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In this paper we expand on our earlier res{iRalys. Rev. Lett77, 4054(1996] on angle-resolved photo-
emission studies on one-dimensional SrGtit 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 ban& thersys
k relationship can be explained by underlying spinon and holon excitations scaled by hopping teaecgy
exchange energy, 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[S0163-18207)07244-5

Almost thirty years ago, in their now famous study of thethe knowledge we gain about spinons and holons in one
one-dimensiona(1D) Hubbard model, Lieb and Wu laid a dimension will be valuable for us to assess the contention
foundation for the discovery of a new quantum phenomenothat spin-charge separation occurs in two dimensions. Moti-
called spin-charge separatibiThis and succeeding theoret- vated by these goals, several attempts have been made to
ical investigations found that the low-energy excitations in adetect the spin-charge separation using photoemission
1D system are not quasiparticles with chaegand spin 1/2  spectroscop$-8 To date, however, these studies of 1D me-
as in an ordinary Fermi liquid. Instead, they are decoupledallic samples have not yielded any unambiguous evidence
collective modes of spin and charge excitations calledor spin-charge separation.
spinons and holonsThe decoupled nature of the excitations ~ Recently, high-quality single crystals of a new family of
leads to different speed for spin and charge propagation. ThitD antiferromagnetidAF) insulators, such as SrCy@nd
is naturally interpreted as the separation of the spin an®r,CuO;, became available. For low-energy excitations,
charge degrees of freedom for a single electron, or equivathese materials can be modeled by chains of atoms with one
lently, a decay of a hole into a holon and a spinon. Thiselectron per site. Two electrons can not occupy the same site
novel concept has received renewed interest, largely due teecause of the strong on-site Coulomb repulsion, thus mak-
the recent attempts to understand highsuperconductors in  ing an otherwise metal into an insulator. The electrons on the
the context of strongly correlated electron systénfs. neighboring sites interact with each other through the anti-

An experimental investigation of this phenomenon is offerromagnetic exchange interactidn The insulating nature
conceptual significance for several reasons. First, it provideand large exchange interaction vallienake these materials
a very strong test for the many-body theoretical modelideally suited to detect the spin-charge separation effect.
Hamiltonians that are extensively used to describe highlyigure 1 depicts a simplified picture of the spin-charge sepa-
correlated electron systems. The solution of these Hamiltoration in such a half-filled 1D antiferromagnetic insulator.
nians are well accepted in one dimension. A comparison ofVhen an electron is kicked out by a photon, it leaves a hole
experiment and theory thus provides a quantitative test fobehind it. Hopping of this hole to a neighboring site, or
the models. Second, if spin-charge separation does occur gquivalently, hopping of a neighboring electron into the hole
one dimension, holons, and spinons can be considered agie, creates a magnetic excitationarked as a wavy line in
new elementary particles in solids with similar conceptualthe figurg. However, additional hopping in the same direc-
importance as that of phonons and magnons. Furthermorépn does not create magnetic excitations. The motion of the
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hv Photoelectron SrCuQ, Structure

FIG. 1. Photoemission process in a chain with short-range AF
ordering. A photohole created in the photoemission process decays
into a spin excitatiorispinon, labeled aS) and a charge excitation
(holon, labeled a$d). The spinon and holon propagate indepen-
dently with different speeds.

charge vacancy is free from magnetic interaction aside from
the first step. Therefore, the original single photohole decays
into two separate “defects” in the chain, marked sand
S. The motion of the chargkl is governed by the hopping FIG. 2. The unit cell of SrCu@® The arrow shows the chain
energyt and the propagation of the magnetic excitat®i®  direction. The double chain structure is also shown in the figure.
governed by exchange interactidn Propagating with two Note that hopping between chains has to go through 90° Cu-O-Cu
different speeds, these two defects can be regarded as twonding in contrast to 180° Cu-O-Cu bonding along the chains.
separate particle@hat is, spin and charge are separatutl  Orthogonality of oxygerp, and p, orbitals suppresses the inter-
they give the essence of a holon and a spinon. Thus, evethain hopping.
without going into too much detail for the moment, we know
that the spin-charge separation will manifest itself with a
mixture of two branches of dispersive bands due to two par
ticles with different interaction energies.

