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Sum Rules for Magnetic Dichroism in Rare Earth 4/ Photoemission
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We present new sum rules for magnetic dichroism in spin polarized photoemission from partly filled
shells which give the expectation values of the orbital and spin magnetic moments and their correlations
in the ground state. We apply this to the 4/ photoemission of rare earths, where the polarization effects
are 2 orders of magnitude larger than in 3d transition metals. The very strong dichroism in the 4f elec-
tron yield opens new perspectives for the characterization of magnetic rare earth surfaces and thin films.

PACS numbers: 79.60.—i, 78.20.Ls, 75.50.Cc

Magnetic circular and linear dichroism in core level
spectroscopy is rapidly developing as a tool to obtain
valuable information about the electronic and magnetic
structure of solids, thin films, and multilayers [1]. In the
core level photoemission the magnetic circular dichroism
has been analyzed in terms of the alignment between the
valence spin and the core hole orbital momentum [2].
Although this provides large effects in the individual
peaks, such as in the Fe 2p photoemission of ferromag-
netic iron [3], the integrated magngtic circular dichroism
is zero because there is no net preference for left or right
polarization in the dipole transition from a completely
filled core level to an empty continuum state. The situa-
tion is different for emission from a partly filled (open)
shell with spin and orbital momentum, where a nonsta-
tistical distribution of the population over the orbital
magnetic sublevels results in a difference in the integrated
photoemission for left (AM = —1) and right (AM =+1)
circularly polarized radiation. Similarly, a nonstatistical
distribution over the spin states gives different integrated
photoemission intensities for spin up and spin down.
Thus the integrated photoemission (or partial electron
yield) from an open shell contains information about the
spin and orbital momenta in the initial state. In this
Letter we derive general sum rules which show that
specific linear combinations of the light and spin polar-
ized spectra have integrated intensities that are propor-
tional to the ground state expectation values of spin and
orbital momentum products. These results make it possi-
ble to use polarized photoemission as a simple analytical
tool which is of great importance to experimentalists. As
an illustration we analyze two theoretical examples of 4f
photoemission. The dichroism in the 4f electron yield is
so large that it promises interesting technological applica-
tions for the study of magnetic domain structures of sur-
faces, thin films, and multilayers.

First we give a theoretical derivation of the photoemis-
sion sum rules which are valid under quite general cir-
cumstances. The main restrictions are that we allow only
one final state channel, and a constant radial matrix ele-
ment for electron excitation to the continuum. For pho-
toemission far above the continuum onset the A/=+1
channel dominates and the photoelectron is insensitive to
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the details of the lattice potential; thus the error of these
approximations is small. However, experimentally it is
often difficult to separate the contributions from the
different / shells. An exception to this is the 4f photo-
emission of the rare earths, which has a much larger cross
section and is at higher binding energy than the other
valence states [4]. Due to the corelike character of the 4f
the photoemission spectrum can be explained completely
by atomic multiplet theory as has been shown for the iso-
tropic spectra by Lang, Baer, and Cox [5] and Gerken [6]
and for the magnetic circular dichroism by the recent ex-
perimental results of Starke ez al. [7].

The dipole matrix element for transition from a ground
state (y| to a final state |y') creating a free electron with
orbital momentum m' and spin o in a continuum shell ¢ is

Do =22y ocmol W XIm|rC{Plem” )
m

where Cq(') is a normalized spherical harmonic; g¢q
= —1,0,+1 denotes right circularly, z, and left circularly
polarized radiation, respectively; and /5, and c's denote
the creation and annihilation operator for an / shell and ¢
continuum electron, respectively. (| can be any state
containing electrons in a shell with angular momentum /,
such as a mixture of /", ["*ly, 1"*2y2 where v denotes a
hole in any shell that has no dipole matrix element with
the continuum shell ¢ =/=% 1. Thus the following treat-
ment includes the presence of Coulomb and spin-orbit in-
teractions and of crystal and exchange fields of any sym-
metry. It is assumed that y has no continuum electrons
in c.

