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The local-spin-selective x-ray-absorption spectrum and the magnetic-circular-dichroism spec-
trum are measured at the manganese K edge of MnP. Both spectra show the presence of a strong
spin polarization at the edge. A comparison of the two techniques makes it possible to determine
the energy dependence of the Fano factor. It is found that the Fano factor is —4% at the edge
but it decreases quickly over an energy range of 10 €V to values lower than 1%. The local-spin-
selective x-ray-absorption spectrum is compared to the empty density of states as determined from
a local-spin-density band-structure calculation. The use of the K3 detection yields a spectrum with
considerably better resolution, which offers new possibilities for more detailed comparisons with

electronic-structure models.

I. INTRODUCTION

In this paper we compare two recent techniques
to study the magnetic structure of solids: local-spin-
selective x-ray absorption and x-ray magnetic circular
dichroism (MCD).

Local-spin-selective x-ray absorption was exploited by

Himaldinen and co-workers.! In this technique the K- -

edge x-ray-absorption spectrum is measured by detecting
the K x-ray-emission (3p — 1s) decay channel at two
different energy positions. One can separate the K3 x-
ray-emission spectrum into an internally referenced spin-
up part and a spin-down part? and by selecting these
parts of the spectrum one is able to obtain a local-spin
selectivity in the K-edge absorption spectrum. This tech-
nique bears resemblance to “spin-polarized” photoelec-
tron diffraction (PED),? which also uses the 3p core spec-
trum for the spin selection. The use of a core spectrum
for the spin selectivity implies that the spin is referenced
to the local situation in the solid. For a ferromagnet
this is equivalent to an external referenced technique,
like x-ray MCD, as all sites bear a magnetic moment in
the same direction. For an antiferromagnetic sample the
sites are 50% spin up and 50% spin down and their, even-
tual, dichroism effect is canceled. However, in case one
uses an electron created from a core state this observes
the situation referenced to the spin direction of its site.
Looking from the outside of the system, as one would
do with a Mott detector, the electrons from these two
sites are antiparallel. But both are parallel with respect
to their local valence electron spin density; hence they
appear at equal energy in the 3p photoemission or K3 x~
ray-emission spectrum and at a different energy than the
electrons which are antiparallel to the local spin direc-
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tion. Therefore by selecting the energy of the K3 spec-
trum one measures the local difference in spin direction
for antiferromagnets as well as ferromagnets.
X-ray-absorption spectra at K edges are described
with single-particle models.* The process is described as
the excitation of the 1s core electron to an empty state
of p symmetry with respect to the site of excitation. The
absorption cross section (u) is given as the density of
empty states (p) multiplied by the (squared) dipole ma-
trix element coupling the 1s core wave function with the p
wave functions (R?).% In case of local-spin-selective x-ray
absorption one measures the cross section independently
for spin up and spin down, hence as a function of the
excitation energy (w): ‘

p(w) — py(w) =[Ri(w)pr(w)] - B} (@pr()] . (1)

- Note that experimentally it is not possible to distin-
guish matrix element effects from density of states. This .
distinction is made only because they are separated in
the theoretical analysis.

With MCD one probes the same x-ray-absorption spec-
trum with circularly polarized x rays. X-ray MCD effects
have been observed by Schiitz and co-workers.® The dif-
ference between left (pr) and right (ug) circular x rays is
proportional to the difference in the spin polarization of
the empty states multiplied by their matrix element. The
proportionality factor is the so-called Fano factor (P):”

pz — pr = P([R2py] — [Biny)]) - ()

The energy dependence has been omitted in Eq. (2).
In principle the density of states, matrix elements, and
Fano factor all can be energy dependent. The Fano fac-
tor originates from the fact that for K edges the MCD
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is caused by the spin-orbit coupling of the final states.
With circularly polarized x rays one excites to p states
with either j = 3/2 or j = 1/2. Without spin-orbit cou-
pling in these p states there is no dichroic effect visible.
Because of the spin-orbit coupling the radial matrix ele-
ments for p3/2 and p; s, are not exactly equal. Spin-orbit
coupling draws in the nodes of the j = 1/2 wave function
and pushes out those of j = 3/2. Because of normaliza-
tion, the net difference between the two wave functions is
particularly large in the core region where overlap with
the 1s wave function takes place. If is this mechanism
which leads to a difference of the R3/; or Ry matrix
elements and hence to the Fano factor. This spin-orbit
effect can be separated from the effects due to the spin
polarization of the radial matrix elements and the (exper-
imentally inseparable) spin polarization of the density of
states. From the paper of Fano one finds:?

