PHYSICAL REVIEW B VOLUME 53, NUMBER 21 1 JUNE 1996-I

X-ray-absorption sum rules in jj-coupled operators and ground-state moments of actinide ions
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Sum rules for magnetic x-ray dichroism, relating the signals of the spin-orbit split core level absorption
edges to the ground-state spin and orbital operators, are expreg$erbinpled operators. These sum rules can
be used in the region of intermediate coupling by taking into account the cross term betwgenl th&/2
ground-state levels and are, therefore, particularly useful in the study of actinides. The calculated expectation
values for the ground-state moments of the actinide ions in intermediate coupling show that the spin-orbit-
induced operators, such as the magnetic-dipole term, differ strongly from their Hund’s rule ground-state values.
We also prove the general rule that, when there is a perturbing interaction which is weak compared to the
spin-orbit interaction, the ratio of operators with the same total moment remains constant. This condition is
usually fulfilled for the crystal-field interaction in the lanthanides and actinides. The values of the ground-state
moments as a function df count give rise to an interesting trend in the dichroism of the spin-orbit split-core
edges. The branching ratio of the &nd 4d circular dichroism signal gradually increases from nearly zero for
5f! to ~0.4 for 5f°> and is close to unity for a more than half-filled shell. The unusual behavior of the
branching ratio can be related to the higklemwer) value of the magnetic dipole terr,, for a less(more
than half-filled shell of the actinides in the presence of spin-orbit interaction. Uranium compounds will have a
much larger value of, than the correspondingf4&compounds. Its precise value can be used as a measure for
the f count.[S0163-18206)02521-(

[. INTRODUCTION pic 3d and 4d absorption structures for a number of U sys-
tems and a few Th compounds, and observed very strong
The basic properties of magnetism depend strongly on thevhite lines with hardly any fine structure within each line, in
spin and orbital components of the magnetization. These magreement with calculated resultsThe interest in dichroic
ments are determined by the interplay of the hybridizationcore-level spectroscopy of magnetic actinide compounds was
exchange, and Coulomb interactions, crystal-field and spinprompted by the observation of 5—6 orders of magnitude
orbit coupling. Actinides are characterized by a strong spinenhancement in magnetic x-ray diffraction at thiee®iges of
orbit interaction and a variable degree of localization of theuranium arsenid& resulting in intensities of about 1% of
5f electrons which induces a wide variety of magnetic bethe charge scattering. As in the case of XAS the resonance
havior, such as Pauli paramagnetism, itinerant magnetisnenhancement at the Ud3edge is due to the electric-dipole
heavy fermions, quadrupolar Kondo effect, and exotictransitions from the spin-orbit split core levels into the nar-
superconductivity~® Not only in ionic compounds but also row 5f band. More recently strong magnetic x-ray dichroism
in dilute alloys the 5 electrons are relatively localizdd ~ (MXD) was observed in the U B edge of uranium
The magnetic ordering is often caused by an indirect coumonosulphid&® and USR:Te,s and UFe.'* Whereas the
pling of the 5 moments through the valence electrons in thedichroism signal is very strong at the Wi 3,, there is only a
compound, such as in the Ruderman-Kittel-Kasuya-Yosidamall signal observed at the W3, edge.
(RKKY) coupling® The electrostatic interactions in the 5 The information about the magnetic moments can be ex-
configuration for the actinide ions are comparable to those itracted by using the sum ruléSwhich relate the integrated
the 4f configuration for the rare-earth ions. However, tife 5 intensities of the spin-orbit split core levels to the one-
spin-orbit interaction is about twice as large as thespin-  electron operators of the ground state. The spectral distribu-
orbit interaction. Therefore, g -coupled ground state is bet- tion further contains information about the correlation be-
ter approximated by the actinides than by the rare earthsyeen the electron but if, as in the sum rules, we integrate
which have an almodtS-coupled ground state. But since the over all final states these effects are averaged out. For a core
electrostatic interactions cannot be neglected the ground stalevel which is split into two well-defined spin-orbit spljt
should in reality be expressed in intermediate coupling.  levels the relative intensities give information about spin-
Actinide compounds display large white lines at thedependent quantities, such &sandT,. When core-valence
threshold for @ and 4d core excitation in x-ray-absorption electrostatic interactions are of the order of the core spin-
spectroscopyXAS). These lines originate from the dipole orbit interactions, they transfer spectral weight between the
transitions 5"—d°5f"*1, where the core hole spin-orbit in- two spin-orbit split levels. However, this effect is small in
teraction splits the final states into two parts which are welithe 4d—5f transitions, and even smaller in thed-35f
separated in energy. Kalkowsét al1° measured the isotro- transitions.
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TABLE |. The relation between some of the tensor operatof¥’ and the common operators for the
ground-state magnetic moments.

