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We have recently demonstrated that it is possible to obtain spin-resolved valence band spectra with a very high degree
of spin polarization from macroscopically non-magnetic transition metal materials if the excitation light is circularly polarized
and has an energy close to the cation 2p,, (L,) white line. Using the layered compound Sr,CuO,Cl, as a test system, we
report in this paper that the degree of spin polarization is strongly dependent on the transition metal 3d orbital orientation

relative to the Poynting vector of the light.
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1. Introduction

To determine the nature and behaviour of quasi-particles
in strongly correlated magnetic transition metal materials,
including oxides and high-T, superconductors, it is highly
desirable to have experimental information about the
energies and band widths of the different spin and multiplet
states in the single-particle excitation spectrum.
Identification of these states, which have their meaning
within the Anderson impurity model, could facilitate the
modelling of the low-energy excitations of -the lattice in
terms of those of the impurity. Knowledge of the character
of the first ionization states is important for a better
understanding of, for example, the stability of the magnetic
state and the behavior of the charge carriers in doped
materials.

Making use of the on-going advancements in synchrotron
radiation technology, we have recently been able to obtain
spin-resolved valence band spectra with a very high degree
of spin polarization from antiferromagnetic and
paramagnetic transition metal materials if the excitation light
is circularly polarized and has an energy close to the cation
2ps, (L;) white line."® We were able, for instance, to
unravel the different spin states in the single particle
excitation spectrum of CuO and show that the top of the
valence band is of pure singlet character,” which provides
strong support for the existence and stability of Zhang-Rice
singlets in high-T, superconducting cuprates.*® We have
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also measured the Ni 3d spin polarization below and above
the Curie temperature, and have found that the 3d® triplets
in the valence band spectrum are extending all the way to
the Fermi energy.? This means that the atomic Hund’s rule
correlations survive the strong band formation, and that
these correlations together with the orbital degeneracy of the
3d band are of utmost importance to understand Ni and
other 3d ferromagnets.

In this paper we investigate more in detail the selection
rules that are involved in the spin-resolved circularly-
polarized resonant photoemission process. In particular, we
carry out a study on the influence that the transition metal
3d orbital orientation might have on the degree of the spin
polarization of the outgoing photoelectrons. For this we
have used the layered compound Sr,CuQ,Cl, as a test
system: the material contains two-dimensional CuO, planes
which have a quite similar electronic structure as CuQ, but
with the advantage that high quality single crystal surfaces
can be obtained with a well defined orientation, namely
parallel to the CuO, planes. We find that the degree of spin
polarization is strongly dependent on the transition metal 3d
orbital orientation relative to the Poynting vector of the
light. For the Cu 3d® (!G) final state, we find that the
polarization can vary between 0% and the extremely high
value of 83%.

2. Experimental

The experiments were performed using the helical
undulator” Dragon beam line BL26/ID12'? at the European
Synchrotron Radiation Facility (ESRF) at Grenoble, together
with the New York University (NYU) spin-resolved
spectrometer  specifically designed for soft-x-ray
photoemission experiments.'” The overall monochromator
and electron analyzer resolution was set at 1.5 eV. The
degree of the circular polarization at the Cu 2p,, (L,)
photoabsorption white line (hv = 931.5 eV) was 0.85 and
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the detector’s spin sensitivity (Sherman function) was 0.07.
The angle between the electron emission direction and the
light beam was set at 90° and the spin detector was set to
measure the degree of the electron spin polarization in the
direction along the light beam in order to obtain complete
parallel and anti-parallel alignment of the photon spin and
electron spin. The spectra were recorded with the four
possible combmanons of light helicity (6*/c") and spin
detector channels (e T/e*, measured simultaneously), in order
to exclude any systematic errors. The Sr,CuO,Cl, sample
was grown by means of the floating zone technique, using
an elliptical furnace.'” The sample was cleaved in situ and
measured at room temperature, which is above the Neel
temperature of ~225K.