142X 2R3/2 + Ry/s

p=T%2_ .
2+ X2 R3/2 — Ry/2

with X = = (3)
For small (< 10%) differences between the matrix ele-
ments this equation simplifies to

<8 (R3/z ~ Riys)
PSRN g
3 (Rs/2 +Ryy2) “)

The Fano factor is directly proportional to the differ-
ence in the radial matrix elements of the two spin-orbit
split states. In the analysis of x-ray MCD it is often as-
sumed that both the Fano factor and matrix elements are
energy independent and also that the matrix elements are
equal for spin-up and spin-down electrons. With these
assumptions one can eliminate the matrix elements from
the formula by dividing the difference spectrum by the
sum spectrum and one obtains the familiar formulation
of x-ray MCD,®

pr(w) = prlw) o, prlw) —p(w)
@) o) L p@ e

However, the approximations made to obtain Eq. (5)
are not clearly established: The Fano factor is not guar-
anteed to be energy independent and for example the
original paper of Fano’ indicates a strong energy depen-
dence. Also the radial matrix elements for spin up and
spin down are not necessarily equal.®

In fact the comparison of local-spin-selective x-ray ab-
sorption and x-ray MCD can shed some light on this mat-
ter. By comparing Eqgs. (1) and (2) one notices that
local-spin-selective and x-ray MCD both give a measure
of the spin polarization of the empty states (both multi-
plied with matrix elements). By dividing Egs. (1) and

(2) one directly determines the Fano factor, including its

eventual energy dependence:

KL (w) KR (‘*’)
st (w) — py(w)

= P(w). (6)

The determination of the energy dependence of the
Fano factor, by dividing the x-ray MCD and local-spin-
selective x—ray-absorptlon experiments, is discussed in
Sec. IIIE. -
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. A, Determination
of the x-ray-absorption cross section

The transmission detected x-ray-absorption cross sec-
tion (I,g) is given as

[L1,Gp]R*(w)p(w) - (™

All broadening factors are placed in square brackets:
The 1s core state has a finite lifetime which gives rise
to a Lorentzian broadening (L1,). The width of the life-
time broadening is indicated with I'y,. Furthermore, the
incoming x ray has a spread in energy which is approxi-
mated as a Gaussian broadening of the x-ray-absorption
cross section (Gg).

The combination of an x-ray-absorption and x-ray-
emission process is named both resonant x-ray emission®
as well as inelastic x-ray scattering.'® The complete for-
mulation of this combined process has been given in’
Ref. 10. By omitting the spatial (angular) degrees of
freedom one obtains

I)"Ichs (w) =

I(w,w") = [Lap(w,w')G 5]
fp el

w' indicates the decay energy, w the excitation energy.
The experimental broadening (Gg) includes both the en-
ergy spread of the incoming x ray and the resolution of
the detector. From this general formulation one can de-
rive the equations for the x-ray-absorption cross section
measured at a particular decay energy [I§,s(w)] and the
X-ray-emission cross section at a particular excitation en-
ergy [I{ggs(w’)]. For ls intermediate states interference
effects do not occur and one can abandon the denom-
inator. Because of the coherence of excitation and de-
cay processes the lifetime broadening of the intermediate
state disappears from the formula and one obtains

Ifas(w) = CurlLapGrlR*(w)p(w) - (9
The broadening factors are given in square brackets.
The proportionality factor (C,) is the K8 (3p — 1s)
x-ray-emission decay strength at the detector energy o'.
Similarly one can obtain the K x-ray-emission cross
section at a particular excitation energy:

Kns = CullnaLspGr] Y | Bp g | 1) P . (10)

3p

The proportionality factor C,, is given by the density
of states to which the 1s electron is excited (R2p). Notice
that for the decay process the broadening factors include
the 1s lifetime.