Significance wXyz d shell f shell
Number operator wP%0=n n n

Spin-orbit coupling wiO=(1s) 713 l; -5 I-s 2l.s

; 011_ _ o1

Splr.1 moment . Wl”01_ —5718” —-2S, —-2S,
Orbital magnetic moment wg =—1""L; - 3L, -3l
Magnetic dipole term witl=—(21+3)I 71T, ~1IT, -3T,
Quadrupole moment w302=3[l(21-1)]!Q,, 10Q,, 1 Q,,

Previously, the sum rules have been expressed Sn a b c
coupled operators. In this paper we will express them in Napc= 0 0 O)’ (©)]
jj-coupled operators, which helps in understandingtthe
usual branching ratios which have been measured in ac- _ _ _ 112
tinides. It also provides new insights in the way spin-orbit Uabeig((g 22)!(g—2b)t(g ZX)!>
coupling influences the spectral distribution. We will com- (g+1)!
pare thejj-coupled properties with those obtained lirs g!!
coupling. By taking into account the cross terms between the - (4

X ,
two ground-state level$, ,=1+1/2 the formalism can be (g—2a)!t(g—2b)!t (g—2x)!!
used in any region of the intermediate-coupling scheme.  wjth g=a+b+x. Wheng is even and, b, andc are inte-

This paper serves a dual purpose. It introduces the Sugers we haven,,,=h,,, but wheng is odd n,,,=0. The
rules forjj-coupled operators and it treats the properties ofy_, can also be used for half-integer arguments.
the f-shell ground-state operators. The outline is as follows. The coupled tensora*¥? are the one-particle operators
In Sec. Il the tensor operators InS and jj coupling are  for the orbital(x=0,...,4) and spin(y=0,1) moment of the
defined and in Sec. Il they are expressed in terms of eachhel| coupled to a total moment)( The systematic notation
other. In Sec. IV the expressions for the sum rules are giveriyhich denotes the moments witlyzis useful to derive gen-
In Sec. V we present a general rule relating operators thaira| equations for XAS® (resonantphotoemissiort! ~*°and
couple to the same total moment. This rule remains valid iRaman scattering: The relation between some of the tensor
the presence of a small perturbing interaction. In Sec. VI Weyperatorsw*¥? and the more common operators, such.as
discuss the ground-state moments for thghell coupled in andS,, is given in Table I. The moments witt+y+z odd

the different schemes. As an illustration we discuss in Seq_:jescribe axial Coup”ngs between Spin and Orbit' such as
VIl the trends in the XAS spectra and the dichroic branchingy = —2|=%(| xs). The w?? with z even describe the

ratio over the actinide series. Conclusions are drawn in SeGhape(the Z pole) of the charge distribution and the**?
VIIL. describe spin-orbit correlations.
Similar to the operatorsv for electrons, which contain
Il. TENSOR OPERATORS !II2 in TEq. (1), we can define operatows for holes, cqntain—
o ing I,15. The difference between these operators is a factor
To treat any moment of a shéllcontaining one or more of —1 except for the number operator for which we have

holes one can define tI‘I.ES—COUpled double tenSdT% WOOOZ 4] +2_WOOO, Stating that the number of electrons p|us
holes is 4 +2. For the ground-state moments we will use the
| X | electron operatorsv. However, in spectroscopies, such as
wy= Y I;rnlall mory(—) M “m, £ m XAS, where a core electron is excited into an unoccupied
MM0 10287 1 2 state, the hole operatovs appear naturally.
s y s Alternatively, we can defingj-coupled tensors for the
x(—)s"l( ) shell I with angular quantum number§,=1-1/2 and
o1 M 92 jo=1+1/2:
X y z . .
— - -1.-1.-1 -
X(_)X E+y ”(_g —7 §> Nix nsy nyza 1) VJlJZZE E t ) (_)jlfml J1 zZ J2 -1
¢ g, 11my = 2Mp -m; ¢ my) 1de?

- 5
where the operatdr;w (Ime) creategannihilate$ anl-shell _ o ©
electron with orbital componer and spin component.  With the normalization
The normalizationsn, which remove the square roots, are P+

. ~ .o 1 2
defined as njljzz:A(Jlj2Z)( , ) (6)

_ (2h! (L—21)1(L—2l)! (L—2l)) 2
RN @ A('1'2'3):( (L+1)! ) - @
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where L=I1,+I,+15 and the last coefficient in Eq6) is
Newton’s binomial. Note also thei'tjjz=njz.

Using aijajmz Njm, EQ.(5) gives in the case of electrons
in a singlej level

o _
pl —2 njm=nj,
m;

)

9

e
A= =i,
i

XyzZ_ J1i2XYZ, j1i2Z= j1i27r; i V2R -1,-1,.-1 jo—i
wXZ= ) Clil2yziilaz=> piiej j,] i, ey Dl —)127018 sy sy,

J12 i1z

o o 1 .
VJlJzz:% nyszyzE% nyz[)(y][l1]2]1/2':]‘jljzznlxns‘.y[]xyz(_)J2 iys y s

Table Il expresses theS-coupled operatora™? as linear
combinations of thgj -coupled operators!12?. The number
operatow®® and the spin-orbit operatevr!'° are diagonal in
j, so that

(W% =(n)=(n'1)+(n2), 13

TABLE II. The values of the coefficient€/12¥2 in the trans-
formations w**=%; ; Cll2¥%1122 for the f shell operators.
C(72)(512xyz— _ (5/2)(T/2)y2

wvz C(5/2)(5/2)><yz C(5/2)(7/2)><zy C(7/2)(7/2)><yz
w000 1 0 1
wtio —-4/3 0 1
w0t —20/21 217 -1
wott 5/7 —12/7 -1
w2t 12/7 9/7 -1
w202 617 -3/7 1
wit? -10/21 15/14 1
wi1? —15/7 —-10/7 1
w303 —5/7 4/7 -1
w213 217 —-16/21 -1
w43 55/21 11/7 -1
w04 11/21 —5/7 1
wii4 -7 15/28 1
wd4 —2217 —-12/7 1
wo0° 217 6/7 -1
wts 1/21 —-12/35 -1
w618 2617 13/7 -1
w508 0 -1 1
wo18 0 1/6 1
w517 0 0 -1
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vi2=[j2j-1] > nmj[3mj2—j(j +1)1, (10
m;

where Egs.(8) and (9) give the number operator and total
angular momentum, respectively.