3. Results and Discussion

The top panel of figure 1 shows the valence band
photoemission spectrum of Sr,CuO,Cl, with the photon
energy tuned at the Cu 2p,, (L;) white line, taken at a
©=45° angle between the Poynting vector of the light and
the c-axis (surface normal) of the crystal. The spectrum is
the sum of two spectra, one collected with parallel (TT =

T + o'¢*) and the other with anti-parallel N =c+0o
e ) alignment of the photon spin and electron spin. Aside
from a slightly poorer energy resolution, it is quite similar
to the unpolarized 2p resonant photoemission spectrum of
CuO and the high-T, superconductor Bi,Sr,CaCu,0O, from
earlier works.'*'¥ The spectrum reveals primarily the Cu 3d®
final states, and the peaks at 16.2 and 12.5 eV binding
energy are states derived from the typical atomic-like 'S and
'G states, respectively, as explained before.'*'”

The middle panel of figure 1 displays the degree of spin
polarization, defined as the ratio between the difference
spectrum relative to the sum spectrum of the parallel and
anti-parallel spectra. A correction for the spin detector
sensitivity and the incomplete polarization of the light has
been included. We observe that this spin polarization is
extremely large, up to roughly 60% for the states assigned
as 'S and 'G like. This is significantly higher than the 42%
maximum value found for polycrystalline CuQ."

From the sum spectrum (top panel) and the polarization
spectrum (middle panel) we can also calculate the true
individual parallel and anti-parallel spectra, and the results
are shown in the bottom panel of figure 1. The large
difference between these two spectra is another
manifestation for the high degree of spin polarization that
can be obtained from this type of resonant photoemission
Spectroscopy.

In this photoemission work on Sr,CuO,Cl, we make use
of the Cu 2p,, (L;) resonance condition: when the photon
energy is near the Cu 2p,, (L;) absorption edge, the
photoemission consists not only of the direct channel (3d°
+ hv — 3d® + e) but also, and in fact overwhelmingly, of
the deexcitation channel in which a photoabsorption process
is followed by a non-radiative Auger decay (2p°3d® + hv —
2p°3d'® — 2p®3d® + e). In principle, to observe spin signal
one needs only the use of a spin detector and circularly
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Fig. 1. Spin-resolved circularly polarized 2p,, (L,) resonant
valence band photoemission spectrum of Sr,CuO,Cl, taken at a
©=45° angle between the Poynting vector of the light and the c-
axis of the crystal. The top panel shows the sum of two spectra,
one taken with parallel and the other with anti-parallel alignment
of the photon spin and electron spin. The middle panel shows the
degree of spin polarization, calculated as the ratio between the
difference and sum spectrum, corrected for the efficiency of the
spin detector and the incomplete polarization of the light. The
bottomn panel depicts the individual parallel and anti-parallel
spectra.

polarized. light. It is important to realize, however, that
circularly polarized light can only be very effective if a
strong spin-orbit splitting is present in the atomic subshell
under study, because then angular momenta will govern the
selection rules.'® Consequently, direct (non-resonant)
photoemission on 3d transition metal materials would
produce little spin signal, because the spin-orbit interaction
(of order 0.1 eV) is negligible compared to other
interactions like crystal fields and hybridizations (of order
1 eV). By making use of the 2p core level as an
intermediate state in the deexcitation channel of the 2p
resonant photoemission process, we now can take advantage
of the large 2p spin-orbit splitting (of order 20 e¢V) and the
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well known strong L, magnetic circular dichroism.'” This
forms the main principle of our technique: tuning into one
of the two well separated spin-orbit split 2p white lines,
circular polarized light produces a spin polarized 2p core
hole, allowing the subsequent Auger decay to produce
photoelectrons which are also spin polarized (with a
polarization depending on the final state).

B e e o e S S B BLEE A e e
0s | Cu 3d° ('G) final state |
. in Sr,CuO,Cl, ]
e
[5) = -
<’:0.6
N
= .
3
04 -
g
0.2 - ) -
5 2cos®
2 4 i
6 1+cos®
0.0 |- -
P EEPREPE PR ST NP EEIPE RE

0 15 30 45 60 75 90
© (degrees)

Fig. 2. Degree of spin-polarization of the Cu 3d® (!G) peak in
Sr,CuO,Cl, as a function of the angle between the Poynting vector
of the light and the c-axis of the crystal.

