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Spin-Resolved Photoemission onAnti-Ferromagnets: Direct Observation
of Zhang-Rice Singlets in CuO
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We demonstrate that it is possible to obtain spin-resolved valence band spectra with a very high
degree of spin polarization from antiferromagnetic transition metal materials if the excitation light is
circularly polarized and has an energy close to the cation2p3y2 (L3) white line. We are able 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-Tc superconductors. [S0031-9007(97)02343-0]
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To determine the nature and behavior of quasipartic
in strongly correlated transition metal oxides, includin
high-Tc superconductors, it is highly desirable to hav
experimental information about the energies and ba
widths of the different spin and multiplet states in th
single-particle excitation spectrum. Identification of the
states, which have their meaning within the Anders
impurity model, could facilitate the modeling of the low
energy excitations of the lattice in terms of those
the impurity. Knowledge of the character of the firs
ionization states is important for a better understanding
the behavior of the charge carriers in the doped materia
which could be quite intricate, especially when boun
states occur with a compensated local spin contrary to t
expected from Hund’s first rule. There is a tendency f
such to occur in charge transfer insulators, with perha
the high-Tc cuprates as the most famous of them. In fa
the basic assumption in main stream theories concern
high-Tc superconductivity, like the single band Hubbar
model [1] and thet-J model [2], is that the relevant state
in the CuO2 planes are of local singlet character, bas
on theoretical estimates [3–7]. Up to now, however, n
direct experimental observation of such spin compensa
states have been reported, mainly because spin-reso
photoemission [8–11], which is the obvious spectroscop
tool to use, cannot be applied due to the fact that m
of the oxide materials, including the high-Tc cuprates,
are macroscopically not magnetic, so that all the sp
resolved signals from the magnetically opposite cati
sites cancel each other. For the same reason, magn
circular dichroism experiments [12–14] at the cation2p
and O 1s photoabsorption edges of hole doped oxid
[15] and cuprates [16,17] would provide no informatio
about the magnetic coupling between the cation a
oxygen holes.
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In this paper we report the combined use of circular
polarized light and electron spin detection in our resona
photoemission study on CuO. Of all strongly correlate
transition materials, CuO has the simplest atomic mu
plet structure, and may therefore serve as a first test
this new type of spin-resolved photoemission techniq
applied to antiferromagnets. CuO may also serve a
model compound for high-Tc cuprates, since in comparing
it with the insulating parent compounds of the superco
ductors, the magnitude of the insulating gap, the antifer
magnetic superexchange interactions, the basic struct
unit (CuO4), the Cu-O distances, as well as the Cu valen
appear to be quite similar. Therefore, the characterist
of the first ionization states in CuO may be representat
for the behavior of the doped holes in cuprates. Our
sults demonstrate that it is possible to obtain spin-resolv
valence band spectra from macroscopically nonmagne
transition metal materials. The spectra have a very h
degree of spin polarization, for which the use of the res
nance condition, i.e., using light with energies around t
cation 2p3y2 (L3) photoabsorption edge, proves to be e
sential. We are able to unravel the different spin sta
in the single-particle excitation spectrum of CuO. W
show, in particular, that the top of the valence band is
pure singlet character, which provides strong support
a meaningful identification of the so-called Zhang-Ric
singlets [5] in high-Tc cuprates.

The experiments were performed using the helic
undulator [18] Dragon beam line BL26yID12 [19] at
the European Synchrotron Radiation Facility (ESR
at Grenoble, together with the New York Universit
(NYU) spin-resolved spectrometer specifically design
for soft-x-ray photoemission experiments [20]. The ove
all monochromator and electron analyzer resolution w
set at 1.5 eV. The degree of the circular polarizatio
© 1997 The American Physical Society
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at the Cu2p3y2 (L3) photoabsorption white line (hn 
931.5 eV) was 0.85, and the detector’s spin sensitiv
(Sherman function) was 0.07. The angle between
electron emission direction and the light beam was se
90±, and the spin detector was set to measure the de
of the electron spin polarization in the direction along t
light beam in order to obtain complete parallel and an
parallel alignment of the photon spin and electron sp
The spectra were recorded with the four possible com
nations of light helicity (s1ys2) and spin detector chan
nels (e"ye#, measured simultaneously), in order to exclu
any systematic errors. The CuO sample was preparein
situ by high-pressure (2–10 torr O2) and high-temperature
(400±C) oxidation of polycrystalline Cu as described
earlier studies [21–23], yielding unpolarized spectra ide
tical to those measured previously. The measureme
were carried out at room temperature, which is above
Neel temperature of 230 K.

