and t = 4 0 ¡A, n = 2 0 ; t = 6 0 ¡A, n = 1 5 ; t = 8 0 ¡A,
n = 1 2 , respecti vel y. They were fabri cated at IBM and thei r pro perti es studi ed
usi ng techni ques incl udi ng polar Kerr rota ti ons and SQUID m agneto metry [39, 40].
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From a Ùrst set of XMCD experim ents at 35 K and B ex t = 4 T i t was con-
cl uded tha t the U{ As layers carry a urani um magneti c moment in al l investigated
m ulti layers. Appl icati on of the sum rul es assuming an ionic U3 + conÙgura ti on
led to the f ollowi ng estimates for the avera ge ura nium m om ents: ñ 5 f = 0 : 8 (2 ) ñ B

( t = 8 0 ¡A), 0.7(2)ñ B ( t = 6 0 ¡A), and 0.4(1)ñ B ( t = 4 0 ¡A). The reducti on of ñ 5 f

wi th decreasing U{ As layer thi ckness was ascribed to the interdi ˜usi on of Co in
U{ As layers leading to the form ati on of magneti c dead layers of about 13(2) ¡A at
each interf ace. Thi s resul t agrees well wi th the analysis of the Kerr ro ta ti on data
[39]. Fi gure 8 clearly dem onstra tes tha t the maxi mum Kerr rota ti on angle is di -
rectl y related to the magni tude of the urani um mom ent. Note tha t when ñ 5 f = 0 ,
the Kerr ro ta ti on angle has a Ùnite value, the so-cal led opti cal constant e˜ect.

Fig. 9. T emp erature dependence of the reduced uranium moment for the multilayer

w ith t = 80 ¡A . The solid line is a calculated curve using a mean Ùeld model taking into

account that B = 4 T and assuming that the exchange Ùeld due to the C o layers

amounts to B 6 T . T he C urie temp erature of the U {A s layers w as set equal to

100 K [15] .

Am ong the multi layers inv estigated only the one wi th the thi cker U{ As lay-
ers ( t = 8 0 ¡A) exhi bi ts a dichro ic signal at room tem perature. The tem perature
dependence of the reduced ura nium mom ent f or the multi lay er wi th t = 8 0 ¡A is
shown in Fi g. 9. The room tem perature U m oment in the U{ As layers is about
0.05ñ B , a value signi Ùcantl y smal ler tha n the one (0.14ñ B ) estim ated by Fum agal li
et al . [39] by combi ning magneti zati on and Kerr rota ti on data . The XMCD resul ts
pro vi de the m ost cl ear evi dence for an exchange coupl ing between the Co and the
U{ As layers at 300 K. There is no increase in the Curi e temperature of the U{ As
layers compared to U{ As/ Co Ùlms.
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6. Co n cl usion s

XMCD and MCS are now becom ing standard techni ques for the study of the
m agneti c pro perti es of m ateri als. Thei r com plementa ry appl icati on wi th neutro n
scatteri ng m etho ds has been shown to be cruci al in m any inv estigatio ns. XMCD ,
whi ch needs lessmateri al tha n MCS, has been pro ven to be an unv aluable metho d
for the study of nanom agneti c sampl es (Ùlm s, surfaces, m ulti layers). Given the
interesti ng results we obta ined on mul ti layers m ade wi th ura nium , a new Ùeld
awai ts expl orati on.

One of the m ost im porta nt aspect of these new to ols is tha t they allow to
determ ine the size and di recti on of the indi vi dual orbi ta l and spin m oments, and
even thei r anisotro py. The inferred orbi ta l m oments carri ed by the U 6 d electrons
in US or the Ce 5 d electrons in CeRh3 B2 [31] came as a surpri se because i t was
general ly bel ieved tha t thei r band wi dths are so large tha t they cannot sustain an
orbi tal m oment despite the stro ng spi n{ orbi t intera cti ons expected for the U 6 d

or Ce 5 d bands.
The kno wl edgeof the di ˜erent orbi tal and spin contri buti ons to the magneti -

zati on density of a m ateri al pro vi des the m ost cruci al test not only for band- struc-
ture calcul ati ons but also for the appro xi mati ons underl yi ng them . Sta te of the art
band calcul ati ons allow now even to di rectl y com pute either the dichro ic signals
[35, 41] or the m agneti c Com pto n proÙles but the latter were so far l im ited to
sim ple ferromagnets l ike Ni or Gd [42, 43].

D espite the rapi d pro gresses m ade by theory these last years, som e exper-
im enta l resul ts rem ain puzzl ing. Am ong them is the observati on of a large en-
hancement of the dichro ic signal when the pho tons energy is tuned around the
K -absorpti on edge (1 s ! p ) of a nom inall y non-m agneti c anion in certa in ura-
ni um com pounds (e. g. US [44]). Al tho ugh the dichro ic signal could inv olve the
hybri di zati on of the ani on p orbi ta l wi th the uranium 5 f magneti c states, its giant
enhancement (250 ti mes bigger tha n the signal at the iron K edge in pure ferro-
m agneti c i ron) does not im ply a large moment at the S ato m (an upper bound of
the S m om ent was estim ated by neutro n scatteri ng to amount to 0.02ñ B ) [36].
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