Earlier we reported observation of spin-charge separatio
of a photohole in 1D antiferromagnetic insulator SrGu®

SrCuQ were grown by the traveling solvent floating zone
method. For the experiments, the crystals were cleaved with
the Cu-O-Cu chains parallel to the surface. In angle-resolved
Rhotoemission spectroscopfRPES experiments, electrons

in a solid are excited above the vacuum level by incident
! ) ._monochromatic photons, and the energy and the emission
In this paper we report expanded studies on the material, e of the emitted electrons are measured by an analyzer.
Unlike its 2D counterpart $EUO,Cl,, where only a band of |, the case of a 1D compound like SrCyGhe conservation
width scaled byJ plus higher-energy tail is observéﬂa laws imply a simple one to one mapping between the elec-
distinct band of width scaled b.y which is about three times tron emission ang|e and its momentum inside the SOlid, fa-
of J as observed. This result is completely different fromcilitating a detailed mapping of thE versusk relationship
what one would expect from the band theory that predicts th@long the chaiff® The room-temperature ARPES data pre-
1D bandwidth to be half of the 2D bandwidth. Detailed po-sented here were obtained using a V$Wacuum Science
larization analysis of the data yields multiple branches ofWorks) system attached to the undulator beamline 5-3 of
dispersive bands for momenta from 0 to 0.5, but only aSSRL (Stanford Synchrotron Radiation Laborathnat a
single band from 0.5 to {in units of 7/a with a being the base pressure of>*610 ! torr. With 22.4 eV photons, the
Cu-O-Cu distance The widths of the upper and lower total energy resolution was typically 70 meV, and the angu-
bounds of the bands from 0 to 0.5 can be explained by unlar resolution was+ 1°.

derlying bands scaled by and J, respectively, while the Panels(a) and (b) of Fig. 3 present ARPES data from
width of the band from 0.5 to 1 is scaled byThese other- SrCuG, with the momentum along the chaip spanning 0 to
wise incomprehensible results can be naturally and quantitak as indicated by the numbers associated with each curve.
tively explained by many-body theoretical calculations, natuDispersive features are clearly observed in the dat&,as
rally incorporating the spin-charge separation concepthanges from 0 to 1. On the other hand, we observed mini-
without any free parameters. We believe these results constinal dispersion when the momentum perpendicular to the
tute a direct observation of the spin-charge separation. chains k) varies withk, fixed (not reported hepe consis-

As shown in Fig. 2, SrCuf&has a weakly coupled double tent with the notion that the electronic structure is mainly
Cu-O chain structuré&® The important structural character of determined by, because of the 1D nature of SrCu®5 This
SrCu@ is that it has 180° Cu-O-Cu bonds that form theinternal check was carried out lgf=0.5, where the peak is
chains and the almost 90° Cu-O-Cu bonds that give the cowsharpest and thus it is easiest to see any possible dispersion.
pling between the chains. The coupling along the chains is aDther than the strongly dispersive peak, we observe steplike
least an order of magnitude stronger than the interchain codeatures neak;=1.0 around 17.5 eV kinetic energy, which
pling, making SrCu@a 1D compound®!*Single crystals of we attribute to backgrounds. This signal is weak and is iden-
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FIG. 3. ARPES data on SrCyOThe number on each spectrum shows the momentum parallel to the chain in unita wherea is
the Cu-to-Cu distance along the chain. The data getdnd b) are raw data taken with the electron momentum perpendicular to the chains
(k,) of 1 and the photon polarization parallel to the chain direction. The lines are a guide to the eye for the peak positions. Panels ¢ and d
show the data after the backgrouhshed linghas been subtracted as discussed in the text.