The integrated intensity of the angle integrated spec-
trum for a fixed value of o is obtained by summing over
all y' and m'

Pgs = ‘Z,Z <W|lrtmcm'o| V/')(W'lcrrr'almal W>

y'm' mm

X(lm|qu(')|cm')(cm'|rC9¢),|lm_>. )

We sum over y' using the closure relation. Further,
because of the selection rules on the one-electron matrix
elements, we have m =m, which gives the following inter-
pretation its simplicity:
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Thus the integrated intensity pys is simply the sum over
each mo sublevel of its occupation number times the total
transition probability of that sublevel to the c¢ shell. We
have used the Wigner-Eckart theorem and omitted the
radial matrix element because we discuss only relative in-
tensities.

Using a recoupling, we found that the squared 3-;j sym-
bol can be written in a very powerful way that directly al-
lows us to separate the operators measured using different
light polarizations,

pqa=2<nma>{ ;—A0+ ;_Alqm
+3A4,(g2— P)m?— 51+, @)

where

]
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It can be easily checked that expectation values of various
powers m*c” can be obtained by selecting the appropriate
term from Eq. (4). This can be done by taking the linear
combinations p* of the p,, which are given in Egs.
(8)-(13), where the superscript x =0,1,2 denotes the iso-
tropic spectrum and the circular and linear dichroism, re-
spectively, and y =0,1 denotes without and with spin po-
larization, respectively.

First of all, for the integrated isotropic spectrum we
find

p®=pi1+por+p-11+pi+poitp-1
'—'A()Z(n,m,) =A0(n) . (8)
mo

where 1 and | mean o=t %. Thus p® measures the

number of electrons in the / shell.

Likewise, we find for the integrated spin spectrum, in-
troducing a factor 20= %1 to multiply the spin-down
spectra,

p%'=pi1+por+p—11—pii—poi—p-1i
=240 Anmeto =2A4¢S;" , )
mo

which measures the spin magnetic moment.
For the integrated circular dichroism we obtain

p'=pi—p-i1+p—p-11=A1 X npedm =A(L,),
mo
(10)
2500

giving the orbital magnetic moment just as in x-ray ab-
sorption [8], which is a particle-hole analog of valence
photoemission replacing the continuum shell by a core
level.

For the integrated spin-orbit spectrum we obtain

p''=pi—p-n1—putp-u
=24, Zmgmo=24(LLDse) . (D)

where /, and s, are defined as one-electron operators act-
ing only on /-shell functions, contrary to L and S which
are sums of these over all electrons, and measure only
properties of /-shell electrons. Thus p'! gives the correla-
tion of the z component of / and the z' component of s.
For this effect no magnetic polarization is needed. For
example, for isotropic ions and z =z' it is simply one-
third of the spin-orbit coupling. When there is magnetic
polarization it measures the amount in which /, is polar-
ized by s’ due to spin-orbit coupling.
For the integrated linear dichroism we obtain

p2=pi1 —2pot+p-11+p11 —2po1 +p-1
=4, A lm2 = 51U+ 1)1=450..), (12)
mo

which measures the quadrupole moment Q,; of the ion.
A positive value means that high values of |m| are occu-
pied which makes the ion flat in the x-y plane. For a
negative value it is elongated along the z axis. This quan-
tity is nonzero not only in ferromagnets and antifer-
romagnets, but also in spatially anisotropic media even if
nonmagnetic (crystal fields).
For the anisotropy of the spin distribution we find

pX'=piy—2por+p—11 —p11+2po —p-1
=24, Anpe)lm?— S1U+1)]o
mo
=2A2<un (i)sz'(i)> , (13)
i

where ¢g,, is defined as the one-electron operator 12
—L1(+1). Like p'' it has a value if both S,' and Q..
are nonisotropic, but when S is unpolarized there is still a
contribution if spin-orbit coupling gives the spin a
different value when the electron is along the z axis or in
the x-y plane.