Ill. TRANSFORMS

The tensor operators can be converted into each other
using the transformations

[ x |

11
iz 2

I x |

(12

i1z 2

(W1 =(1s)" X1 -s)

=§(ls>lj; (DL (+ 1) =10+ 1) =s(s+1)]

+1 .
=—I—<njl>+<n12>. (14)

Other operators generally contain crossterjpgj,. The
cross operators are non-Hermitiapti!2?=(—)l2711pl2l1?,
Therefore, Hermitian operatore””* with x+y+z even,
which have real coefficients, contain the differenge/2
— 2112 Since

Clil2xyz= _ ciai xyz (15)

only the values ofc®?(72%YZ have been tabulated, but the
c(72)(5/2x2Y gre of course also present in the transformations
given by Eq.(11). The coefficientC""2(7/2xy2 s (—1)2. For
axially coupled tensore?*2, which are not included in Table

I, the coefficientsC of the crossterms are imaginary:

21+2
21+1

(V11224 ylaliz)

(16)

Some examples will make the use of Table Il clear. Com-
bined with Table | forf shells

20 12
(L=~ 3(wioy = = (1526521 _ = (V527121

+3( v(7’2)(7/2)1>,



S <V(5/2)(5/2)1>Jr 1—2(1/(5’2)(7’2)1)
7

<S§>___ <W011> 14

4 1_2<V 7/2)(7/2)1>

1 4 6
—_ = 21 _ (5/2)(5/12)1\ __ (5/2)(712)1

17

I ; <V(7/2)(7/2>1>,

we can obtain other operators which contain no cross operd-

tOI’S]l#jz

(L) +(S)=(3F%)+(3[H=(3),

(Lo-2(T)=g (399 + 2 (313,

3 1
(SY+ATY=—£ (IP+5 . 19
Table 1Il expresses thi -coupled operators!1/2? as lin-
ear combinations of th& S-coupled operatorsv*’? which
gives the reverse relations of E{.7),

- 5 15
(37%= 12 Lo 7(S)—= (T,

<JZ’2>— <Lg>+ (19

whereJ! has been defined in E¢p).

<Sg> + <Tg>

O v

: Sy
=2, (—)Z*W*S[xyclj]{C .

Xy

o j
=> <—>Jll[clj][1112]1’2{5
Jil2

where thez spectra are connected to the spetraneasured
with q polarized light in a collinear geometry

n&(—)“( MR
—q 0 ¢
Thus, e.qg., for dipole transitions with leftj=1), right (q=
—1) circularly polarized and& perpendicularly polarize¢q
=0) light we have the isotropic spectrulfi=1,+1,+1_;,
the circular dichroism=1,—1_,, and the linear dichroism
12=1,+1_,—2l,.

(21

A. LS-coupled operators

From Eq.(20) we can obtain the well-known sum rules in
LS-coupled operators. In particular foe=c+1, which in-
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~ TABLE Ill. The values of the coefficient€*¥*in the transforms
vhl2?2=3  CYaYZ for the f-shell operators.

itz 202 clz-1)1z clz+)1z
512(5/2)0 3/7 0 =3/7
S712(7120 417 0 37
512(5121 —3/7 17 2[7
5127721 1/14 —4/21 5/42
S712(7121 —27/49 —12/49 —10/49
(5126122 3/7 —6/35 —9/35
527122 -1/7 9/35 —4/35
(712(712)2 25/49 18/49 6/49
(62523 -3/7 9/49 12/49
/5127123 3/14 —15/49 9/98
S712(12)3 —22/49 —165/343 —24/343
5125124 3/7 —4/21 —5/21
512(712)4 —-2/7 22/63 —4/63
7127124 18/49 88/147 5/147
(6/2(6/2)5 -3/7 15/77 18/77
(5/2(7125 5/14 —30/77 5/154
ST12(712)5 —13/49 —390/539 —6/539
512(712)8 —3/7 3/7 0
S712(7126 17 6/7 0
S22 0 -1 0
IV. SUM RULES

We abstain here from giving a derivation and present di-
rectly results for the general sum ruledli8- andjj -coupled
operators. For theQ-pole excitation from a core level
j={j+=c=*1/2} to the empty levelg, ,=1+1/2 we obtain
the signal of thez spectra integrated over theedge as

x |

-1
y ¢ annIxnsynxyz<V_nyz>

Q
jz]

i Q 1[I Q

I s cj|l s

cludes the most common transitiops-»d and d—f, we ob-
tain a simple expression for the integrated signal over the
two edges

6%}:{1 i 22< yl12? > (20

PZ: [C]<V_VZOZ> ,

and for the weighted difference over the spin-orbit split core-
levels

(22

Z

=— 1)+ ), (23

we obtain

8=[cw™9), (24)



14 462

GERRIT van der LAAN AND B. T. THOLE 53

TABLE IV. Sum rules inLS-coupled operators fal—f transitions.

sition, where using Eq(15) the crossterms have been col-
lected into a single term. Far=0 there are no crossterms

§ > CH (W) > CEH WYY
Xy Xy
1° 2(wP%%) —2(wH%) (W% +2(wt9
2 4 2 4

|1 2<W101>_ § <W011>_ 5 <W211> 3<W101>+ § <\I_V01l>+ § <W211>
E 2006 5 (09~ 2 (W) 309+ g (W9 + ¢ (W

1_ 1 o 2,0 J ° _ (w9 B — 4y +3(n{?)