The rest of the paper is organized as follows: Section
IT discusses the experimental aspects of both local-spin-
selective x-ray absorption and x-ray MCD. In Sec. IITA
we discuss the interpretation of the K8 x-ray-emission
spectrum and in Sec. IIIB the data treatment of the
resulting local-spin-selective x-ray-absorption spectrum.
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The results are compared with those obtained by x-ray
MCD in Sec. IIIC and the local-spin-selective x-ray-
absorption spectrum is compared with the empty den-
sity of states as obtained from a local-spin-density (LSD)
band-structure calculation in Sec. IIID. Finally Sec.
TIIE discusses the determination of the Fano factor.

II. EXPERIMENT

The local-spin-selective x-ray-absorption experiment
was carried out on the X25 hybrid wiggler beam
line!’ at the National Synchrotron Light Source at
Brookhaven National Laboratory. A double-crystal
5i(220) monochromator which produces an incident x ray
with an intensity of 10!! photons/sec and a resolution of
0.7 eV [full width at half maximum (FWHM)| was used.
The K x-ray emission was analyzed with a Rowland cir-
cle spectrometer equipped with a spherically bent Si(440)
crystal and a Nal scintillation counter.'®3 At 6.5 keV
the analyzer resolution was 0.3 eV. The average count
rate at the fluorescence peak above the absorption edge
was 1500 counts per second with a measured background
of less than one count per second. The total beam time
for the experiment was 5 days.

The x-ray MCD experiment was performed at the _

energy-dispersive x-ray-absorption beam line of the DCI
storage ring at the Laboratoire pour I’Utilisation du Ray-
onnement Electromagnetique (LURE). Right circularly
polarized x rays with a degree of polarization of 80%
were selected by positioning a 1 mm vertical slit at 3
mrad below the synchrotron orbit plane. The curved
Si(111) dispersive monochromator'* focuses at the sam-
ple site with a resolution of 1.2 eV (FWHM). The whole
spectrum is measured at once with a photodiode array
detector made of 1024 pixels.!® The advantages of the
dispersive geometry, i.e., stability and high throughput,
are discussed in detail in Ref. 15. A magnetic field of
1.0 T was applied by an electromagnet and the field di-
rection was alternated to obtain field directions parallel
and antiparallel to the propagation direction of the x-ray
beam. The magnetic field was flipped each minute with
a dead time of 8 sec. The total measurement time was
16 h. ‘

For the x-ray MCD measurements a single-crystal MnP
sample which was grounded and dissolved in cyclohexane
was used. The solution was poured onto a 10 gm microp-
ore filter. In this manner a thin layer of uniform thickness
is achieved. The layer is covered with collodion for pro-
tection. The K3 fluorescence measurements were carried
out on a single crystal of MnP. MnP has a Curie point
(T¢) at 291 K and below 46 K the ferromagnetic ordering
changes to a fanlike ordering. The magnetic phase dia-
gram has been given by Komatsubara and co-workers.
Experiments were carried out in both the ferromagnetic
phase (at 150 K) and the paramagnetic phase (at 350 K).

III. RESULTS AND INTERPRETATION
A. K x-ray-emission spectrum

In local-spin-selective x-ray absorption the detection
system for the absorption spectrum is a fluorescence de-
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tector which is tuned to the energy of the Kf x-ray-
emission spectrum. Before using this decay channel as a
detector we first study its shape and its variation with
excitation energy. The questions we have to answer are
(1) does the K3 decay channel result in a constant pro-
portionality factor, and (2) what is the spin polarization
at different points in the spectrum; hence what are the
best energy points to choose for the detector.

