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In this paper we expand on our earlier results@Phys. Rev. Lett.77, 4054~1996!# on angle-resolved photo-
emission studies on one-dimensional SrCuO2 that reveal a behavior of a hole in Cu-O chain. The results cannot
be explained within the conventional band theory, but require a picture in which the spin and charge degrees
of freedom for a single electron are separated. Instead of a single branch as predicted in band theory,E versus
k relationship can be explained by underlying spinon and holon excitations scaled by hopping energyt and
exchange energyJ, respectively, indicating separated spin and charge excitations. This is an experimental
observation of direct consequence of the spin-charge separation driven by electron correlations that was first
predicted thirty years ago. It also shows spinon and holons are real particles with definite energy-momentum
dispersions.@S0163-1829~97!07244-5#
he
a
no
t-

le
le
ns
Th
an
iv
hi
e

o
ide
de
h
ilt

fo
ur
d
ua
o

one
tion
oti-
e to

sion
e-
nce

of

s,
one
site
ak-
the
nti-

s
t.
pa-
r.
ole
or
le

c-
the
Almost thirty years ago, in their now famous study of t
one-dimensional~1D! Hubbard model, Lieb and Wu laid
foundation for the discovery of a new quantum phenome
called spin-charge separation.1 This and succeeding theore
ical investigations found that the low-energy excitations in
1D system are not quasiparticles with chargee and spin 1/2
as in an ordinary Fermi liquid. Instead, they are decoup
collective modes of spin and charge excitations cal
spinons and holons.2 The decoupled nature of the excitatio
leads to different speed for spin and charge propagation.
is naturally interpreted as the separation of the spin
charge degrees of freedom for a single electron, or equ
lently, a decay of a hole into a holon and a spinon. T
novel concept has received renewed interest, largely du
the recent attempts to understand high-Tc superconductors in
the context of strongly correlated electron systems.3–5

An experimental investigation of this phenomenon is
conceptual significance for several reasons. First, it prov
a very strong test for the many-body theoretical mo
Hamiltonians that are extensively used to describe hig
correlated electron systems. The solution of these Ham
nians are well accepted in one dimension. A comparison
experiment and theory thus provides a quantitative test
the models. Second, if spin-charge separation does occ
one dimension, holons, and spinons can be considere
new elementary particles in solids with similar concept
importance as that of phonons and magnons. Furtherm
560163-1829/97/56~24!/15589~7!/$10.00
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the knowledge we gain about spinons and holons in
dimension will be valuable for us to assess the conten
that spin-charge separation occurs in two dimensions. M
vated by these goals, several attempts have been mad
detect the spin-charge separation using photoemis
spectroscopy.6–8 To date, however, these studies of 1D m
tallic samples have not yielded any unambiguous evide
for spin-charge separation.9

Recently, high-quality single crystals of a new family
1D antiferromagnetic~AF! insulators, such as SrCuO2 and
Sr2CuO3, became available. For low-energy excitation
these materials can be modeled by chains of atoms with
electron per site. Two electrons can not occupy the same
because of the strong on-site Coulomb repulsion, thus m
ing an otherwise metal into an insulator. The electrons on
neighboring sites interact with each other through the a
ferromagnetic exchange interactionJ. The insulating nature
and large exchange interaction valueJ make these material
ideally suited to detect the spin-charge separation effec10

Figure 1 depicts a simplified picture of the spin-charge se
ration in such a half-filled 1D antiferromagnetic insulato
When an electron is kicked out by a photon, it leaves a h
behind it. Hopping of this hole to a neighboring site,
equivalently, hopping of a neighboring electron into the ho
site, creates a magnetic excitation~marked as a wavy line in
the figure!. However, additional hopping in the same dire
tion does not create magnetic excitations. The motion of
15 589 © 1997 The American Physical Society
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charge vacancy is free from magnetic interaction aside fr
the first step. Therefore, the original single photohole dec
into two separate ‘‘defects’’ in the chain, marked asH and
S. The motion of the chargeH is governed by the hopping
energyt and the propagation of the magnetic excitationS is
governed by exchange interactionJ. Propagating with two
different speeds, these two defects can be regarded as
separate particles~that is, spin and charge are separated! and
they give the essence of a holon and a spinon. Thus, e
without going into too much detail for the moment, we kno
that the spin-charge separation will manifest itself with
mixture of two branches of dispersive bands due to two p
ticles with different interaction energies.

