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Angle-resolved photoemission study of SCuO;
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We report angle-resolved photoemission spectros¢dRPES on a single Cu-O chain compound,SuO;
with Nel photons. In contrast with previous ARPES with higher-energy photons, the present result clearly
shows two well-separated branches of dispersions Beascribable to spinon and holon excitations, respec-
tively. This indicates that spin and charge degrees of freedom are separated in one-dimensional Cu-O chains,
supporting the theoretical prediction as well as the previous ARPES interpretation. Comparison with previous
ARPES results indicates that surface, photoionization cross section, and finite-temperature effects substantially
modify ARPES spectrd.S0163-182609)04508-1

I. INTRODUCTION ric energy dispersion ne&: with respect tdk= /2, which
they interpreted as an evidence of spin-charge separation.

Low-dimensional correlated electron systems have atAlmost the same experimental result was later reported by
tracted much attention because of their interesting propertigsujisawaet al™* on a simpler 1D Cu-O chain compound
originating in the low dimensionality and quantum fluctua- S,CuQ; which has a single Cu-O chaiffrig. 1). Although
tion. In particular, the one-dimensiondD) system has been both experimental results agree qualitatively with the theo-
intensively studied theoretically for its simplicity and abnor- retical predictions;® there have remained several quantita-
mality. It has been theoretically establishéiiat the spin and tive disagreements between the experiment and the calcula-
charge degrees of freedom are separated in the 1D correlatiin, such as the intensity ratio between the spinon and holon
electron system, and behave as independent elementary dx@nds. While it has been suggested that some of the discrep-
citations called “spinon” and “holon”, respectively®>  ancies may be removed by taking into account of the photo-
Many experimental efforts have also been made to synthdonization cross section and/or the surface eftéatp ex-
size and discover ideal 1D metallic materials to check thederimental confirmation has been presented so far.
theoretical prediction. However, it has been gradually recog- In this paper, we report ARPES results on a 1D single
nized that almost all 1D materials discovered so far are inchain compound $€uQ; with lower-energy photor(Nel,
sulating, and carrier doping has been hardly succeeded. Thi$.8 eV}, which is more bulk sensitive than those used in the
fact causes difficulty for the experimental confirmation of theprevious ARPES measuremefts’ The photoionization
“spin-charge separation” using conventional experimentalcross-section ratio between Cd &nd O 2 atomic orbitals
techniques. is also substantially different from the previous ones. We

Photoemission spectroscofES is a unique experimen- compare the present experimental result with the previous
tal technique to probe the electronic structure of material$eports, and discuss possible origins for the discrepancies
directly using the external photoelectric effect. In the finalbetween the experiment and the calculation.
state of photoemission process, a hole created by a photon
(photoholg is left in the system. This provides a unique un-
conventional doping methodphotodoping in otherwise
strongly insulating 1D materials, and the photoelectron
ejected from material should reflect the electronic structure
of the photodoped system through energy- and momentum-
conservation laws. In particular, angle-resolved photoemis-
sion spectroscopyARPES is the most direct experimental
check of the existence of two independent quasiparticles
(spinon and holoncreated by spin-charge separation, since it
has been theoretically predicted that they should show dif-
ferent energy dispersions in momentukn space® Actually
many ARPES measurements have been performed on vari-
ous 1D materials to study the anomalous electronic structure
near the Fermi levelHg).* 1! The first ARPES observation d c
of spin-charge separation was reported by Kémal® on
SrCuQ which consists of corner-sharing double Cu-O FIG. 1. Crystal structure of SEuQ; consisting of single Cu-O
chains(Fig. 1). The experimental result shows an asymmet-chains, compared with that of SrCu®aving double Cu-O chains.
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point (k=0) has a very distinct peak at 1.2 eV beldy,
FIG. 2. ARPES spectra of SIuO; nearE, measured along which is followed by a strong main peak located at about

the b (chain direction using Ne photons. The approximatepoint - R . .
in the Brillouin zone is indicated on each spectrum. Broken Iinestzﬁe'ev bmdm% erllerngnottsh%WH I.ntFlg' P é)dr.]t.mcrleasmgfl
show possible energy dispersions in the first half of the Brillouin e wave vector(k) from the I point, an additional sma