Figure 1 shows in one plot both the K-edge x-ray-
absorption and the K x-ray-emission spectra of MnP.
The x-ray-absorption edge is positioned at 6538 eV and
the peak maximum of the K3 (3p — 1s) decay is po-
sitioned at about 6490 eV. The energy difference of ap-
proximately 48 eV identifies with the binding energy of
a 3p electron. )

The shape of the K3 x-ray-emission spectra is largely

‘determined by final state effects. . The final state of the

Kf x-ray-emission process contains a 3p hole, which
is known to interact strongly with the partly filled 3d
valence band. This 3p3d interaction gives rise to so-.
called multiplet effects which can be studied within the
framework of crystal field theory,? or in case of strong
influences from covalency with an Anderson impurity
Hamiltonian.'” The K3 spectrum of MnP shows close
correspondance to the crystal field multiplet calculations
for Mn3* ions as given by Peng and co-workers.Z The
degree of spin polarization can be estimated to be more
than 90% spin down for the main peak, while at energies
more than 10 eV from the peak position the spectrum is
100% spin up apart from the Lorentzian tail of the main
peak.
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FIG. 1. “KpB x-ray-emission (left) and K-edge

x-ray-absorption spectrum (right) of MnP. The K3 spectra
are normalized to 1 (see text). They given for the excitation
energies 6552 eV (dots) and 6542 eV (thin line). At the upper
left difference spectra with the 6552 eV spectrum are given
for the excitation energies 6538 eV, 6540 eV (middle) and
6542.5 eV (top). These excitation energies are indicated with
solid triangles in the x-ray-absorption spectrum and with the

extension of the base line for the difference spectra,
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The spin-down spectrum can best be measured at the
peak position of the K3 decay (6489.7 eV). For the mea-
surement of the spin-up spectrum we chose a distance of
17 €V to the main peak. The spectrum shows a long tail
where the intensity does not decrease quickly and to limit
the effects of the Lorentzian tail the energy difference to
the main peak is chosen as large as possible.

The shape of the K3 spectrum has also consequences
for the effective broadening of the local-spin-selective x-
ray-absorption spectra. This broadening is given by Eq.
(9) and one expects a considerable increase in the res-
olution because the 1s lifetime broadening disappears.
This reasoning is indeed correct for the main peak which
is essentially a single peak broadened according to Eq.
(10). However, at the tail position the K3 spectrum is
essentially flat; in other words within the K3 spectrum
the summation over 3p states in Eq. (10) shows a range
of states that can be detected. Because the broadening
of the K3 spectrum includes 'y, one can detect all 3p
states within this energy spread. This implies for the
x-ray-absorption spectrum that the proportionality fac-
tor (with its summation over 3p states) contains the 1s
lifetime broadening, which yields a total broadening of
T'is X I'gp. Thus the effective broadening obtained by
putting the detector at the K3 spectrum can vary be-
tween I's, for a single 3p final state (sharp peak) and
I'1s X ', for a flat region of the spectrum.

To determine the variation in the K x-ray-emission
spectrum we have measured a series of six spectra taken
at excitation energies as indicated with solid triangles on
the base line at the absorption edge (Fig. 1, right side).
On the left side of Fig. 1 we show the K3 x-ray-emission
spectra taken at 6542.5 eV excitation energy (solid line)
and at 6552 eV (dots), both normalized to 1. The rela-
tive strengths of the K3 x-ray-emission spectra are given
by the density of states at the respective excitation ener-
gies [cf. Eq. (9)]. For the figure we have normalized all
spectra to one in order to make their shape differences
better visible. For example, if a spectrum is broader, the
difference of the spectra shows two positive peaks at both
sides of the maximum, etc. The 6552 eV spectrum can
be considered the nonresonant K[ x-ray-emission spec-
trum. We plot the difference spectra with this nonreso-
nant spectrum for 6542.5 eV (upper left, top), 6540 eV
(middle), and 6538 eV (down). The energies are indi-
cated in the figure by the extension of the zero line to the
excitation spectrum on the right. The difference spectra
show that there is a considerable variation in the spectral
shapes. -