Earlier we reported observation of spin-charge separa
of a photohole in 1D antiferromagnetic insulator SrCuO2.

11

In this paper we report expanded studies on the mate
Unlike its 2D counterpart Sr2CuO2Cl2, where only a band of
width scaled byJ plus higher-energy tail is observed,12 a
distinct band of width scaled byt, which is about three times
of J as observed. This result is completely different fro
what one would expect from the band theory that predicts
1D bandwidth to be half of the 2D bandwidth. Detailed p
larization analysis of the data yields multiple branches
dispersive bands for momenta from 0 to 0.5, but only
single band from 0.5 to 1~in units of p/a with a being the
Cu-O-Cu distance!. The widths of the upper and lowe
bounds of the bands from 0 to 0.5 can be explained by
derlying bands scaled byt and J, respectively, while the
width of the band from 0.5 to 1 is scaled byt. These other-
wise incomprehensible results can be naturally and quan
tively explained by many-body theoretical calculations, na
rally incorporating the spin-charge separation conc
without any free parameters. We believe these results co
tute a direct observation of the spin-charge separation.

As shown in Fig. 2, SrCuO2 has a weakly coupled doubl
Cu-O chain structure.13 The important structural character o
SrCuO2 is that it has 180° Cu-O-Cu bonds that form t
chains and the almost 90° Cu-O-Cu bonds that give the c
pling between the chains. The coupling along the chains i
least an order of magnitude stronger than the interchain c
pling, making SrCuO2 a 1D compound.13,14Single crystals of

FIG. 1. Photoemission process in a chain with short-range
ordering. A photohole created in the photoemission process de
into a spin excitation~spinon, labeled asS! and a charge excitation
~holon, labeled asH!. The spinon and holon propagate indepe
dently with different speeds.
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SrCuO2 were grown by the traveling solvent floating zon
method. For the experiments, the crystals were cleaved
the Cu-O-Cu chains parallel to the surface. In angle-resol
photoemission spectroscopy~ARPES! experiments, electrons
in a solid are excited above the vacuum level by incid
monochromatic photons, and the energy and the emis
angle of the emitted electrons are measured by an analy
In the case of a 1D compound like SrCuO2, the conservation
laws imply a simple one to one mapping between the e
tron emission angle and its momentum inside the solid,
cilitating a detailed mapping of theE versusk relationship
along the chain.15 The room-temperature ARPES data pr
sented here were obtained using a VSW~Vacuum Science
Works! system attached to the undulator beamline 5-3
SSRL ~Stanford Synchrotron Radiation Laboratory!, at a
base pressure of 5310211 torr. With 22.4 eV photons, the
total energy resolution was typically 70 meV, and the ang
lar resolution was61°.

Panels~a! and ~b! of Fig. 3 present ARPES data from
SrCuO2 with the momentum along the chainki spanning 0 to
1 as indicated by the numbers associated with each cu
Dispersive features are clearly observed in the data aki

changes from 0 to 1. On the other hand, we observed m
mal dispersion when the momentum perpendicular to
chains (k') varies withki fixed ~not reported here!, consis-
tent with the notion that the electronic structure is main
determined byki because of the 1D nature of SrCuO2.

16 This
internal check was carried out atki50.5, where the peak is
sharpest and thus it is easiest to see any possible disper
Other than the strongly dispersive peak, we observe step
features nearki51.0 around 17.5 eV kinetic energy, whic
we attribute to backgrounds. This signal is weak and is id

