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Origin of magnetic dichroism in angular-resolved photoemission from ferromagnets
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It is shown that recently discovered effects of magnetic x-ray dichroism in angular-resolved photo-
emission from core levels of ferromagnets appear due to the spin-orbit and exchange splitting of core lev-

els. The effects are proportional to the state multipoles characterizing the alignment and orientation of
the hole levels, and can be observed with circularly polarized, linearly polarized, and unpolarized light.
Possible applications of these effects in investigations of magnetic structures and adsorbates are pointed
out.

Recently, it was discovered experimentally that the
shape of photoelectron spectra from core levels of mag-
netized Fe is changed when the direction of magnetiza-
tion is reversed. The efFects were observed for both circu-
larly' and linearly polarized light. These effects are
evidently connected with the local magnetic field acting
upon the substrate atoms, and with the spin-orbit and ex-
change splitting of core levels. In this respect they are
similar to the well-known Kerr and Faraday effects ob-
served in optical absorption or reflectance. New efFects
were discovered due to appearance of synchrotron-
radiation sources which produce intense and highly po-
larized radiation in the soft-x-ray region.

In the first experiment Baumgarten et al. ' used the
grazing incidence of circularly polarized radiation with
respect to the surface, so that photon spin and direction
of magnetization were nearly parallel. Electrons were
collected at the angle 55'. They observed that the shape
and intensity of photoelectron spectra from 2p»2 and

2p3/2 levels of Fe depend on the relative orientation of
photon spin and sample magnetization. The difFerence of
two intensities for two opposite directions of magnetiza-
tion we will call circular magnetic dichroism in the angu-
lar distribution (CMDAD). Roth et ai. ' and Sirotti and
Rossi observed a similar effect but with linearly polar-
ized light. Again, they used grazing incidence of radia-
tion, and collected photoelectrons emitted in the direc-
tion of the surface normal. The direction of photon po-
larization was either perpendicular or parallel to the sur-
face, and the direction of magnetization was either per-
pendicular or parallel (approximately) to the photon
beam. It was shown that depending on the relative orien-
tation of the light polarization and the direction of sam-
ple magnetization, the shape of the 3p line of Fe is
changed. The difference between photoelectron intensi-
ties for two opposite directions of magnetization, which
we call, following Ref. 2, linear magnetic dichroism in the
angular distribution (LMDAD), was observed when the
direction of magnetization M was perpendicular to both
direction of the photon beam q and the photon polariza-
tion e, that is for p-polarized light. For s-polarized light
LMDAD is zero, but the line shapes are different for
Mle and M~~e. In Ref. 2 also the spin polarization of
photoelectrons has been measured, but this problem is
more complicated and will not be discussed here.

TABLE I. State multipoles pNo for magnetic sublevels of
np 1 ~2 and np3/2 states.
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The theoretical explanation of CMDAD, similar in
essence with the present one but formulated less transpar-
ently, was given in Ref. 5, while LMDAD remains to our
knowledge unexplained. The analogous effects in angular
integrated spectra have been considered in Ref. 6. For
qualitative understanding of the observed effects in all
publications' the analogy with the well understood
spin polarization efFects in atomic photoionization has
been used. But though this analogy can give some hints,
it is not appropriate for the problem under consideration,
and in some cases leads to wrong conclusions.

The aim of this paper is to show that all efFects ob-
served in Refs. 1-4 can be successfully explained if we
accept the pure atomic description of the photoemission
process, provided the splitting of the hole state due to the
exchange interaction with the 31 subshell is taken into
account. The applicability of this model is justified be-
cause in all measurements the photoelectron energy was
high enough, +40 eV. In ferromagnets the hole state
with a given total angular momentum j due to the ex-
change interaction is split into components with a given
projection m . In other words, each component of the
final ionic state is polarized. It is easy to show (as it was
shown in Ref. 8 that the spin polarization effects are iden-
tical for one-electron and closed subshells), that the pho-
toionization of a closed subshell in the situation when the
final hole state is polarized, is exactly equivalent to the
photoionization of a one-electron subshell which is ini-
tially polarized. The latter problem has been considered
in Refs. 9—11, and we will directly use below the equa-
tions obtained in Ref. 10. The polarization of the hole
state will be described, following Ref. 10, by state mul-
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tipoles, as they have been defined in Ref. 12. For the par-
ticular case of a p subshell the values of the state mul-
tipoles ppfQ are given in Table I for each magnetic sublev-
el.

We shall use in the following the unit vectors n, a, and

q to define the directions of the sample magnetization,
the electron ejection and the photon beam, respectively.
The coordinate system and the light polarizations are
defined in Fig. 1. From Eq. (10) of Ref. 10 it follows that
in the case when the spin-orbit interaction in continuous
spectrum is neglected, the parameters C)L& with N ) 2
for p shells are zero, therefore we will restrict the con-
sideration here by terms with X ~ 2.