1) _[C]( 3 <W >+ 3 <W > ’ (25) ?_ <WOO% - 3<”h> ’ (29)

2_ 2 a3, ] ST (WO 4 (21D

5—[c][5<v_v D+ (W (26) F=< 3><W10<1> )

5/2)(5/2)1 5/2)(7/2)1 712)(7/2)1
Table IV gives the separate integrated signals for the  _ 29262 + 12(p SR — 21(3 (1272
j_=3/2 andj,=5/2 core edges as a sum ovey’{w*? — 20( p®AGRLY 4 12( 527121y _ 97, (772)(712)1y »
where theC are coefficients for the— f transition. (30)

B. jj-coupled operators
. ”. P p. 85 2(w't? +3(wsy
Table V gives the integrated signals for the3/2 and 52 — = 5w
core edges as a sum ovef’?*{(y112%) for thed—f tran- P

— 155 V(5/2)(5/2)2> + 105( V(5/2)(7/2)2> _ 102( V(7/2)(7/2)2>

= 90/ V(5/2)(5/2)2> +105 V(5/2)<7/2>2> —o0( V(7/2)(7/2)2> ,

between the two ground-stajelevels, because the number

wheren,, is the number operator for holes.

000 110

operatow™"" and the spin-orbit operatev--" are diagonal in (31)

where the first part of the equalities is valid generally for
I=c+1 and the second part only fdrshells. In Eqs(30)

p°=[c] > (nl), (27)  and(31) we have chosen electron operators in order to sim-
i=ix plify the analysis given in the following sections.
I+1 i j
8O=[c]{ - R YRS (28 V. PROPORTIONALITY RULE

We will give a general rule which deals with the influence
of a small perturbation on aaJ level. Assume that, e.g., a
Combining Tables IV and V we obtain the useful equa-crystal or magnetic field splits the level producing a ground

tions state|aJy) =\ Cu|aJM). Then

TABLE V. Sum rules injj-coupled operators fail— f transitions.

2 CL i) > Cg i
12 Iz Ja2

14 1
10 3 <y(5/2) (5/2) 0> 3 <y(5/2) (5/2) 0> +5¢ y(7/2) (712 0>

i 14

— ? <1_/(5/2) (5/2) 1) _ %- <y(5/2) (5/2) l> + ? <y(5/2) (712) l> _ 5< y(7/2) (712 l>

14

| 2 ? <y(5/2) (5/2) 2>

_ 23 < V(SIZ) (5/2) 2> _ g) < V(5I2) (712) 2> + 5< V(7/2) (712) 2>
1" 7" -
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A. Hund’s rule ground state

z = ’ M z M’ . .
(aJ|0fady) ,\% Cwcwu(@IM|OFaIM") Table VI gives the expectation values of th&-coupled

operators withz=0,1,2 for the Hund's rule statéshort-

—(ad|07ad) S cycy: dashed lines in Fig.)L All w*¥% values are unity fof*"*?1
MM LSYM=J), thus apart from the number operator,

w*¥?=—1. For M=—1, the sign changes whenis odd.

X(_)J—M( Joz ) Note also that the columng”¥?in Table VI for f (onefs,

-M M electron and f3 (onef,, hole) with M=J are equal to the
5/2,5/5%yz 712,71xyz : :

—(aJ]|OYad)U?, 32 rows C andC respectively, in Table II.

For a more than half-filled shell the ground state had.
+S, and forM = %], the wave function is a single Slater
where we used the Wigner-Eckart theorem. Equati®?) determinant. The expectation values of the operators can
shows that different operato@® with the same rank are all  then be simply obtained fromL,=3m, S,=3o,
proportional to a tensdd é The proportionality factor is the szzzmz— 1/31(1+1). Because for all holes is the same,
reduced matrix element which is different for each operatorgperatorav*¥? with the samex are equal in this state except
For example, forz=1 we may takeO=L,S, or T. These fgr a factor (—17 and S0, e.qg.,
vectors are always parallel and have a constant ratio, inder —3(2|—1)~%(21+3)"!Q,,. For a less than half-filled
pendent of they, , i.e., of the crystal field. They are only N0 ghej 3= —S, and the wave function is a linear combina-
longer proportional when the crystal field becomes of thejo of Slater determinants, so that the expectation values
order of .th? spin-orbit coupling _and SO Mmixes m_othe} include crossterms between determinants, and are not ex-
levels. Similarly, the operators with=2 are proportional to pressible in only occupation numbers. Although operators

a single tensor. . . ) .
The rule implies that also in intermediate coupling theW'th the samex are not equal anymore, the sign relationship