We analyze these variations in the normalized K0
spectra using Eq. (10). The 6538 eV spectrum (bot-
tom) has lower intensity on the high energy side. This is
caused by the resonant Raman effect.’®1? If the excita-
tion energy (w) is smaller than the edge energy (2 =~ 6538
eV) plus the lifetime broadening (I = 1.5 €V), one does
not reach the full K3 x-ray-emission intensity. A quan-
tative analysis of the transition from the resonant Ra-

man regime (w < 2 —T'), via the intermediate regime, to-

the normal fluorescence regime (w > 2 +I') is given by
Himailiinen and co-workers.'®
The 6542.5 eV spectrum is broader; hence its differ-
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ence spectrum (top) has higher intensity on both sides
of the peak position. This broadening effect is caused by
the shape of the density of states (R%p) at the particular
excitation energies. A flat density of states [Eq. (10),
C., = const.] results in the broadening [L1,L3,GEg]. A
mimimum in the density of states, as for 6542.5 eV, will
make the spectrum broader because C,, increases at the
positions of the lobes of the broadening. Likewise a max-
imum in the density of states, as for 6540 ¢V, makes the
spectrum appear sharper. Thus the density of states and
for w < 2+ 7T also the resonant Raman effect modify the
shape of the K x-ray-emission spectrum. It is impor-
tant to note that the 3p — 1s matrix elements are not
affected. This implies that the proportionality factor for
the use of the decay channel for x-ray absorption in Eq.
(9) is indeed a constant.

B. Local-spin-selective x-ray-absorption spectra

The consequences for local-spin-selective x-ray absorp-
tion are the following: (a) The K3 x-ray-emission cross
section gives rise to a constant proportionality factor. (b)
The peak spectrum taken at 6489.7 eV relates to more

- than 90% spin down and has approximately a broaden-

ing [L3pGEl; the tail spectrum taken at 6472.7 eV relates
to 100% spin up and has a broadening which can be ap-
proximated as [L1,L3,Gg]. (c) The Lorentzian tail of the
main peak will appear in the spectrum taken at 6472.7
eV, the so-called resonant Raman effect.!®

The bottom of Fig. 2 shows the normalized local-spin-
selective x-ray-absorption spectra: the spin-down spec-
trum taken 6489.7 eV (solid line) and the spin-up spec- -

Intensity (arb. units)

L e L R S S A Bt e S T
6550 6600 6650 6700
Energy (eV)

6500

FIG. 2. Bottom: the raw x-ray-absorption spectra taken
at 6489.7 eV (spin down, solid line) and 6472.7 eV (spin up,
dots). Top: the spin-down (solid line) and spin-up (dots) lo-
cal-spin-selective x-ray-absorption spectra after data process-
ing. The spectra are normalized to each other by integration
of the total spectrum.
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trum taken at 6472.7 eV (dots).

In order to determine their difference one has to take’

care that the effects which affect the spectral shapes are
made equal for spin up and spin down. The proportion-

ality factor (a) can be taken care of by normalizing both
spectra over the full energy range of 200 eV. The reso.

nant Raman effect (c) is clearly visible as the onset of the
spin-up spectrum at 17 eV lower energy than the spin-
down spectrum. The intensity of the resonant Raman
effect at 17 eV is less than 1% but because the inten-
sity of the tail is small compared to the main peak the
resonant Raman effect is clearly visible.
rect the spin-up spectrum for the resonant Raman effect
essentially by subtracting the broadened spin-down spec-
trum shifted over 17 eV. The spin-up spectrum (dots) at
the top shows the resonant-Raman-corrected spectrum.

The spin-down spectrum is very sharp which makes a .

comparison to electronic structure models more precise
(see next section). However, to make possible a com-
parison with the spin-up spectrum the broadening of the
spin-down spectrum must be adapted. If the spin-up
spectrum is broadened with [L;;03,Gg| and the spin-
down spectrum with [L3,Gg], the spin-down spectrum
has to be given an extra broadening with the 1s life-
time broadening. Because the experimental broadenings
are not exactly known we have optimized this additional
Lorentzian broadening in order to make the total broad-
ening of both spectra equivalent. We determined a value
of 1.5 eV (FWHM). Both processed spectra, also cor-
rected for the absorption cross section, are shown at the
top. The final difference obtained is very small. In the
next sections we will discuss the region at the edge in
more detail.