F
ys

-

FIG. 2. The unit cell of SrCuO2. The arrow shows the chain
direction. The double chain structure is also shown in the figu
Note that hopping between chains has to go through 90° Cu-O
bonding in contrast to 180° Cu-O-Cu bonding along the cha
Orthogonality of oxygenpx and py orbitals suppresses the inte
chain hopping.
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56 15 591SEPARATION OF SPIN AND CHARGE EXCITATIONS . . .
FIG. 3. ARPES data on SrCuO2. The number on each spectrum shows the momentum parallel to the chain in units ofp/a wherea is
the Cu-to-Cu distance along the chain. The data set 1~a and b! are raw data taken with the electron momentum perpendicular to the ch
(k') of 1 and the photon polarization parallel to the chain direction. The lines are a guide to the eye for the peak positions. Panel
show the data after the background~dashed line! has been subtracted as discussed in the text.
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tical for spectra recorded atki ranging from 0.91 to 1.0, in
contrast to the data recorded forki near 0.05. This behavio
strongly indicates that the steplike signal seen nearki51.0 is
the background due to scattered electrons. This step
background has been extensively observed in cuprate su
conductors when the band has crossed the Fermi level.15 Fur-
ther evidence for this signal being the background is
empirical anticorrelation between its intensity and surfa
quality observed in our data. Since the background signa
approximately isotropic, we subtracted a steplike backgro
~shown as dashed line! from all the spectra, yielding the dat
in panels~c! and ~d!.

With the increase ofki from 0 to 1, a well-defined struc
ture shows a strong dispersion with a maximum n
ki50.5. Forki from 0 to 0.5, the feature disperses upwar
by about 0.6 eV. Beyondki50.5, the feature disperses mo
rapidly backwards with a larger extrapolated total dispers
of more than 1 eV. This is better visualized in panel~a! of
ke
er-

e
e
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d
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n

Fig. 4 in which we replot the data in Fig. 3 in color scal
The dashed line traces the peak positions of the spectra
were shown in Fig. 3. It reveals the asymmetry of the d
persion with respect toki of 0.5. Panel~b! of Fig. 4 shows
another set of spectra. The differences in experimental c
ditions for data in panels~a! and~b! are that we changed th
polarization of the photons and the momentum perpendic
to the chains. Since we observed minimalk' dispersion, the
effects of such changes are expected to be mostly on
modulation of photoemission intensities due to matrix e
ment changes, but not on the electronic structure~that is, the
peak position!. The dashed line again shows the peak po
tions. It is apparent at first glance that the dispersion is sy
metric with respect toki50.5. The dispersion betweenki50
andki50.5 is quite different from that of panel~a! while the
dispersion in 0.5 to 1 range is very similar.

Figure 5 shows the experimentalE versuski relations
constructed from the two sets of data in Fig. 4 together w
the
region at
FIG. 4. ~a! The density plot of the data shown in Figs. 3~c! and 3~d!. The color scale on the right-hand side of the figures shows
intensity. The dashed line traces the peak positions. There is a clear asymmetry between 0 to 0.5 and 0.5 to 1. The high-intensity
the bottom of the figure is the main valence band.~b! The density plot of the data taken withk'50.4 and perpendicular polarization.
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15 592 56C. KIM et al.
four additional sets of data recorded with other combinati
of polarization andk' . The energy positions are evaluate
from the maximum spectral intensity. For clarity, error ba
are presented only for the two sets of data in Fig. 4. This p
highlights the asymmetry of the dispersion relationship w
respect toki of 0.5. For ki between 0 and 0.5, multiple
branches are possible with their band widths ranging fr
0.6 eV to more than 1 eV. From 0.5 to 1, the dispers
curves collapse into a single band of width more than 1
The fact that the bands collapse into a single branch inki

range between 0.5 and 1 further ensures that the sprea
bands inki range between 0 and 0.5 is not due tok' disper-
sion and that the interchain coupling is very small. It a
excludes the possibility of experimental errors. For comp
son, the inset in the figure shows the dispersion for
Sr2CuO2Cl2 along the~1,1! direction.12 The size of the filled
circles represent the spectral weight at eachk point. There
are two important aspects of this data in contrast to 1D d
First, the overall bandwidth is only about 0.3 eV. Seco
there is a sudden intensity drop across the~0.5,0.5! position.