Jone. structure appears around 1.5-2.0 eV, which is evident from
the gradual filling of a dip between the 1.2-eV peak and the
main peak at 2.6 eV. On further increasikghis new struc-
ture gradually grows up with approachifg , merging with
the 1.2-eV peak arourkb/ == 0.29—0.36, then finally forms
Sr,CuQ; single crystals were grown by a traveling- a prominent peak at 0.8 eV &b/7=0.5. This spectral
solvent-floating-zone method with a CuO solvent. The cryschange suggests the existence of two bands Bean the
tals obtained were characterized by x-ray powder diffractiorfirst half of the Brillouin zone, which have different energy
as well as the Laue method. A photoemission measuremedispersions but with a common maximum closesEto at
was performed using a home-built ARPES spectrometer witlkb/ 7= 0.5. One of new findings by Neneasurement is that
unpolarized Ne resonance lin¢16.8 e\) from a discharging  the ARPES spectrum &t point (k=0) has a distinct peak at
lamp. The base pressure of the spectrometer was %.2 eV in contrast to the previous reports with higher-energy
%10 ' Torr, and the overall energy resolution was aboutphotons?~'! where only a steplike structure has been ob-
100 meV. In order to avoid the charging-up effect of theserved in the same energy region. This new finding indicates
sample, the photon flux was tuned to be as small as possiblghat there is a well-defined pedkand around 1.2 eV af’
and the sample was kept at room temperature. We have copoint. In the second half of the Brillouin zonekl§/ =
firmed that charging up did not take place by changing the=0.5-1.0), on the other hand, the prominent peak at 0.8 eV
photon flux and/or the sample temperature. The single crystajt kb/ 7= 0.5 rapidly moves toward high binding energy as
was cleavedn situ along the bc plane just before ARPES kb/r is further increased to 1.0. Atb/7=1.0 this promi-
measurement, and all the spectra were recorded within 10 hent peak disappears into the higher-binding-energy region,
after cleaving. The Fermi leveEg) of the sample is refer- and a weak broad structure is left around 1.0-1.5 eV. We
enced to that of a gold film evaporated on the sample subfind that the intensity of this broad structure arouklal 7
strate. We have measured ARPES spectra for four different 1.0 is much smaller than that of a distinct pealgtoint
samples, and confirmed the reproducibility of data. (k=0). The origin of this weak structure will be discussed
later.
Figure 3 shows the “band dispersion” nedf of
SrL,CuG; derived from the present ARPES measurements. In
Figure 2 shows ARPES spectra négr measured along mapping out the “band dispersion,” we took the second de-
the chain directiortb axis) from kb/7=0 to 1.0 in the Bril-  rivative of ARPES spectra after moderate smoothing, and
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plotted the intensity with gradual shading as a function of the==/2, while the experimental holon band shows a much
wave vector and the binding energy; dark parts correspond tstronger intensity in the second half of the Brillouin zone
“bands.” We set the gray-scale image in Fig. 3 so as to havehan in the first ondsee Fig. 2 Further, while the intensity
the apparent bandwidth in the gray-scale image almost equaf the spinon band is comparable to that of the holon band in
to the full width at half maximum of the corresponding peakthe calculations, we observed a relatively smaller spectral
in Fig. 2. All the characteristic features of band dispersionsveight for the spinon band, as shown in Fig. 2. These dis-
observed in the raw ARPES spectra are more clearly visiblerepancies may be accounted for in terms of the photoion-
in Fig. 3. We find again that there are two well-separatedzation cross section, since the photoionization cross section
dispersive bands in the first half of Brillouin zorieb/ of Cu 3d is much smaller than that of Op2in the present
=0 to 0.5, and they have a common maximum close€Efo  photon-energy rang®, and thet-J calculation® has pre-