Using the definition of the angular distribution of pho-
toelectrons given by Eq. (7} of Ref. 10, we obtain the fol-
lowing general expression for LMDAD:

e~(s —po1.)

e~ (p —pol. )

FIG. 1. Definition of the geometry of experiments and of the
coordinate system.
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Here the upper and lower signs refer to the s- and p-
polarized light, respectively, o „& (co} is the partial photo-
ionization cross section, and C(2i is the dimensionless pa-
rameter like the angular asymmetry parameter P. For s-
polarized light Eq. (1) gives a zero result for both direc-
tions of magnetization n and n in Fig. 1, in accord with
measurements. For p-polarized light and nlq we have

LMDAD "~J ~
'

~I" = 3iC jz2i (2j + 1)' piosin@ cos8 . (2)

8 is the angle of the grazing incidence of light. It is pro-
portional to the state multipole p;0 which defines the
orientation of the hole state.

In general the parameters C/L& (Ref. 10) have the same
sign for the states with j=i+—,

' and j=1—
—,'. In the par-

ticular case of a p subshell and %=1, the parameters
CkL 1 and CkL 1 are nearly equal:3/2 1/2

C 3/2 — C i /2 (3)

Therefore, the relative sign and the magnitude of
LMDAD (2) for difi'erent magnetic sublevels is defined by
the sign and the magnitude of the state multipoles p, Q.

As it follows from. Table I, LMDAD has a different sign
for sublevels with the different sign of m -. So, measure-
ments of LMDAD enables one to distinguish between
components of the hole state with different signs of pro-
jection I-. The curves for LMDAD obtained in Refs.
2—4 changes sign at some point, which gives the middle
of the 3p3/2 multiplet. The 3p, /2 doublet is evidently
masked by a larger contribution of the 3p3/2 levels.

The next value which has been measured in Ref. 3 and
remained unexplained, is the difference between photo-

electron spectra obtained with s-polarized light when the
direction of magnetization is changed from n to n' (see
Fig. 1}. Again from Eq. (7) of Ref. 10 one can derive the
following expression for this difference:

Ii=—[I (», n) —I, (»,n')]„i„

j (2j + 1 )1/2pn

3 3
X ~ C(P2 +3&5/7C 222 + —C]42&2 2 7

(4)

It is worthwhile to note that this value does not depend
on the angle of the light incidence 8, which is a simple
consequence of the fact that the dipole photoeffect is
defined by the polarization vector (e„ in this case), and
not by the photon momentum q. The variation of this
value within a given multiplet is completely defined by
the alignment tensor p20 because all other values in (4) are
constants. The p, /2 state could not be aligned, therefore

pzQ for this state is zero. So, only the 3p3/2 multiplet con-
tributes to the curve measured in Ref. 3, and as it follows
froin Table I, the components with ~m. ~= —,

' and ~mj~= —,
'

give the contributions of the opposite sign and of the
sam. e magnitude. Figure 2 shows the result of the sim-
plest possible simulation of the points observed in Ref. 3
for the 3p3/2 multiplet of Fe by four equidistant Lorentzi-
ans of equal magnitudes and widths, and of the signs
defined by the state multipoles pzQ. The agreement with
experiment is rather good, and from the figure the follow-
ing positions for four magnetic sublevels can be deduced:
51.77, 52.13, 52.50, and 52.86 eV. The change of sign of
the LMDAD curve [Fig. 3(c) of Ref. 3] occurs at 52.3 eV,



50 BRIEF REPORTS 13 815

0.04-
I

l
~

i
I

1

0.02-
t

V

4

OP

—0.02-

0 0
0.00 ~

- 0.04-

I

~or
I

l
I

I
\ I
%r

55 54 53 52 51 50

Binding Energy {eV)

FIG. 2. The difference between two photoelectron spectra
corresponding to two directions of magnetization n and n' in

Fig. 1, for s-polarized light. Full line: the simulation of this
difference by four Lorentzians shown by dashed lines; points:
experiment (Ref. 3).

i.e., exactly in the middle of this multiplet, in accord with
the conclusion made above. A similar fit of the 3p photo-
emission spectra made in Ref. 4 gives somewhat different
positions of four equidistant magnetic sublevels, and also
unequal amplitudes. The introduction of unequal ampli-
tudes into our fit can improve the agreement with the ex-
periment. The structure observed in LMDAD in Refs. 3
and 4 extends to higher-binding energies, which is con-
nected with the contribution of the 3p»2 states.

Finally, let us consider CMDAD. From Eq. (7) of Ref.
10 the following expression is obtained:

lcMDAD(» n) = (2j + 1 ) pJ 2m
10

X [ +&3j2C~&0& (n q)

+V3C~I2I[ —', (» q)(» n) —
—,'(n q)]

+—3iC(~, (» q)(q [»Xn])J, (5)

where the upper and lower signs refer to the left and right
circularly polarized light. For the particular geometry
used in Ref. 1(a) (the magnetization direction n' in Fig.
1), we have from (5)

ICMDAD + (2J + 1)1/2~a
2m

10

v'3
X &3/2CJ„, + C~„cosa .