tical for spectra recorded & ranging from 0.91 to 1.0, in Fig. 4 in which we replot the data in Fig. 3 in color scale.
contrast to the data recorded figrnear 0.05. This behavior The dashed line traces the peak positions of the spectra that
strongly indicates that the steplike signal seen thegarl.0is  were shown in Fig. 3. It reveals the asymmetry of the dis-
the background due to scattered electrons. This steplikpersion with respect t&; of 0.5. Panelb) of Fig. 4 shows
background has been extensively observed in cuprate supernother set of spectra. The differences in experimental con-
conductors when the band has crossed the Fermitéwlr-  ditions for data in panel&) and(b) are that we changed the
ther evidence for this signal being the background is theolarization of the photons and the momentum perpendicular
empirical anticorrelation between its intensity and surfaceo the chains. Since we observed minirkaldispersion, the
quality observed in our data. Since the background signal isffects of such changes are expected to be mostly on the
approximately isotropic, we subtracted a steplike backgroundnodulation of photoemission intensities due to matrix ele-
(shown as dashed linérom all the spectra, yielding the data ment changes, but not on the electronic structthat is, the
in panels(c) and (d). peak position The dashed line again shows the peak posi-
With the increase ok, from 0 to 1, a well-defined struc- tions. It is apparent at first glance that the dispersion is sym-
ture shows a strong dispersion with a maximum neametric with respect té&,=0.5. The dispersion betwedn=0
k,=0.5. Fork; from 0 to 0.5, the feature disperses upwardsandk;=0.5 is quite different from that of pané&) while the
by about 0.6 eV. Beyon#d;=0.5, the feature disperses more dispersion in 0.5 to 1 range is very similar.
rapidly backwards with a larger extrapolated total dispersion Figure 5 shows the experimentBl versusk; relations
of more than 1 eV. This is better visualized in paf@lof  constructed from the two sets of data in Fig. 4 together with

Parallel polarization Perpendicular polarization
ky=1 k., =0.4

-
@
o

17.0

Kinetic Energy(eV)

0 0.5 10 0.5
ky position in units of n/a

FIG. 4. (a) The density plot of the data shown in Figg¢cBand 3d). The color scale on the right-hand side of the figures shows the
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 region at
the bottom of the figure is the main valence bafil. The density plot of the data taken wikh =0.4 and perpendicular polarization.
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FIG. 5. E vsk, relations for different polarization arikd com- FIG. 6. (a) The calculated spectral functiok(k,w) in the t-J
binations.|| and_L indicate parallel and perpendicular polarizations, model with a ring of 22 sites]=0.2 eV andt=0.6 eV were used.
respectively. The numbers show tke momenta in units ofr/a. The energyw is measured from the highest-energy peak-ab/11.

Error bars are presented only for the two data sets shown in Fig. &’he edge with spinoitholon) character is marked with reglue)
Also shown in the inset is théD,0) to (1,1) cut on SgCuO,Cl, for dashed line. Several peaks seen between the two edges rather than
comparisonfrom Ref. 13. continuous spectra are due to a finite-size efféot.The density

plot of (a) after convoluted with a Gaussian of which the width is

. . L tracted from th i tal d A si i -
four additional sets of data recorded with other comblnatlonﬁé nricﬁg ot Sr Or: th ee o%é%?\r/'g:jeg eik Sa(_?:] e Csdrmvglsa\t,:l?t% ?thgjgg;:east ruc-

of polarization anck, . The energy positions are evaluated e simulate the broad spectra expected betwee® and 0.5
from the maximum spectral intensity. For clarity, error barsyhen infinite number of sites are used in the calculation. Even
are presented only for the two sets of data in Fig. 4. This plothough two-edge structure is never observed, intensity modulation

highlights the asymmetry of the dispersion relationship withof the two branches moves the resulting peak positions.
respect tok, of 0.5. Fork, between 0 and 0.5, multiple