In order to show the magnitude of the polarization
effects we present the theoretical photoemission signals
I (the fundamental spectra) which are defined as the
six combinations of the primitive spectra I,, in Eqgs.
(8)-(13). Because the symmetries of configurations with
less and more than half-filled f shells are different, we
give examples for Nd3* 43 in Fig. 1 and Ho3* 41" in
Fig. 2. The photoemission from their Hund’s rule ground
states with M = —J to the &g continuum was calculated
in intermediate coupling using Cowan’s code [9]. The in-
tegrated intensities of the fundamental spectra are given
in Table I.
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(a) Nd 4f3 primitive spectra (b) Nd 4f3 fundamental spectra
5
£ 2
s
z = PHy
= =
: L "
L]
S
2
0.1 Iip g
I E
A IOT IO]
-7 110
e
Ill 0.1 Ill
__.._..—.——k
I()Ja I N 120
0 Ly 0 2!
8 6 4 2 8 6 4 2
binding energy (eV) binding energy (eV)
FIG. 1. (a) Primitive and (b) fundamental spectra for the

photoemission Nd 4f3— 4f2gg from the Hund’s rule ground
state *Io;» with M = — 5, calculated using Cowan’s code [9]
with Slater parameters F2=10.181, F*=6.388, F¢=4.550, and
¢4y =0.119 eV, convoluted with a Lorentzian of '=0.37 and a
Gaussian of 6=0.085 eV [5].

Before demonstrating the sum rules we will analyze the
multiplet structure of the fundamental spectra, where
each individual peak gives information about the correla-
tion of the momenta in the corresponding final state LSJ.
The dependence of the spectra on J is complicated but
when we sum over the J components of a term we obtain
a transparent analysis in LS coupling. The spin spectrum
I°" gives the alignment of S with the spin ¥ moment of
the hole created and so the final states with low-spin
(S=S— 1) and high-spin (S=S+ %) have intensities
proportional to S+1 and —S, respectively, times
(S;)I%. For n=<6 there are only low-spin final states;
therefore, the spin spectrum is proportional to the isotrop-
ic spectrum with all peaks positive [Fig. 1(b)]. For
n =17, the sign of {(S,) is reversed, and the low-spin final
states have negative intensities, whereas positive intensi-
ties are obtained for the high-spin final states among
which is the Hund’s rule state at the low binding energy
side of the spin spectrum [Fig. 2(b)].

(a) Ho 410 primitive spectra (b) Ho 4f10 fundamental spectra
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FIG. 2. (a) Primitive and (b) fundamental spectra for the
photoemission Ho 4f'"— 4f%eg from the Hund’s rule ground
state 3Is with M = —8, calculated using Cowan’s code [9] with
Slater parameters F2=12.567, F*=7.884, F®=5.598, and
$ar=0.273 eV, convoluted with a Lorentzian of '=0.12 and a
Gaussian of 0=0.085 eV [5].

Likewise the magnetic circular dichroism 7'® gives the
alignment of L with the orbital momentum [/ of the creat-
ed hole when they combine to give L. In LS coupling the
dichroism is only determined by the orbital momenta L
and L where high L values give a peak opposite to that of
low L values, as is clearly seen in Ho [Fig. 2(b)]. In Nd
there are only peaks with positive intensities because all L
values are smaller than L [Fig. 1(b)].

The spin-orbit spectrum and magnetic circular di-
chroism are similar in shape for less than half-filled
shells. For small spin-orbit interaction we have that
I''=1'9(1%/1%); thus with only low-spin final states the
I'" will be proportional to the 7'° spectrum [Fig. 1(b)].
For more than half-filled shells there are larger dif-
ferences because high- and low-spin states have opposite
signs and because the spin-orbit interaction increases
along the 4f series [Fig. 2(b)]. The other fundamental
spectra are more complicated and will not be discussed
here. We mention that for most rare earth ions the /2°

TABLE 1. Integrated intensities of the calculated fundamental 4f— &g spectra in Figs. 1(b)

and 2(b). The ground state expectation values of the momentum products can be obtained

1

from these integrated intensities using Eqs. (8)-(13) where do=7%, 41=— 3, and A= 3
[Egs. (5)-(7)].