2
(6)

In general, CMDAD (5) is not equal to CDAD, which is
the difference between photoelectron currents for oppo-
site light polarizations and the fixed direction of magneti-
zation (due to the last term in (5), which in the case of
CDAD is substituted by another term with the coefficient
C{2z ). But for the geometry used in Ref. 1(a), CMDAD
and CDAD are equal, as it was also proved experimental-
ly.

From (6} it follows that for the geometry under con-
sideration CMDAD, like LMDAD, is defined by the
state multipole plo, therefore the qualitative information

which can be obtained from the measurements of these
two values, is exactly the same. There is one interesting
point which should be stressed. CMDAD has been mea-
sured in Ref. 1 for the 2p level of Fe where the 2p, /2 and

2p3/2 sublevels are well separated in energy. It was ob-
served that, coming from low-binding energies, CMDAD
changes sign from positive to negative at the 2p3/2 line,
and in the opposite direction at the 2pI/z line. Since the
parameters CJIO& and CJ2, are nearly equal for the j=—,

'
and j =

—,
' levels, and the state multipoles plo for both

j =
—,
' and j=

—,
' levels have the same sign as the projection

mj, this observation can be considered as experimental
proof that the magnetic sublevels for the 2p, /z and 2p3/2
levels have reverse ordering. This result has been ob-
tained also theoreticaly in Ref. 5. From the values of the

p;0 state multipoles and relation (3) for the C~IO, and CJ2,
parameters it also follows that the square under the
CMDAD curve at the p3/p level should be four times
larger then at the pl/2 level, which is approximately
fulfilled in the experimental observation [see Fig. 1(b} of
Ref. 1(a}]. From (5} it also follows that CMDAD exists
for a "forbidden geometry" considered in Ref. 1(b) when
nlq.

So, we have shown that all effects of magnetic di-
chroism in the angular-resolved photoemission from
magnetized Fe observed in Refs. 1-4, have mainly an
atomic origin and are connected with the existence of the
energy splitting of core levels on projections of the total
angular momentum m . This splitting appears due to the
exchange interaction with the open 3d subshell, and it
can be smaller than the spin-orbit splitting, as is the case
in the Fe 2p subshell, or of the same order of magnitude,
as it is evidently the case in the Fe 3p subshell. In both
cases the widths of magnetic sublevels are comparable to
or larger than their energy splitting, therefore they, in
principle, could not be resolved by the methods of ordi-
nary photoelectron spectroscopy. EfFects of magnetic di-
chroism in the angular-resolved photoemission give the
unique opportunity to resolve them quite unambiguously,
and it can be done from a rather simple analysis of the
experimental data. Comparison of numerical calcula-
tions performed with atomic wave functions (which are
now in progress' } with experimental data, will give more
exact information on the applicability of the simple atom-
ic model and on the contribution of the solid state effects.

From the theory presented above it follows that mea-
surements with linearly polarized light are quite sufficient
to obtain all the information on the levels structure, so
that measurements with circularly polarized light, which
are usually more complicated, can be avoided. Moreover,
the same information can be obtained even from mea-
surements with unpolarized light. MDAD for unpolar-
ized light is defined by the first term in the square brack-
ets in (1) [or by the last term in (5)], which has the same
sign for two orthogonal light polarizations. The value I
for unpolarized light is also different from zero and is
defined by more complicated equations as compared to
(4}. For another geometry of experiment I has been con-
sidered in Ref. 14. Thus, there are many possibilities to
obtain the same information which has been obtained
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from the experiments performed in Refs. 1 —4.
From the above analysis it follows that the state m.ul-

tipoles p3O do not contribute to the effects of magnetic di-
chroism as long as the spin-orbit interaction in the con-
tinuous spectrum is small. From the preliminary analysis
it follows that p3o will give the contribution of the order
of unity to the spin polarization of photoelectrons in the
experiment like that performed in Ref. 2. Higher state
multipoles will also contribute in subshells with I & 1, for
example, in the valence band of Fe. '

The theory presented here can be applied to any situa-
tion where the Snal ionic state is polarized. In particular,
it is fully applied to the photoemission from atoms ad-
sorbed at a surface. It is well known that the np hole
states of rare-gas atoms adsorbed at a surface have an ad-
ditional splitting into the

~ m~ ~

=—', and
~ m~ ~

=
—,
' sublev-

els, ' that is they are aligned. Therefore for these atoms
LDAD and CDAD can be investigated, as is proposed in
Ref. 11. In the case of magnetic surfaces adsorbed atoms
wi11 be not only aligned but also oriented, and the con-
sideration of this paper will be fully applied. In general,
methods discussed in this paper can be used in all cases
where the local magnetic or electric field causes the addi-
tional splitting of atomic levels. Then MDAD, LDAD,
and CDAD effects will be a sensitive probe of this split-
ting, and thereby of the local field.
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