ratios of the moments with the sarmés fixed, as long as the is sl as It was fpr more than halt-filled shells.. i
crystal field is smaller than the electrostatic and spin-orbit we will now discuss thelltre_nds of the spec!ﬂc Operators.
interactions. Relating the moments to integrated intensitied '€ €xpectation value dfv ) is always negative because
by the sum rules we get that for changing crystal field thel® spln—orltgllt interaction couplésand s aratlllpgrallel. The
integrated intensity of the dichroism changes, while thevalue of(w™™) is always positive whereas/™") is negative
branching ratios in both the isotropic and the dichroism spec(Positive) for a less(more) than half-filled shell. This is be-
trum have to remain the same. The exact ratio of the mocause we take a negative value Mf in Eq. (33) for the
ments is determined by the Coulomb and spin-orbit interactagnetic ground state. For<5, the orbital contribution is
tions. This works nicely for the actinides and rare earths butarger than the spin contribution, so that the antiparallel cou-
breaks down for thel transition metals, which have typical pling of their moments results in a positive value far'®%
crystal fields of a few eV and a spin-orbit coupling of a few and a negative value fgw®%). The configuratiorf®, where
hundredths of an eV. The moments are then not necessaritnly (w''% is nonzero, has no net magnetic moment. The
parallel, except when the magnetization is along a higheonfigurationf’ has no orbital moment, so th&w°% is
symmetry direction of the crystal lattice, and they can bepositive. Forn=8 the parallel coupling of spin and orbit
pulled apart by a sufficiently strong magnetic fiéfd. makes(w'®Y and(w°!Y both positive.
The quadrupole momerw?°% changes sign for quarter-
filled shells. A positive value is obtained when high values of
VI. f-SHELL GROUND-STATE MOMENTS |m| are occupied which makes the ion flat in th¥ plane. A
In Fig. 1 we compare the momentg”? for the Hund's negative value is obtained when predominantly low values of

rule state(Table VI), the jj-coupled ground statéTable |m| are _occupied Which corresponds to an elongation along
VIl), and the actinide ground state in intermediate couplingn®Z @xis. The values in Table VI are for spherical symme-
(Table VIII). The latter were calculated using the atomic'Y @nd give the quadrupole moment induced by a small
Hartree-Fock code of Cow&hwhere the Slater integrals Magnetic field and spin-orbit coupling. In the presence of an
were reduced to 80% to account for intra-atomic relaxation@nisotropic electrostatic field larger than the magnetic inter-
The Hartree-Fock values for the parameters have been tab@ction these values will be different.

lated in Ref. 11. The Hund’s rule state is expected to be a
reasonable approximation in the case of rare earths.

The atomic moments were obtained for an infinitely small
magnetic field and without crystal-field interaction. Indepen- The expectation values of thg-coupled operators of the
dent of the coupling this always yields a total moment f shell withz=0,1,2 for thejj-coupled ground state can be
found from Egs.(8)—(10), where first allj =5/2 levels are
filled with m;=—5/2,—3/2,...,5/2, respectively, and then the
j =712 levels. In the limit ofjj coupling the cross operators
are all zero. Note that by this procedure thealue obtained
for the ground state is the same as the Hund's Julalue in
_ E (V512521 4 Z (yT2TI21y, (33) LS coupling. In p(aqtice the .ground state has always this

2 2 samelJ value also in intermediate couplirigf. Eq. (33)].

B. jj-coupled ground state

1
M=J,=L,+8,= = 3w — 5 (W)



14 464 GERRIT van der LAAN AND B. T. THOLE 53

0 T T 1 T T T ,j‘ T T T T T L) T T T T T T T T T ’L§l T T l_
B I/ .“ 1 2F /’ \\ =
r P . [ e AN E
B ~ . . 7 L Vd N E
L o R g [ 7 N ]
-2r N T e 7 1r SN 7 ',‘ B
L 7 ] r SN 7 o ]
/ 4 B B 'l \‘/ . -
: N 2 ] of — S ]
-4t N oG ] i Lo ]
+ \ 1 r e 1 S L B
r \ e ] -1 ; N 3
L \ Vs 4 L . g ! ]
—6+ \ B N ’ / ]
N \ 4 110 -2F \ ’ g
g N w ] AN , 211 7
5 N ] NG wo
—8 L 1 1 1 1 1 ( 1 1 ] 1 1 1 1 | _3 _l 1 1 Y i 1 ] 1 1 1 1 1 1 1 l—
2 4 6 g 10 12 14 0 2 4 6 g 10 12 14
1 _l T T T T T T T T T T T 1 T l_
] 1p .
] 0.5F .
1. 7 L ]
E OF ]
1 -o.5F .
0. ] [ ]
I :

i 1 1 ] 1

[
'S
ol
[\
'y

65— 3 lf— =
: 1 o.sE 3
ar ] F ]
. E OF .
2F p s ]
o 1 -0.5F ]
of ] -1F .
—2F 1 -1.sf ‘ E
:l 1 ). 1 1 ﬁ' i 1 1 H 1 1 1. 1 I: _‘2 :_I 1 1 1 1 1 1 1 1 1 ~~T""f" 1 ] l_:

2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

T
g
(O8]
—
[\

o

Lot

1
Jany

1
[\

LA LI e e s

[y
(L= M I

FIG. 1. Thef-shell momentgw*¥? for the Hund's rule statéshort dashesthe jj-coupled ground statdong dashes and the actinide
ground state calculated in intermediate couplidgawn ling.