To study in more detail the possible differences in the
degree of spin polarization between the layered Sr,Cu0O,Cl,
and the polycrystalline CuO, we vary the angle ®. The
results for the spin polarization of the 'G peak are shown in
figure 2. A very strong variation of the spin polarization
with @ can clearly be observed. At ®=20° the polarization
is about 78% and an extrapolation to ®=0° yields a value of
roughly 83%. Going to higher ® values on the other hand,
the polarization quickly decreases and is expected to even
vanish for @=90°.

To explain this ® dependence of the spin polarization,
we need to consider the selection rules that govern the
deexcitation process. Starting from a 3d® initial state with a
valence shell hole which is spin-up or spin-down, the
photoabsorption process will produce a 2p core hole which
is spin-up and spin-down. This process is therefore
determined by four different cross-sections: A*,A" for
creating core holes with the same spin as the valence shell
hole, and B*,B" with opposite spin, where the +/- signs refer
to an antiparallel/parallel alignment, respectively, of the
valence shell hole and photon spin. It is now not difficult to
deduce" that a measurement of the intensity difference (c*e’
- o'eY) for singlet Auger final states, will be proportional to
(A*-B*)-(A™-B’) for an antiferromagnet containing equal
numbers of spin-up and spin-down ions (with analogous
expressions for ¢ light). Consequently, the polarization,
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defined as the intensity difference divided by the sum, is
given by [(A™-B")-(A-B)J/[(A™+B")+(A+B")]. Realizing
that the Cu 3d hole in the CuO, planes resides in the b,
type of orbital of the local square planar D, point group,
one finds for an (x*-y?) hole with the Poynting vector of the
light along z (i.e. the c-axis is parallel to the Poynting
vector) that the 2p,, — 3d dipole transition matrix elements
are A*=9, A'=1, B*=(0, and B=2, yielding a spin polarization
of 5/6. For an (x>-z%) or (y?-z2) hole on the other hand (i.e.
the c-axis is along the y or x-axis and is perpendicular to
the Poynting vector along z), the matrix elements are
A*=5/2, A=5/2, B*=1/2, and B=1/2, yielding zero
polarization. Rotating now the c-axis continuously away
from the z-axis with an angle ®, the polarization is
theoretically given by 5/6 * 2cos’®/(1+cos’®). Here the
cos’® term in the nominator simply reflects the extent in
which circularly polarized light can produce a spin polarized
2ps, core hole: if @ approaches 90° then the out-of-plane
component of the circularly polarized light can not be
absorbed any more by the (x*-z%) or (y*-z%) hole so that the
absorption process is equivalent to that of linearly polarized
light,” yielding no net spin polarization. The (1+cos’®)
denominator gives the total absorption cross section. From
figure 2 we can now clearly see that this simple theoretical
behavior reproduces very well the experimental data points.
It is interesting to note that at the magic angle (3cos’®=1)
the polarization is 5/12, which is indeed in very good
agreement with the experimentally observed value of 42%
for an isotropic material like CuO."

4. Conclusion

In summary, we demonstrate the feasibility of
spin-resolved valence band photoemission on macroscopical-
ly non-magpetic transition metal materials, i.e. anti-
ferromagnets, paramagnets and materials with disordered
magnetic structure, and show that a very high degree of spin
polarization can be obtained. The combined use of circularly
polarized light, electron spin detection and 2p,, (L;)
resonance condition is essential Using the layered
compound Sr,CuQ,Cl, as a test system, we find that the
degree of spin polarization is strongly dependent on the
transition metal 3d orbital orientation relative to the
Poynting vector of the light. For the Cu 3d® (‘G) final state,
we find that the polarization can vary between 0% and the
extremely high value of 83%. This last aspect may in turn
make Sr,CuO,Cl, very suitable to be used as a standard
material to calibrate the efficiency of spin detectors.
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