Spectrum p* Nd 413 He 4110
Isotropic spectrum p%® 0.42857 1.42856
Spin spectrum pY 0.34215 —0.54730
Magnetic circular dichroism p!0 0.20348 0.21729
Spin-orbit spectrum p't 0.18139 0.20698
Linear dichroism p¥ 0.01958 0.02137
Anisotropic spin spectrum p? 0.02890 0.02037
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and I?' spectra are larger than for Nd f3 and Ho f'°
which have small quadrupole moments.

Although the analysis of the individual structures is
rather complicated, the ground state expectation values of
the momentum products can simply be obtained from the
integrated intensities by using the sum rules in Egs.
(8)-(13). For example, the value of {S;) is found from
p® in Table I by using Eq. (9) with 4=+ [Eq. (5)].
Similarly, (L) is found from p'® by using Eq. (10) with
A;=— 75 [Eq. (6)]. Note that because of the spin-orbit
coupling in the ground state, the values obtained are not
exactly equal to those for a pure LSJ ground state, which
are given by the Landé formulas

U >J(J+1)+L(L+1)—S(S+1)
z 2J(J+1)

and (S,>=(J,>—(L;). Also in the presence of crystal
field interaction, hybridization, and valence mixing the
value of the orbital and spin momenta can be obtained
directly from polarized photoemission. This is very im-
portant for the understanding of the magnetic anisotropy
in rare earth materials.

The fundamental spectra can only be measured relative
to the isotropic spectrum. Consequently, the photoemis-
sion gives the expectation value of the momenta per elec-
tron, and the polarization effects are relatively larger
when there are fewer f electrons. Therefore, to study the
early rare earths, photoemission has an advantage over
circular magnetic x-ray dichroism and resonant exchange
scattering where the isotropic signal is proportional to the
number of f holes [8].

In 3d transition metal compounds the orbital magnetic
moment is 2 orders of magnitude smaller than in rare
earths because of the quenching by crystal field and hy-
bridization. This gives a proportional reduction of the
circular dichroism and the effects observed in the 3d pho-
toemission of Fe [10] and Co [11] are small, also because
photoemission is more suited for less than half-filled
shells. Larger polarization effects are expected in the ac-
tinides where the spin-orbit interaction has a magnitude
comparable to that of crystal field and band structure
effects.

The strong circular dichroism signal in rare earths and
actinides combined with the recent availability of intense
sources of polarized x rays, such as helical and crossed
undulators, make it possible to study samples with a short
lifetime, small size, or dilute concentration. Because the
other valence electrons contribute only little to the isotro-
pic intensity and even less to the circular dichroism, the
4f partial yield can be obtained by collecting all high ki-

, (14)

(L) =

2502

netic energy electrons above a certain threshold value.
The electrons emitted from closed shells do not give a net
effect, but discrimination of these low kinetic energy elec-
trons reduces the background. This partial-yield detec-
tion can be applied in photoelectron microscopy to mea-
sure the spatial resolution of the magnetic domain struc-
ture of ferromagnetic and ferrimagnetic materials. The
magnitude of the circular dichroism signal for each
domain is determined by the relative orientation of its or-
bital magnetic moment and the direction of the incident
x-ray beam.

In conclusion, we can say that by introducing some
simple techniques we are able to obtain a deeper under-
standing of which properties are measured using light and
spin polarization in open shell photoemission. This is
very important for the planning and the analysis of the
growing number of experimental possibilities to study the
magnetic properties of rare earths. The strong polariza-
tion effects combined with the surface sensitivity of pho-
toemission offer unique possibilities, such as photoelec-
tron microscopy, to characterize surfaces and thin films.
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