Table VII gives the values ofW*¥? for the jj-coupled The values for operators with=1 (z=2) are symmetridan-
ground statelong-dashed lines in Fig.)1The linear behav- tisymmetrig aroundf* and aroundf'°. For n=6 all opera-

ior of w'® can be understood by combining E484) and  tors with the same have the same value. Fo6 they have
(28) where we obtain a ratio different from unity. Because we kedp constant
(=-J), Eq. (33) shows that the difference w'°* between
1o 1 i the jj-coupled and Hund’s rule ground state has to be com-
(WHO = —— () = (ng?). (39

pensated by a six times larger opposite change%H.
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TABLE VI. Expectation valuegw*¥? for the Hund's rule statesSYM = —J) of the configuratiorf".

<WOOC> <W110) <W101> <W0:Ll> <W211> <W202> <W112> <W312>
1 2Fg, 1 —4/3 20/21 —-5/7 —12/7 6/7 —-10/21 —15/7
2 3H, 2 -2 8/5 -8/5 —104/75 728/825 —56/55 0
3 49 3 -713 21/11 -27/11 —-63/121 42/121 —14/11 168/121
451, 4 -713 28/15 —16/5 28/55 —196/605 —196/165 784/605
5 Hg), 5 -2 10/7 —25/7 26/21 -13/21 -5/7 0
6 Fq 6 —4/3 0 0 0 0 0 0
' 8s,, 7 0 0 7 0 0 0 0
8 'Fg 8 -1 1 6 -1 1 -1 -1
2 ®H e 9 -5/3 5/3 5 -1 1 -5/3 0
1094 10 -2 2 4 -2/5 2/5 -2 1
1149 5 11 -2 2 3 2/5 -2/5 -2 1
£12 34 12 —5/3 5/3 2 1 -1 —5/3 0
132k, 13 -1 1 1 1 -1 -1 -1

C. Actinides in intermediate coupling LSJcoupled states perturbed by the spin-orbit coupling,

Table VIII give the expectation values of the ground-stateWhiCh mixes in otheL SJ states. A first-order change in the

S : ; - expectation value of an operatar is only possible when
operators calculated in intermediate couplitgpntinuous there are excited states which are coupled to the ground state

lines in Fig. 1. The operators with eithet=0 or y=0 only I : e
change in second order and their values remain close to thgegth by w and by the spin-orbit coupling. The spin-orbit

L S-coupling values. In intermediate coupling for légsore
than half-filled shellsw'® is slightly lower (highep and

<W011>

is slightly higher(lower), of course obeying Eq33).

The expectation value of the operators wik0, y=1

upling only interacts with states afL,AS=0,=1 andAJ

=0. S, and L, only have matrix elementdL,AS=0 and
AJ=0,%=1. Therefore, these operators only change in first
order if there are other states withL,AS,AJ=0. For the
Hund's rule state there are no such states &ndndL, can

Change in fiI’St Order and their ValueS are about m|dWa.y beon|y Change in second order. We can even make a S||ght|y
tweenLS and jj coupling. The negative value @w''% in  stronger statement for the Hund's rule state. Inspection of the
the Hund'’s rule state becomes more negative in intermediatgossibleL S terms shows that for the Hund’s rule state there
coupling due to the increasing Spin-orbit interaction. The are no terms witAS=0 andAL=0,+1. Only AS=—-1 is
value of (w?) in intermediate coupling is much lower possible. Because’? obeysAL=—x:--X, AS=—y---y,
(highep for less(more than half-filled shells. The value of andAJ=-2z---z, only (WZlZ> can change in first order and
(w'? is always higher. One way to understand why opera(wxox> can only change in second order. Note that, as an
tors withy =1 have to change strongly is thatlis coupling,  exception to the general ones fot?? the selection rules for
as a function ofh, w*Z changes likew*®* while in jj cou-  L(w!® and S(w®"?) are stricter. We may say that in the
pling it behaves likew??, Hund’s rule state the spin and orbit operators have extreme
The strong difference in behavior between spin-orbit-values(either maximum or minimumsuch that spin-orbit
dependent and independent operators can also be understammlipling cannot change them directly, but can only turn on a
as follows. Consider the intermediate-coupling states asorrelation of their movement.

TABLE VII. Expectation valuegw*¥? for the jj-coupled ground state.

(WO, (w0 (Wi (woLh (w2th (w203 (witd w31y
1 —4/3 20/21 —5/7 —12/7 6/7 —10/21 —15/7
2 —8/3 32/21 —8/7 —96/35 24/35 —8/21 —12/7
3 -4 12/7 —9/7 —108/35 0 0 0
4 —16/3 32/21 —8/7 —96/35 —24/35 8/21 12/7
5 —20/3 20/21 —5/7 =12/7 —6/7 10/21 15/7
6 -8 0 0 0 0 0 0
7 -7 1 1 1 1 1 1
8 -6 12/7 12/7 12/7 8/7 8/7 8/7
9 -5 15/7 15/7 15/7 57 5/7 5/7
10 -4 16/7 16/7 16/7 0 0 0
11 -3 15/7 15/7 15/7 —5/7 —5/7 —5/7
12 -2 12/7 12/7 12/7 —8/7 —8/7 —8/7
13 -1 1 1 1 -1 -1 -1
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TABLE VIIl. Expectation valuegw*¥? for the 5f" ground state in intermediate coupling.