The local-spin-selective x-ray absorption has been
measured in the ferromagnetic phase at 150 K and in
the paramagnetic phase at 350 K. Within the sensitivity
obtained no differences are observable between the data
taken at 350 K and 150 K. This implies that also above
the Curie temperature there is a local moment which in-
teracts with the 3p core hole. Though not ordered this
local moment still offers a possibility to distinguish be-
tween local spin-up and spin-down states using the K3
channel.

C. Comparison with x-ray MCD

Figure 3 shows the comparison between the local-spin-~
selective x-ray-absorption spectrum and the x-ray MCD
spectrum in the energy range from 6530 to 6570 eV.
The two local-spin-selective x-ray-absorption spectra are
given at the bottom for spin up (solid line) and spin down
(dashed line). Their difference is indicated in the top
spectrum with the open circles. If one normalizes the
absorption spectra to 1.0, the difference reaches a maxi-
mum of +4% at 6543.5 eV indicated with a vertical line.
In the difference spectrum a shoulder is visible at 6538.5
eV also indicated with a vertical line. The middle spec-
trum shows the x-ray-absorption spectrum measured in
transmission with right circular polarized x rays. The
spectrum measured with the opposite magnetization di-

One can cor-

Intensity (arb. units)

6550
Energy (eV)

6530 6540 6560 6570

FIG. 3. Bottom: the local-spin-selective x-ray-absorption
spectra for spin up (sohd line) and spin down (dashed
line). Middle: the x-ray-absorption specrum taken with
transmission. Top: comparison of the local-spin-selective
x-ray-absorption difference spectrum (open circles) and the
x-ray MCD spectrum (solid points, multiplied by 50). The
two vertical lines indicate the peak maximum for the differ-
ence spectrum and a shoulder at lower energy correspondmg
with the minimum for the x-ray MCD. :

rection is not visibly different. The x-ray MCD effect,
indicated at the top with the solid dots, has a maximum
difference of —0.08%. The transmission x-ray-absorption
spectral shape is similar to the local-spin-selective x-ray-
absorption spectra at the bottom. A difference is that the
experimental broadening is larger for the x-ray MCD ex-
periment. It can be seen that both the local-spin-selective
x-ray-absorption spectrum and the x-ray MCD spectrum .
show relatively large effects between 6535 and 6545 eV.
While for x-ray MCD the effect diminishes at higher en-
ergy for local-spin-selective x-ray-absorption the differ-
ence spectrum is of the same order of magnitude. In Sec.
IIIE we compare both spectra quantitatively to deter-
mine the energy dependence of the Fano factor.

D. Comparison with Vspin-poilariz'ed densify of state’sw

Following Eq. (1) the spin-polarized x-ray-absorption
spectra correspond to the spin polarization of the empty
states of manganese p character. Qualitatively the elec-
tromic structure of MnP can be described as a 3d band
crossing the Fermi level. In turn this spin-polarized band
affects the spin polarization of the manganese p-DOS.
To make a quantitative comparison, the empty density
of states of MnP are calculated using local spin density
(LSD) band-structure calculations.

The calculation has been carried out with the linear

muffin-tin orbital (LMTO) method®® using the atomic
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sphere approximation (ASA).2! MnP is calculated in
its P,mq crystal structure with per unit cell four man-
ganese ions and four phosphor ions. Both ions are po-
sitioned in the Wyckofl 4c position of the space group
with the parameters z = 0.005,2 = 0.20, for Mn and
z = 0.19,z = 0.57 for P.22 The radii of Mn and P are

chosen equal at 2.7075 au. For the self-consistent LMTO-

ASA calculation 4s, 4p, and 3d orbitals are included for
Mn and 4s (downfolded?!), 3p and 3d orbitals for P. The
4f functions are only used in the expansions.?! The cal-
culations are carried out with 8 x 12 x 8 = 768 k points
in the Brilloin zone which relates to 175 irreducible %
points. Details concerning the calculations will be dis-
cussed in Ref. 23 for a series of comparisons to x-ray
absorption spectra. :