The experimental data in Figs. 3, 4, and 5 cannot be
plained within the framework of the conventional band p
ture. First, the data show that SrCuO2 is an insulator with the
band maximum atki50.5 while the band theory predicts
to be a metal. Second, as shown in the inset of Fig. 5,
bandwidth of more than 1 eV observed here is at least th
times wider than the 0.3 eV bandwidth observed in the
Cu-O plane compound Sr2CuO2Cl2 whose CuO2 planes are
made of the same Cu-O-Cu bonds.12 Because the structur
and the length of Cu-O-Cu bonds in the 1D and 2D cases
almost identical~less than 2% difference!, band calculations
would predict that the bandwidth for the 1D compound
half of that of the 2D compound. On very general groun
band theory predicts the bandwidth for a 1D compound ist
while that for a 2D compound is 4t.17 Therefore, the ratio of
the widths of the distinct bands observed in 1D and 2D ca
is a factor of 6 different from what one expects from t

FIG. 5. E vs ki relations for different polarization andk' com-
binations.i and' indicate parallel and perpendicular polarization
respectively. The numbers show thek' momenta in units ofp/a.
Error bars are presented only for the two data sets shown in Fi
Also shown in the inset is the~0,0! to ~1,1! cut on Sr2CuO2Cl2 for
comparison~from Ref. 12!.
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band theory.18 Third, the band picture predicts no bands b
tween 0.5 and 1. By contrast, the data show a single b
with very strong spectral weight in that region. One m
argue that there are bands only in the region between 0
0.5, and the spectral weight seen between 0.5 and 1
shadow band due to AF ordering or a spin density wa
However, the shadow band effect is very weak even whe
exists, as seen in the 2D insulator. Finally, aside from
splitting due to the interchain coupling, which is expected
be very small, one expects only a single band between 0
0.5 from the band theory. The fact that we see multiple ba
in the region cannot be reconciled with the band picture.

The striking contrast of our results with that of the ba
picture reveals the exotic nature of the data from SrCu2.
Now we try to explain the data using many-body mode
While the intellectually related Hubbard andt-J models are
both capable of explaining our data, we will discuss the d
using thet-J model because botht andJ can be obtained by
other means, so that there are no free parameters in
theory. Both models can explain the insulating nature
SrCuO2 as a consequence of correlation effects. We chos
rounded value of 0.2 eV forJ based on magnetic13 and
optical20 measurements. The hopping integralt of about 0.6
eV can be obtained from the ratiot/J53, the ratio for other
cuprates. Figure 6~a! shows the results of an exact diagona
ization t-J model calculation of the spectral function
A(k,v), for 22 sites.21 Discrete peaks seen in the figure a
due to the finite-size effect. One would expect a continuo
broad spectrum from infinite site calculation. There is a cl
similarity between the numerical calculation results and
data. From 0 to 0.5, there are broad excitations with the

,

4.

FIG. 6. ~a! The calculated spectral functionA(k,v) in the t-J
model with a ring of 22 sites.J50.2 eV andt50.6 eV were used.
The energyv is measured from the highest-energy peak atk55/11.
The edge with spinon~holon! character is marked with red~blue!
dashed line. Several peaks seen between the two edges rathe
continuous spectra are due to a finite-size effect.~b! The density
plot of ~a! after convoluted with a Gaussian of which the width
extracted from the experimental data.~c! A simulation of modula-
tion effects on the observed peaks. The curves with two-edge s
ture simulate the broad spectra expected betweenk50 and 0.5
when infinite number of sites are used in the calculation. Ev
though two-edge structure is never observed, intensity modula
of the two branches moves the resulting peak positions.
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56 15 593SEPARATION OF SPIN AND CHARGE EXCITATIONS . . .
most intense edge branches scaled by 1.6J and 2t, respec-
tively. On the other hand, there is only one edge bra
scaled by 2t between 0.5 and 1. Detailed numerical analy
of charge and spin correlation functions shows that the e
tation of width 2t is due to charge~holon band! while that of
width 1.6J is due to spin~spinon band!.11 Therefore, a mix-
ture of spinon and holon excitations are possible from 0
0.5.

To make a comparison easier, we broaden the theore
data with the experimental peak width obtained atki50.5
where the peak is the sharpest.22 From the broadened plot in
Fig. 6~b!, it is immediately clear that we should not be ab
to resolve the spinon and holon branches as different pe
as in the theory curve. Yet, there is a good overall agreem
between the theory and the experiment. The much la
dispersion~compared to the 2D case! and the asymmetry o
the dispersion with respect toki50.5 seen in the data from
the 1D compound can be quantitatively explained by
underlying excitations of holons and spinons scaled byt and
J, respectively. These are the direct consequences of
spin-charge separation and are most important experime
observations that cannot be understood in a conventi
band picture even at a qualitative level. This contrast in
ability to explain the observed dispersion relationships is
strongest evidence for spin-charge separation.