The top panel of Fig. 1 shows the valence ba
photoemission spectra of CuO with photon energy tun
at the Cu2p3y2 (L3) white line. The thick solid line is
the sum of the spectra taken with parallel (s1e" 1 s2e#)
and antiparallel (s1e# 1 s2e") alignment of the photon

FIG. 1. Spin-resolved circularly polarized2p3y2 (L3) resonant
valence band photoemission spectrum of CuO. The thick s
line in the top panel is the sum of two spectra, one taken w
parallel and the other with antiparallel alignment of the phot
spin and electron spin. The thin line with open circles is t
difference spectrum. The bottom panel shows the degree
spin polarization, calculated as the ratio between the differe
and sum spectrum. The zero check measurement as desc
in the text verifies a correct experimental setup.
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spin and electron spin. Aside from a slightly poore
energy resolution, it is identical to the unpolarized2p
resonant photoemission spectrum in an earlier work [2
The spectrum reveals primarily the Cu3d8 final states,
and the peaks at 16.2 and 12.5 eV binding energy
states derived from the typical atomiclike1S and 1G
states, respectively, as explained before [21–23]. T
thin line with open circles is the difference betwee
the spectra taken with parallel and antiparallel alignme
of the photon and electron spins. After taking into a
count the spin detector’s sensitivity and degree of circu
polarization, we notice that this difference is very larg
up to 41% of the sum spectrum, which is quite remarkab
since we are studying a polycrystalline system wi
randomly oriented local moments. To verify that th
observation is not flawed by instrumental errors, we ha
performed a zero check experiment. We repeated
measurements under identical conditions with a carb
target replacingin situ the gold target of the spin detector
Since the carbon target is not sensitive to the spin of
electron being analyzed, any difference signal detec
can be ascribed to instrumental asymmetries. As shown
Fig. 1, we measured a difference spectrum which is ze
proving that the experiment has been set up correctly a
that the above mentioned spin-resolved signals are rea

Figure 1 also shows that the difference spectrum ha
different line shape than the sum spectrum. For furth
analysis, we represent in the bottom panel of Fig. 1 t
data in terms of the degree of spin polarization defin
as the ratio between the difference and the sum spectr
The states assigned as1S and 1G have a polarization of
about135% and141%, respectively, and this compare
very well with an analysis of the selection rules in whic
the polarization for a3d9 ion, neglecting the small3d
spin-orbit interaction, is found to be1 5

12 (142%) for the
singlet and2

1
3 3

5
12 (214%) for the triplet final states.

While for 12 eV and higher binding energies only singl
states are present, between 1 and 12 eV the polarizatio
much reduced but not negative, indicating the presence
both singlet and triplet states as proposed in earlier stud
[21–23]. Quite remarkable is that the polarization is hig
again for states located at the top of the valence ba
suggesting strongly that they are singlets, i.e., the Zha
Rice singlets in cuprates. With a value of135%, one
is tempted to make a comparison with the polarizati
of the high-energy1S state (also135%) and suggest a
common origin. In fact, model calculations [6,22] showe
that both the first ionization state and the high-ener
1S state belong to the1A1 irreducible representation of
the D4h point group, and that the first ionization state
which is mainly 3d9L-like, acquires some (67%) 3d8

character which is now being probed in this resona
photoemission experiment (L denotes an oxygen ligand
hole). The calculations [6,22] also showed that it is th
large 3d Coulomb interaction together with the strongl
noncubic environment, present in all cuprates, that ma
1127
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the first ionization state to be a singlet. In CuO, t
stability of this singlet with respect to other states can
estimated from the width of the high polarization regio
which is about 1 eV.

Figure 2 shows a breakdown of the3d8 final states in
terms of singlets and triplets, using the above-mention
selection rules. The results demonstrate clearly t
this type of experiment can unravel the different sp
states of the valence band of transition metal materi
A quantitative analysis which includes Auger matr
elements could provide a much more accurate mode
of the complicated electronic structure of such strong
correlated systems. In our case, a qualitative analy
is more than sufficient to establish that the first 1 eV
the valence band consists of singlets only, as can be s
from the inset of Fig. 2. While much theoretical work ha
been carried out in the past [5–7], our study provides
direct experimental support for a meaningful identificati
of Zhang-Rice singlets in cuprates.