branches are possible with their band widths ranging fronband theory® Third, the band picture predicts no bands be-
0.6 eV to more than 1 eV. From 0.5 to 1, the dispersiontween 0.5 and 1. By contrast, the data show a single band
curves collapse into a single band of width more than 1 eVwith very strong spectral weight in that region. One may
The fact that the bands collapse into a single branckin argue that there are bands only in the region between 0 and
range between 0.5 and 1 further ensures that the spread 05, and the spectral weight seen between 0.5 and 1 is a
bands ink, range between 0 and 0.5 is not duektodisper-  shadow band due to AF ordering or a spin density wave.
sion and that the interchain coupling is very small. It alsoHowever, the shadow band effect is very weak even when it
excludes the possibility of experimental errors. For compari€xists, as seen in the 2D insulator. Finally, aside from the
son, the inset in the figure shows the dispersion for 2Dsplitting due to the interchain coupling, which is expected to
Sr,CuO,Cl, along the(1,1) direction? The size of the filled be very small, one expects only a single band between 0 and
circles represent the spectral weight at elichoint. There 0.5 from the band theory. The fact that we see multiple bands
are two important aspects of this data in contrast to 1D datdn the region cannot be reconciled with the band picture.
First, the overall bandwidth is only about 0.3 eV. Second, The striking contrast of our results with that of the band
there is a sudden intensity drop across ({®&,0.5 position.  picture reveals the exotic nature of the data from SrCuO
The experimental data in Figs. 3, 4, and 5 cannot be exNow we try to explain the data using many-body models.
plained within the framework of the conventional band pic- While the intellectually related Hubbard atd) models are
ture. First, the data show that SrCui® an insulator with the  both capable of explaining our data, we will discuss the data
band maximum ak,=0.5 while the band theory predicts it using thet-J model because bothandJ can be obtained by
to be a metal. Second, as shown in the inset of Fig. 5, thether means, so that there are no free parameters in the
bandwidth of more than 1 eV observed here is at least thretheory. Both models can explain the insulating nature of
times wider than the 0.3 eV bandwidth observed in the 2DSrCuG as a consequence of correlation effects. We chose a
Cu-O plane compound SEuO,Cl, whose Cu@ planes are rounded value of 0.2 eV fod based on magnefit and
made of the same Cu-O-Cu bondsBecause the structure opticaf® measurements. The hopping integraif about 0.6
and the length of Cu-O-Cu bonds in the 1D and 2D cases areV can be obtained from the ratibd=3, the ratio for other
almost identicalless than 2% differengeband calculations cuprates. Figure(@) shows the results of an exact diagonal-
would predict that the bandwidth for the 1D compound isization t-J model calculation of the spectral functions,
half of that of the 2D compound. On very general groundsA(k,w), for 22 sites?! Discrete peaks seen in the figure are
band theory predicts the bandwidth for a 1D compound is 2 due to the finite-size effect. One would expect a continuous
while that for a 2D compound ist4'’ Therefore, the ratio of broad spectrum from infinite site calculation. There is a clear
the widths of the distinct bands observed in 1D and 2D casesimilarity between the numerical calculation results and the
is a factor of 6 different from what one expects from thedata. From 0 to 0.5, there are broad excitations with the two
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most intense edge branches scaled byl Bed 2, respec-
tively. On the other hand, there is only one edge branch
scaled by 2 between 0.5 and 1. Detailed numerical analysis —Cu
of charge and spin correlation functions shows that the exci- o=z 0
tation of width 2 is due to chargéholon band while that of
width 1.6) is due to spin(spinon banyi*! Therefore, a mix-
ture of spinon and holon excitations are possible from 0 to
0.5.

To make a comparison easier, we broaden the theoretical
data with the experimental peak width obtainedkgt 0.5 1.0
where the peak is the sharpésErom the broadened plot in
Fig. 6(b), it is immediately clear that we should not be able 0 2 o1 0 1/2 1
to resolve the spinon and holon branches as different peaks k position in units of r/a
as in the theory curve. Yet, there is a good overall agreement o
between the theory and the experiment. The much larger FIG- 7. (a The calculated O @ and Cu 31 spectral function in
dispersion(compared to the 2D cagsand the asymmetry of @ _CuO ring of 8 unit416 site3. The parameters used in the calcu-
the dispersion with respect 19=0.5 seen in the data from ';;'?]n areTpg=1, A=3, andUy=8. Tpq, 4, andUy are O -Cu
the 1D compound can be quantitatively explained by the oppIng, charge transfer, and Cd 8n-site COUlomp rePUIS'on

. L - energies, respectively. The red curve shows the contribution from O
underlying excitations of holons and spinons scaled byd 2 d blue from Cu @. (b) The total spectral function after the
J, respectively. These are the direct consequences of tr}: and bl o pec .

. . . . oss-section effect is considered. The spifisimaded in redand
Spm'Charge separation and are most 'mpo_rtam eXpe”m,entﬂ!)Ion (shaded in blugbranches are seen as well as higher-energy
observations that cannot be understood in a conventiongl onerent peaks. The large peakkat1 with holon character can-
band picture even at a qualitative level. This contrast in th gt pe observed since it is buried in the main valence peak. This has

ability to explain the observed dispersion relationships is thénore finite-size effect, but the overall dispersiaashed linesis
strongest evidence for spin-charge separation. similar to that in Fig. 6.