Photoemission matrix modulation may explain why t
maximum spectral intensity in the 0 to 0.5 region varies w
the experimental geometry while that of 0.5 to 1 does n
For ki from 0.5 to 1, only one branch~holon! exists and thus
one should see only the overall intensity modulation.
contrast, multiple branches are allowed in the 0 to 0.5 reg
A relative intensity change resulting from different expe
mental conditions can induce the shift of the maximum
tensity position. Figure 6~c! depicts what would happen t
the maximum intensity position if there are matrix eleme
modulations. Therefore, the shift of the maximum intens
position under various measuring conditions forki from 0 to
0.5 may be a manifestation of the modulations in the spin
and holon contributions to the excitation spectra. Note th
as discussed before, the maximum intensity position shi
not due tok' momentum because two spectra~i, 1 and',
0.9! with very similar conditions except the polarizatio
show different dispersions.

Although the spin-charge separation picture advan
above is very consistent withE versusk relationships, the
observed behavior in the spectral intensity requires some
planation. In all cases, we found the observed spectral in
sity is highest nearki50.5 which is not a feature in the
current theory as shown in Fig. 6. There are two poss
explanations for this discrepancy. First, it can be attributed
the photoemission cross-section effect. It is well known t
the lowest excitation feature has Cu 3dx22y2 character in a
planar CuO4 structure. However, due to hybridization b
tween O 2p and Cu 3d, the feature has a finite amount of
2p character. This mixing has a momentum dependence.24 It
is empirically known that the photoemission cross section
O 2p is much larger than that of Cu 3d.23 Therefore, the
more the feature has O 2p character, the higher the cros
section is. Figure 7~a! shows the results on 16 site Cu-O rin
The parameters used areTpd51, D53, andUd58. The red
curve shows the O 2p contribution and the blue curve the C
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3d contribution. It is clear from this figure that the low ex
citation energy feature neark50 is dominated by Cu 3d
while the feature neark50.5 has contributions from both O
2p and Cu 3d. Panel b of the figure shows the spectru
after the cross section effect has been considered. E
though it has finite-size effects, it reasonably explains
intensity change betweenk of 0 and 0.5.

Second, our simulation indicates that the introduction
next-nearest-neighbor interactionJ8 qualitatively improves
the agreement between the theory and the experiment.
effect originates from the fact thatJ8 introduces frustrations
that damp the spinon excitations. As a result, spectral we
of the spinon branch is suppressed and some of the we
away from ki50.5 is pushed to higher-energy incohere
excitations that cannot be observed in the experiments.
the other hand, this introduction ofJ8 has less effect on theE
versusk relationships of the spinon and holon branches.

In light of above discussions, the most important point
the data in Fig. 4 is that, despite the complication of t
matrix elements, the data showed a strong evidence for m
tiple bands inki50 to 0.5 region but single band forki50.5
to 1. This is exactly what one would expect as the dir
consequences of the spin-charge separation. TheJ8 consid-
eration would also suppress the intensity of the spin
branch in general, leading to a stronger relative intensity
the holon branch. We note that the spinon branch sho
have smaller bandwidth than the band with the smal
width in Fig. 5 because of the holon contribution. Takin
above discussions as a whole, the ARPES data from SrC2

can be best interpreted by the spin-charge separation. At
point, it is worth noting that one should see the light partic
~holon scaled byt! more clearly in one dimension than i
two dimensions, where the hole motion is more stron

FIG. 7. ~a! The calculated O 2p and Cu 3d spectral function in
a CuO ring of 8 units~16 sites!. The parameters used in the calc
lation areTpd51, D53, andUd58. Tpd, D, andUd are O 2p-Cu
3d hopping, charge transfer, and Cu 3d on-site Coulomb repulsion
energies, respectively. The red curve shows the contribution from
2p and blue from Cu 3d. ~b! The total spectral function after th
cross-section effect is considered. The spinon~shaded in red! and
holon ~shaded in blue! branches are seen as well as higher-ene
incoherent peaks. The large peak atk51 with holon character can
not be observed since it is buried in the main valence peak. This
more finite-size effect, but the overall dispersion~dashed lines! is
similar to that in Fig. 6.
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15 594 56C. KIM et al.
coupled to the spin system. Thus it should be much harde
see the light holon band in two dimensions even when
exists.