(WOO% <W110) <WlOl> <W011> <W211> <W202> <W112> <W312)
1 —-1.333 0.952 —-0.714 -1.714 0.857 —0.476 —2.143
2 —2.588 1.566 —-1.397 —2.428 0.792 —0.662 —1.227
3 —3.562 1.857 —2.140 —1.978 0.250 —-0.716 0.880
4 —-4.170 1.802 —-2.810 —-0.781 —-0.392 —0.569 1.957
5 —5.104 1.295 —2.767 0.302 —-0.679 —0.105 1.650
6 —6.604 0 0 0 0 0 0
7 —2.812 0.110 6.343 —0.225 0.067 1.240 —0.030
8 —3.865 1.147 5.119 —0.251 0.971 0.490 —0.225
9 —4.106 1.822 4.065 0.559 0.876 -0.147 0.654

10 —3.612 2.107 3.358 1.228 0.248 -0.815 0.722
11 —2.754 2.041 2.752 1.421 —0.492 —1.394 0.178
12 —1.906 1.678 1.932 1.411 —-1.034 —1.461 —0.593
13 -1 1 1 1 -1 -1 -1
VII. ILLUSTRATION Eq. (21): in the I spectrum the signal is positiv@egative

. . for transitionsq=+1 (—1) and in thel 2 spectrum the signal
Figures 2 and 3 show thed4absorption spectra for the is positive (negative for transitionsq=+1 (0).

. . . ; . :
d:fferent_ o Cconflgl’Jratlodn@s _T_alculated |n.f|_nt(-,;|rmehd|aét_aﬁcou- The branching rati* of the spin-orbit split core levels,
pling using Cowan's code. To see specifically the difter- which is the fraction of the spectral weight of the signal,
ences as a function of, all spectra in Fig. 2 are given for is related too?/ o? as
92U and those in Fig. 3 fot°®m. The other elements in the p
actinide series have similar shapes as in Figs. 2 and 3 de- 1%(j 1) 1 &
pending on their value af. Also the shapes of thed3spec- B'=r— 777 = (C+ 1+c _z>- (35)
tra are similar to those in Fi i U+ el P

gs. 2 and 3, despite the fact that
the ratios of core-valence interaction to core spin-orbit inter- For a transition into anf,;, hole Egs.(29—(31) give
action are different, e.g., for the Ud3and 4 edge B?=¢%p?=1, which are the values found fof*® i.e.,
F2(df )/£(d) is 0.035 and 0.29, respectively. This shows|?(j_)=0 (cf. Figs. 2 and B For anfc, hole §*/p*=—4/3,
that in the first instance the ground state is governing the-29/20,—31/18, so thaB?=1/15, 1/50,—8/90 forz=0,1,2,
overall spectral shape, whereas the fine structure is specifiespectively.
to the final-state parameters. Since for both core levels the These unusual branching ratios find their origin in e
intrinsic lifetime broadening is abouf=2 eV the fine selection rules. The angular dependent part of the dipole
structure is not resolved. The sign of the spectra is defined byansition probabilitylj)—|j;) is

44
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FIG. 2. Isotropic spectrunt®, circular dichroismi, and linear dichroism?, calculated in intermediate coupling for thel 4bsorption
edges of”U 5f* to f°. Convolution byl'=2 eV andg=0.2 eV.
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FIG. 3. Isotropic spectrun®, circular dichroismi?, and linear dichroism?, calculated in intermediate coupling for thel 4bsorption
edges of'%Fm 5f7 to f13. Convolution byI'=2 eV ande=0.2 eV.

i 1 )72 levels between both edges due to electrostatic interactons.
lG—i)=[jcl] 1 (36) This effect is small as long as the caltespin-orbit interac-
! J— tion is much larger than théf electrostatic interactions.
2 The integrated signal of thé' spectrum isp'=5L,/3,

For I=c+1 we have the allowed dipole transitions to which will be statistically distributed over the edges in the
j;=j—1/2 andj,=j+1/2 absence of other=1 moments. The relative weight trans-

ferred between the edges is proportional to
Mp*=[2S,+(2/3)T,]/L,. Therefore, the dichorism is

(j+—j) =14, :
strong in theds,, edge wherT, andS, are parallel td_,, and

Aj=0:

Aj=1: I(j_—j)=I+1)(1-1)/I, strong in thed, edge wherT, andS, are antiparallel td., .
Similarly, the branching ratio in the’ spectrum depends on
Aj=1: 1(j,i—j)=2-1. (37)  the relative values ofv*** and w*" with respect tow?*.

Since the quadrupole moment reverses for the quarter-filled
shell also the integrated intensity has to reverse.