Figure 4 compares the local-spin-selective x-ray-
absorption spectra (p) with the broadened manganese
spin-polarized p-projected density of states (p,). At the
top the local-spin-selective x-ray-absorption spectra are
given for spin up (solid line) and spin down (dashed
line). In the middle the p, curves are given for spin-up
(solid line) and spin-down (dashed line). The broaden-
ings used are the experimental broadening and the 1s
lifetime broadening. p, is given only up to 22 eV above
the Fermi level because at higher energies the errors be-
come too large due to the limited basis set used. The
density of states is aligned to the x-ray-absorption spec-
tra at the position of the first peak in the spin-difference
spectrum. The vertical line indicates the position of the
Fermi level in the calculation. A similarity can be ob-
served between p and pp, both in the general shape as in
the exchange splitting between spin up and spin down.

Density of states (arb. units)

-10 -5 0 5 10 15 20 25 30
Energy (eV)

FIG. 4. Top: the local-spin-selective x-ray-absorption spec-
tra for spin up (solid line) and spin down (dashed line). Mid-
dle: the broadened manganese p-projected density of states
of MnP for spin up (solid line) and spin down (dashed line),
aligned with its Fermi energy at the position of the edge (see
text). Bottom: the local-spin-selective x-ray-absorption dif-
ference spectrum (dots) compared to the spin difference of the
densities of states (solid line).
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At the bottom of Fig. 4 the spin difference of the x-
ray-absorption spectra (dots) is compared with the spin
difference in p,. Both are multiplied by 10 comparing to
the scale of the absorption spectra in the figure. Notice
that in the experimental difference spectrum a structure
is visible below the Fermi level. This structure is also vis-
ible in the spin-up spectrum at the top (solid line), which
does not approach zero as expected at the edge. This is
an artifact of the data treatment due to the small errors
induced by the resonant Raman subtraction procedure.
The band-structure calculation yields two broad
bands: Between —7 eV and +5.5 eV (referred to the
Fermi level), the band is formed by the strongly covalent
interaction of the manganese 3d states with the 3p (4s)
states from phosphor. We will name it the 3d band. From

-about 6.5 eV to higher energy a new structure occurs"

which is dominantly formed by the antibonding phos-
phor 3p states.?3 From 5.5 eV to 6.5 eV a gap exists.
The two peaks visible in the broadened p, spectra relate
to respectively the Mn 3d band and the antibonding P
3p band. These two peaks are also visible in the x-ray-
absorption cross section. A difference is that in g the
maximum of the second peak is shifted to lower energy,
both for spin up and spin down. For the spin difference
one observes two positive structures in both p and p,,.
The positive sign indicates that the spin-up density of
states is shifted to lower energy compared to the spin-
down density of states. The fact that the spin difference
is of equal magnitude (+4% maximally in the first two
peaks) in g and p, indicates that the matrix elements for
spin up and spin down are approximately equal [cf. Eq.
(1)]. A difference between ut — u~ and p} — p, is that
in ut — p~ the dip between the two peaks has filled up.
This is caused by the lower energy position of the second
peak in p, which also shifts its spin-difference spectrum
to lower energy. R

Thus the only important discrepancy between theory
(pp) and experiment (u) is the shift of the second peak
in p to lower energy. This is a gemeral phenomenon,
which occurs at a series of 1s x-ray-absorption spectra
compared to p,.%2?* It can be related to the neglect of
the core hole potential. For 3d silicides the effect of the

core hole has been studied in detail by performing self-

consistent supercell calculations.?®2% It turned out that
for these systems, and in general for all systems with
relatively broad bands, the effects of the core hole can be
described by the deformation of the density of states in
which weight is shifted to lower energy. At the bottom

. of the respective bands intensity piles up; for details see - ..