Our results can be explained in an intuitive way. As d
picted in Fig. 1, removal of an electron from the chain leav
a hole behind whose propagation is responsible for the
persions seen in ARPES. The propagation of the photoh
in the 1D chain turns into two ‘‘topological defects’’ in th
AF chain. The first is the spin misalignment defect labeleS
whose propagation is scaled by the restoring energyJ. The
second is the hole defect labeledH whose propagation is
scaled by the hopping energyt. These defects can be re
garded as spinons and holons. From this, we can see tha
injected photohole ‘‘decays’’ into a spinon and holon25

Energy- and momentum-conservation laws enforce the
lowing energy and momentum relationships between
spinon, the holon, and the photohole:

k5kh2ks ~momentum conservation!,

E5Eh2Es ~energy conservation!,

wherek, ks , kh , E, Es , andEh are momenta and energie
of the photohole, spinon, and holon, respectively. The diff
ent signs on spinon and holon parts are due to the fact
the photoemission process corresponds to creation of a h
and annihilation of a spinon.

Figures 8~a! and 8~b! illustrate the dispersion relations fo
the holon and spinon branches, respectively, scaled in w
by 2t andpJ/2 as indicated by theoretical analysis.26 For a
spin chain with an AF interaction at half filling as in SrCuO2,
the holon band is empty while the spinon band is half fill
and has the ‘‘Fermi surface.’’ To create the lowest-ene
excitation, one can create the lowest-energy holon atkh51
and annihilate a spinon at the Fermi surface withks51.5
~two circles in the figure!. Then the momentum of the pho
tohole becomesk520.5 ~this corresponds to photoelectro
momentum ofki50.5 in the figure! at which we observe the
maximum of the bands in photoemission. Similar analy
leads to the expected picture in Fig. 8~c!. The reason tha
only one band with holon character exists between 0.5 an
is that the spinon band is half filled. From 0 to 0.5, we ha
a heavily shaded region where strong photoemission sign
expected. This region is bounded by the spinon branch
lower excitation energy and holon branch at higher exc
tion energy. This result is in accord with the rigorous resu
presented in Fig. 6~a!. The exact solution in Fig. 6~a! shows
that the edges tend to have higher spectral intensities.
clear from remarkable similarity between the theoretical p
ture in Fig. 8~c! and the data set in Fig. 5 that the spin-char
separation is the natural explanation of the experimental
from SrCuO2, which sharply contrast with anything one e
pects from the conventional band picture.

Another important aspect of these results is that this is
first direct observation of spinons. Even though studies
AF spin chains date back to the early 1930’s,28 only in the
1980’s was it realized that the elementary magnetic exc
tion in the system is not a spin wave with spin 1. Rather i
an excitation with spin 1/2, now called a spinon.29,30 How-
ever, it has not been observed directly due to the fact
only two spinon excitations, that is, spin waves, are allow
to
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for example, in neutron diffraction experiments.31 The direct
observation of holon and spinon branches in the data pro
that these are indeed new elementary particles with w
defined energy versus momentum relationships.

In summary, an ARPES study of 1D SrCuO2 reveals a
phenomenon that cannot be reconciled with the conventio
band picture. Using a many-bodyt-J model without free
parameters, both rigorous numerical calculation and intuit
analysis invoking the spinon and holon concepts can n
rally explain the experimental data. The finding is not only
demonstration of the spin-charge separation in 1D SrC2
but also direct observation of new elementary particles i
solid.
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FIG. 8. ~a! and~b! Dispersions for holon and spinon. The holo
band is empty while the spinon band is half filled and has the Fe
surface.~c! The photoemission spectrum obtained from the t
dispersions and the energy- and momentum-conservation equa
In the region between 0 and 0.5, there are two boundary bands
the bandwidths scaled byJ andt. The band with widthpJ/2 is due
to spinon dispersion and the band with 2t is due to holon disper-
sion. Spectra in the shaded region show mixed excitations
spinons and holons. In the region between 0 and 0.5, strong spe
intensity is expected.
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