Table V expresses the edge signals in termg afoupled
operators. The? signal of theds,, edge is proportional to
(V52521 \which is only large for less than half-filled
shells, reaching its extreme value at=3. Note that
(152521 hecomes positive fon=7 and 8(Fig. 3. The
ds, signal is mainly related tq»""?72%) but with cross-
terms that cannot be neglected. Tthg signal increases with
n up to the point that thé,;, shell is half-filled, after which
it reduces. In thd? spectra the edge signals reverse in sign
for quarter-filled shells just as the value @f'2).
which generalizes the result fa=1 given by Strange and Figure 4 shows the values é/p* for the Hund's rulejj-
Gyorffy.?* From Table V it is evident that such a simple and intermediate-coupled ground states of the actinides. In
relation does not exist between the signal and thg, mo-  the jj-coupled ground state a partly filled,, level (n>6)
ments. The complication is not so much due to the transitiomesults mainly in a large positive dichroism for ttig, edge
probability j , — j;, which is weak, but primarily to the large (B'=0.02 or&Y/p'=—29/20. A partly filled -, level (n<6)
crossterm. gives a large positive dichroism in theals;, edge

The intensity integrated over each edge can be obtained®'=6'/p'=1). In the other coupling schemes also holes with
from the sum rules given in Table IV. Withouf Spin-orbit  the otherj value are present, making the branching ratio less
coupling the isotropic branching ratio has the statistical valuextreme. The change ift/p* between the different coupling
3/5. The relative weight transferred between the edges ischemes can be understood from the chandei®? due to
measured by®/p°, which by Eq.(29) is related to the spin- the 5f spin-orbit interaction. Sincév'®% and(w°!%) do not
orbit interaction per hole. Therefore, the isotropic branchingvary much as a function of the spin-orbit interaction, the
ratio increases strongly with, as is seen in Figs. 2 and 3. variation in 6'/p! is proportional to(w®!%). For a less than
The sum rule does not take into account the mixing ofjthe half-filled shell the value ofw®'’ becomes more negative if

The transitionj _—j, is forbidden, and Eq(37) shows
that the transition probability foj . —j,; is much smaller
than the transition$_—j, andj,—j, which are governed
by Aj=1. Therefore, thg _ edge only probes thg, level,
and thej , edge probes mainly thg level. Since the signal
from the j_ edge contains no terms witly (Table V), we
obtain the simple expression

)
1°G0)

, (i)

et (38
(ny)



14 468 GERRIT van der LAAN AND B. T. THOLE 53

of the magnetic x-ray dichroism to the ground-state opera-

2r ] tors. Thesgj -coupled operators also include a crossterm be-
a [ ] tween the two one-electron ground-state levigls=1+1/2
w L ] which cannot be neglected. Inclusion of the crossterms al-
- ] lows us to use the sum rules fgr-coupled operators in the
[ . region of intermediate coupling on an equal footing with the
oF 1 L S-coupled operators. We have presented conversion tables
[ ] between both kinds of coupled operators.
B ] In the case of affi shell, transitions from @/, core level
-1 ] are only allowed to thés, level, so that the dichroism signal
r ] over this edge is directly proportional to the magnetic mo-
) o i ] ment of this level. The transition probability from thk,
0 N 4 6 g 10 12 14 core level to thefwz_leve_l is much _Iarger than to thg,
n level, but the dichroism is strongly influenced by the cross-
terms.

FIG. 4. The values ofsYp! for the Hund's rule statéshort The ground-state moments of the actinides have been cal-
dashes the jj-coupled ground statdong dashes and the actinide  culated in intermediate coupling and compared to the values
ground state calculated in intermediate couplidgawn ling. obtained for the Hund’s rule states. AIthough the Spin mo-

ment, orbital moment, and quadrupole moment are not much
the spin-orbit interaction is increaségig. 1), thuss'/pt will  different, those ground-state momer{ts™¥?) for the ac-
be lower than in the Hund’s rule statef. Fig. 4. Forn>7  tinides which are directly induced by spin-orbit interaction
the value ofw?Y) becomes more positive, so thalfp! will  (x+0, y=1) differ considerably from the Hund's rule state
be higher than in the Hund's rule state. An exceptionis/  values. For instance, in uranium compounds the valug,of
where the small value dfv®%) makess'/p'=18. is strongly increased in intermediate coupling.

From Fig. 1 we saw that forf, f*>andf*in intermediate The weak crystal-field interaction in the lanthanides and

coupling T, is strongly enhanced compared to the Hund’sactinides can be included by using our rule which states that
rule state(as for rare earthsf4) so that it will be the domi-  the ratio between moments with the samemains constant
nant factor |n¢_31. Due to the proportionality rule this will also i the presence of a perturbation which is small compared to
be the case in a weak crystal field. From the experimentgl,q spin-orbit interaction.

results of Collinset al."* on US it was found that in this The unusual branching ratios which have been observed

cubic compound the momen!sz, S, and T, are at_)ogt in the magnetic dichroism and magnetic scattering of the
equally reduced to 50% of their ground-state values in inter-

mediate counling. Moreover. since the valueTofchanges actinides find their origin in the strongf Spin-orbit interac-

' upl g._ Ver, sl valuelgichang tion. The branching ratio of the dichroism is near zero for a
strongly betweem=2 and 5, it can be used as an IndICatorless than half-filled shell, and near unity for a more than
for the f count to reveal the mixed valent character of the ! y

uranium compounds. In the case of BfST, suggests arf halfl—filleq shell, as expected fd;, 6;1ndf7’2 holes, r(ra]speck;
count of around 2.5 tively. Since(L,) and(S,) do not change much when the

spin-orbit interaction is increased, the change in the branch-
ing ratio of the dichroic signal is mainly due {d,). Since
this operator changes strongly as a functiorf afount this

We have presented sum rulesjijn.coupled one-electron branching ratio can be used as a probe for the covalency of
operators which relate the core level spin-orbit split signalghe actinides.
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