In this photoemission work on CuO we make use of t
2p3y2 (L3) resonance condition: when the photon ener
is near the Cu2p (L2,3) absorption edges, the photoemi
sion consists not only of the direct channel (3d9 1 hn !
3d8 1 e) but also, and, in fact, overwhelmingly, of th
deexcitation channel in which a photoabsorption proc
is followed by a nonradiative Auger decay (2p63d9 1

hn ! 2p53d10 ! 2p63d8 1 e). In principle, to observe
spin signal one needs only the use of a spin detec
and circularly polarized light. It is important to rea
ize, however, that circularly polarized light can only b
very effective if a strong spin-orbit splitting is prese
in the atomic subshell under study, because then an
lar momenta will govern the selection rules [24]. Cons

FIG. 2. A breakdown of the spin-resolved circularly polarize
2p3y2 (L3) resonant valence band photoemission spectrum
CuO in terms of singlets and triplets. The inset shows that
top of the valence band consists of singlets only.
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quently, direct (nonresonant) photoemission on3d tran-
sition metal materials would produce little spin signa
because the spin-orbit interaction (of order 0.1 eV) is ne
ligible compared to other interactions like crystal field
and hybridizations (of order 1 eV). By making use of th
2p core level as an intermediate state in the deexcitat
channel of the2p resonant photoemission process, w
now can take advantage of the large2p spin-orbit splitting
(of order 20 eV) and the well known strongL2,3 magnetic
circular dichroism [13]. This forms the main principle o
our technique: tuning into one of the two well separat
spin-orbit split2p white lines, circular polarized light pro-
duces a spin polarized2p core hole, allowing the subse
quent Auger decay to produce photoelectrons which
also spin polarized (with a polarization depending on t
final state). Essential is the fact that the core hole st
is a bound state so that the Auger decay is a participa
process and reaches aphotoemissionfinal state. Figure 3
depicts in detail the deexcitation channel for a3d9 initial
state. Starting with a valence shell hole which is spin
or spin down, the photoabsorption process will produ
a 2p core hole which is spin up and spin down. Th
process is therefore determined by four different cro
sections:A1, A2 for creating core holes with the sam
spin as the valence shell hole, andB1, B2 with opposite
spin, where the1y2 signs refer to an antiparallelyparallel
alignment, respectively, of the valence shell hole and ph
ton spin. Of further consideration is that the strength
the subsequent Auger decay of the core hole state
pends on the final state reached:Cs for singlets,Ct for
triplets withMS  61, and 1

2 Ct for triplets withMS  0,
where the factor1

2 takes into account that anMS  0
state is only for 50% a triplet. Using Fig. 3 as a guid
one can find that a measurement of the intensity d
ferencess1e" 2 s1e#d for an antiferromagnet contain-
ing equal numbers of spin-up and spin-down3d9 ions
yields fsA1 2 B1d 2 sA2 2 B2dgCs for singlets and
2

1
2 fsA1 2 B1d 2 sA2 2 B2dgCt for triplets, with analo-

gous expressions fors2 light. One can also find that
the polarization, defined as the intensity difference d
vided by the sum, isfsA1 2 B1d 2 sA2 2 B2dgyfsA1 1

B1d 1 sA2 1 B2dg for singlets and2 1
3 of this value for

triplets. We now arrive at the striking result that the po
larization is essentially determined by the photoabso
tion process. We note that the polarization in this typ
of experiment is different from that in a photoabsorptio
experiment (supposing that the sample can be made fe
magnetic), because the latter is given byfsA1 1 B1d 2

sA2 1 B2dgyfsA1 1 B1d 1 sA2 1 B2dg. The differ-
ence could be substantial: for the3d9 ion, neglecting the
small 3d spin-orbit interaction, the polarization in reso
nant photoemission is5

12 while in absorption it is only
1
4 (from A1  14, A2  6, B1  1, B2  3). It is also
important to realize that the observed polarization in o
experiment does not depend on theorientation of the
local moment. This is because each3dsmld state with
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FIG. 3. Deexcitation channel in spin-resolved circularly polarized2p resonant photoemission. Up and down arrows betw
parentheses label the spin of the holes in the3d9, 2p5, and 3d8 configurations,s1, s2 the helicity of the light, ande", e# the
spin polarized photoelectrons.A1, A2, B1, B2 are photoabsorption cross sections, andCs, Ct are the squares of the Auger matr
elements for singlets and triplets, respectively.
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a spin oriented perpendicularly to the quantization ax
can be expressed as a linear combination of3dsml , "d
and3dsml , #d states with the spins (", #) along the quantiza-
tion axis, and because photoabsorption matrix elements
not couple a core level state2ps j, mjd with the 3dsml , "d
and3dsml , #d states simultaneously. The result is that an
perpendicular oriented local moment will be seen as a
cal antiferromagnet along the quantization axis, indisti
guishable from a real antiferromagnet. Its insensitivity
the spin orientation makes this type of experiment an id
tool for studying local moments in itinerant ferromagne
above the Curie temperature [25].