Refs. 4, 26 and references therein. For the present study
this implies that one expects the density of states to be
deformed and intensity transferred to the Fermi level for
the first peak and to the bottom of the band at +6.5 eV
for the second peak. This is exactly what is observed and
we conclude that the core hole effect explains the shift of
the second peak to lower energy.

E. Determination of the Fano factor

The final point we want to discuss is the determination
of the energy dependence of the Far}o factor by making
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FIG. 5. Broadened (see text) local-spin-selective

x-ray-absorption difference spectrum (open circles) compared
with the broadened x-ray MCD spectrum multiplied with 50
(open squares). Their ratio is the Fano factor (solid dia-
monds), reaching —4% at the edge (vertical line). Above 6546
eV the 5 eV average values are given.

use of the division of the x-ray MCD spectrum by the
local-spin-selective x-ray-absorption spectrum [Eq. (6)].
We have broadened both experimental spectra given in
Fig. 3 with an additional Gaussian of 1.0 eV FWHM, in
order to compare the results which were obtained with
different experimental resolution.

Figure 5 compares both spectra obtained as such. The
local-spin-selective x-ray-absorption spectrum (open cir-
cles) reaches +4%. The x-ray MCD spectrum (open
squares) is multiplied with 50 in order to be visible on
the same scale. It has a minimum of —4% in the plot
which relates to —4/50 = —0.08%. Only the energy
range from 6520 eV to 6546 eV is given with individual
points. Above 6546 eV the average value is given for the
5 eV energy ranges because otherwise the statistics of the
present experiment is insufficient. Also if the value of the
local-spin-selective x-ray-absorption spectrum is close to
zero the determination of the Fano factor diverges; i.e.,
the statistical error becomes large. It can be seen that
the Fano factor reaches its heighest value (—4%) at the
edge, indicated with the thin vertical line. Its position is
taken from the position of the Fermi level in Fig. 4. It
decreases to a value lower than 1% above 7 eV. We con-

clude that in the energy range of the 3d band the matrix -

elements coupling the p states to the 1ls core state are
strongly affected. Due to the strong spin polarization of
the 3d states combined with the essential 4p spin-orbit
coupling the matrix elements for ps;; and p;/; are af-
fected differently.
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IV. CONCLUDING REMARKS

We have shown that one can use the K3 x-ray-
emission channel to detect the local-spin-selective x-ray-
absorption spectra.
shape showed that one can detect spin-up and spin-down

x-ray-absorption spectra seperately though with differ-

ent resolution. Also the spin-up spectrum is affected by
resonant Raman effects which can be taken out.

The local-spin-selective x-ray-absorption spectra are in
accordance with the spin-polarized density of states as
obtained from LMTO-ASA: band-structure calculations.
The comparison with’ X—ray MCD showed in both cases a
large effect at the edge. It has been shown that by divid-

ing the x-ray MCD spectrum by the local-spin-selective

spectrum one is able to determine the Fano factor, in-
cluding its energy dependence. For MnP it is found that

the Fano factor reaches —4% at the edge and decreases to

lower values above 7 eV. Clearly the Fano factor is shown
to be strongly energy dependent. We note that even for
MnP, which is not a favorable case, it turned out to be
possible to obtain a reliable picture of the energy depen-
dence of the Fano factor. Ferromagnetic systems with
large moments, and for all systems containing divalent
manganese, are expected to be measurable with consid-
erably better statistics as well as with higher resolution
because the spin-up spectrum can be measured for a sin-
gle 3p state. Research is in progress to verify this.

The improved resolution obtained at the main peak
of the K3 x-ray-emission spectrum promises to reveal
many new details of the electronic structure of solids.
The high-resolution structures at the edge reveal the
quadrupolar transitions.'? Also they are expected to re-
veal the existance of correlation effects beyond the used
single-particle models in strongly correlated materials. A
field which will be helped with high-resolution data is
the interpretation of the pre-edge structures in iron com-
pounds, for which a number of different models have been

suggested.2” 2 The new 1s lifetime-free x-ray-absorption

spectra have the promise to largely advance our under-
standing on this matter.
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