at kb/7=0.5. It is also clear in Fig. 3 that one of the two dicted a larger spectral weight from Cud 3ieark=0. If it is
bands with a larger energy dispersion is symmetric with rethe case, the observed well-resolved spinon branch kear
spect tokb/7=0.5, but has a much stronger intensity in the =0 in the Ne measuremer(Fig. 2) suggests that the spinon
second half of the Brillouin zone. We observe a weak strucbranch neak=0 has a relatively larger O2weight com-
ture at 1.4 eV arounlb/7=1.0. This structure corresponds pared with the holon branch, since the photoionization cross
to a weak broad structure at 1.0-1.5 eV arokbflr=1.0in  section of Cu & is further suppressed in the Ne
the raw ARPES spectréFig. 2. It is noted that this weak measuremerfC As for an alternative explanation for the dis-
structure in Fig. 3 is isolated from other dispersive bands. crepancy in the spectral intensity, a finite-temperature effect

Next we discuss the origin of this weak structure by com-may be important since our measurement was done at room
paring the present results by Night (16.8 e\) with previ-  temperature to avoid the charging-up effect. The spectral
ous reports with higher-energy photons of IH81.2 eV) or  function of the 1Dt-J model at finite temperaturfsshows
synchrotron radiatiori22.4 e\}.”~!! The surface sensitivity that there takes place a spectral weight transfer from the
is suppressed in Nemeasurement in comparison with He spinon to the holon band at finite temperatures. In fact, in a
and/or 22.4-eV photon measurements, since the escape depéitent ARPES study of Na)D<>! temperature-induced spec-
of photoelectrons is longer in the Nease'? We find that  tral weight transfer has been reported, although the spinon
the intensity of the broad structure aroukiof m=1.0 is con-  and holon band are not well resolved due to the smadller
siderably smaller in the Nemeasurement in comparison value in Na\bOs. Thus the finite-temperature effect may be
with those with higher-energy photofis'! suggesting that a cause for the relatively smaller spectral weight of the
the broad structure is substantially of surface origin. Actuallyspinon band in the first half of the Brillouin zone, but cannot
we observed that the spectral intensity gradually increasesxplain the intensity difference of the holon band between
with time. Also as found in Fig. 3, the weak structure locatedthe first and the second half of the Brillouin zone.
at 1.4 eV aroundkb/ 7= 1.0 is isolated from other dispersive
bands. All these experimental facts suggest that the weak
structure is extrinsic, and may be due to surface degradation.

According to the 1D Hubbard modef**at U—x, the We have performed ARPES measurements oiC 80,
spectral functiomA(k, ) shows two divergences due to the and compared the results with previous reports with higher-
spinon and holon excitations; the former corresponds to &nergy photons to study the surface and photoionization
flatband located ab =2t appearing only in the first half of cross-section effects in spin-charge separation in a 1D Cu-O
Brillouin zone (k=0 to 7/2), while the latter is a symmetric chain. In contrast to the previous reports, a series of ARPES
dispersive band with respect ke= 77/2. These characteristic spectra measured with N@hotons shows two well-resolved
features indicative of the spin-charge separation are clearlgranches of band dispersions nelag ascribable to the
observed in the present experimdfig. 3). On the other spinon and holon excitations, respectively. The intensity pro-
hand, thet-J model calculation has shown that the disper-files of the spinon and holon bands are different from the
sions of spinon and holon bands have widthsrdf2 and 2, theoretical predictions. These discrepancies are partially re-
respectivelyt> Since the spinon and holon bands in Fig. 3moved by taking into account surface, photoionization cross-
show a bandwidth of about 0.25 and 1.1 eV, respectively, weection, and finite-temperature effects.
obtainJ~0.16 eV andt~0.55eV. These values are almost
the same as those obtained with IHehotons! and also
consistent with the result from the magnetic-susceptibility
measuremenit 1 This work was supported by grants from CRE&Jore-

In spite of a good qualitative agreement between the exResearch for Evolutional Science and TechnojogfyJapan
periment and the calculation, we find some quantitative disScience and Technology Corporati@$T), and the Ministry
crepancies as observed in the previous measureffiénts. of Education, Science and Culture of Japan. T.Y. is grateful
The calculation$!*'*have predicted that the spectral inten- for the financial support from the Japan Society for Promo-
sity of holon band is almost symmetric with respectkto tion of Science.
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