In summary, we demonstrate the feasibility of spin
resolved valence band photoemission on macroscopic
nonmagnetic transition metal materials, i.e., antiferroma
nets, paramagnets, and materials with disordered magn
structure, and show that a very high degree of spin p
larization can be obtained. The combined use of circ
larly polarized light, electron spin detection, and2p3y2

(L3) resonance condition is essential. We are able to u
ravel the different spin states in the single-particle exci
tion spectrum of antiferromagnetic CuO and show that t
top of the valence band is of pure singlet character, wh
provides strong support for the existence and stability
Zhang-Rice singlets in high-Tc cuprates.

It is a pleasure to acknowledge the technical assista
of J. C. Kappenburg, L. Huisman, and J. F. M. Wielan
We are grateful to the ESRF staff for their support,
particular, R. Mason and J. Klora. We thank C. T. Che
J.-H. Park, and V. Chakarian for making testing facilitie
available at the AT&T Bell Laboratories Dragon beam
line. This investigation was supported by the Netherlan
Foundation for Chemical Research (SON), the Neth
lands Foundation for Fundamental Research on Ma
(FOM) with financial support from the Netherlands O
ganization for the Advancement of Pure Research (NWO
the Committee for the European Development of S
ence and Technology (CODEST), the New York Un
versity Research Challenge Grant No. 5-201-396, and
is

do

y
o-
-

o
al
s

-
lly
g-
tic

o-
-

n-
-
e
h
f

ce
.

,
s

s
r-
er

),
i-
-
he

National Science Foundation Grant No. DMR-962534
The research of L.H.T. and F.M.F.dG. has been made p
sible by fellowships of the Royal Netherlands Academy
Arts and Sciences.

*Present address: El-Op, Tel Aviv, Israel.
[1] P. W. Anderson, Science235, 1196 (1987).
[2] E. Dagotto, Rev. Mod. Phys.66, 763 (1994).
[3] V. Emery, Phys. Rev. Lett.58, 2794 (1987).
[4] C. M. Varmaet al., Solid State Commun.62, 681 (1987).
[5] F. C. Zhang and T. M. Rice, Phys. Rev. B37, 3759 (1988).
[6] H. Eskes and G. A. Sawatzky, Phys. Rev. Lett.61, 1415

(1988).
[7] A. K. McMahan et al., Phys. Rev. B38, 6650 (1988).
[8] H. C. Siegmannet al., Adv. Electron. Electron. Phys.62,

1 (1984).
[9] Polarized Electrons in Surface Physics,edited by R. Feder

(World Scientific, Singapore, 1985).
[10] J. Kirschner, inPolarized Electrons at Surfaces,edited by

G. Höhleret al., Springer Tracts in Modern Physics Vol.
106 (Springer-Verlag, Berlin, 1985).

[11] P. D. Johnson, inCore Level Spectroscopies for Magneti
Phenomena,edited by P. S. Baguset al., NATO ASI, Ser.
B, Vol. 345 (Plenum Press, New York, 1995).

[12] G. Schützet al., Phys. Rev. Lett.58, 737 (1987).
[13] C. T. Chenet al., Phys. Rev. B42, 7262 (1990).
[14] T. Koide et al., Phys. Rev. B44, 4697 (1991).
[15] P. Kuiperet al., Phys. Rev. Lett.62, 221 (1989).
[16] H. Romberget al., Phys. Rev. B42, 8768 (1990).
[17] C. T. Chenet al., Phys. Rev. Lett.66, 104 (1991).
[18] P. Elleaume, J. Synchrotron Radiat.1, 19 (1994).
[19] J. Goulonet al., Physica (Amsterdam)208B, 199 (1995).
[20] B. Sinkovicet al., Phys. Rev. B52, R15 703 (1995).
[21] J. Ghijsenet al., Phys. Rev. B38, 11 322 (1988);42, 2268

(1990).
[22] H. Eskeset al., Phys. Rev. B41, 288 (1990).
[23] L. H. Tjeng et al., Phys. Rev. Lett.67, 501 (1991).
[24] B. T. Tholeet al., Phys. Rev. Lett.55, 2086 (1985).
[25] B. Sinkovicet al. (unpublished).
1129