Photoemission matrix modulation may explain why the
maximum spectral intensity in the 0 to 0.5 region varies with I _ g
the experimental geometry while that of 0.5 to 1 does not3d contribution. It is clear from this figure that the low ex-
Fork, from 0.5 to 1, only one branctholon) exists and thus  citation energy feature near=0 is dominated by Cu &
one should see only the overall intensity modulation. Bywhlle the feature nedt=0.5 has contributions from both O
contrast, multiple branches are allowed in the 0 to 0.5 regior2P and Cu 3. Panel b of the figure shows the spectrum
A relative intensity change resulting from different experi- after the cross section effect has been considered. Even
mental conditions can induce the shift of the maximum in-though it has finite-size effects, it reasonably explains the
tensity position. Figure @) depicts what would happen to intensity change betwednof 0 and 0.5.
the maximum intensity position if there are matrix element Second, our simulation indicates that the introduction of
modulations. Therefore, the shift of the maximum intensitynext-nearest-neighbor interactiahi qualitatively improves
position under various measuring conditionskkpfrom O to  the agreement between the theory and the experiment. This
0.5 may be a manifestation of the modulations in the spinorffect originates from the fact that introduces frustrations
and holon contributions to the excitation spectra. Note thatihat damp the spinon excitations. As a result, spectral weight
as discussed bEfore, the maximum intenSity pOSition shift |Q)f the Spinon branch is Suppressed and some of the We|ght
not due tok, momentum because two spectfal andl,  away fromk,=0.5 is pushed to higher-energy incoherent
0.9 with very similar conditions except the polarization gycitations that cannot be observed in the experiments. On

shovlvhdiﬁeLentr]dispQrsior?s. _ _ g awe other hand, this introduction 8f has less effect on tHe
Although the spin-charge separation picture advance ersusk relationships of the spinon and holon branches.

above is very consistent witk versusk relationships, the In light of above discussions, the most important point of

obser\(ed behavior in the spectral intensity requires Some Xt . yata in Fig. 4 is that, despite the complication of the
planation. In all cases, we found the observed spectral inten- _ ° § ’ : i

o o . matrix elements, the data showed a strong evidence for mul
sity is highest neak,=0.5 which is not a feature in the

current theory as shown in Fig. 6. There are two possibléIple ban_ds,'rk”:O to 0.5 region but single band féf= 0'5,
explanations for this discrepancy. First, it can be attributed t&° 1+ This is exactly what one would expect as the direct
the photoemission cross-section effect. It is well known thafonsequences of the spin-charge separation.Jrfeonsid-

the lowest excitation feature has Cd,3 2 character in a €ration would also suppress the intensity of the spinon
planar CuQ structure. However, due to hybridization be- Pranch in general, leading to a stronger relative intensity for
tween O 2 and Cu 31, the feature has a finite amount of O the holon branch. We note that the spinon branch should
2p character. This mixing has a momentum dependéﬁﬂe_ have smaller bandwidth than the band with the smallest
is empirically known that the photoemission cross section ofvidth in Fig. 5 because of the holon contribution. Taking
O 2p is much larger than that of Cud3®® Therefore, the above discussions as a whole, the ARPES data from SyCuO
more the feature has Op2character, the higher the cross can be best interpreted by the spin-charge separation. At this
section is. Figure (&) shows the results on 16 site Cu-O ring. point, it is worth noting that one should see the light particle
The parameters used afg;=1, A=3, andUy4=8. The red  (holon scaled byt) more clearly in one dimension than in
curve shows the O contribution and the blue curve the Cu two dimensions, where the hole motion is more strongly

(a) 1D CuO ring with 8 units (b) Total spectral function

e
&
I
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coupled to the spin system. Thus it should be much harder tc Holon dispersion a) A Spinon dispersion b)
see the light holon band in two dimensions even when it 2'“ )
exists.

Our results can be explained in an intuitive way. As de- 3
picted in Fig. 1, removal of an electron from the chain leaves s . 1.0 2.0
a hole behind whose propagation is responsible for the dis-_§ ' Tk
persions seen in ARPES. The propagation of the photohole*
in the 1D chain turns into two “topological defects” in the
AF chain. The first is the spin misalignment defect labeded
whose propagation is scaled by the restoring endrgyhe
second is the hole defect labelétl whose propagation is c)
scaled by the hopping energy These defects can be re- 0 0.5 1.
garded as spinons and holons. From this, we can see that th

Spinon energy

-2t 4 &
2

e . . or
injected photohole “decays” into a spinon and hofon.
Energy- and momentum-conservation laws enforce the fol- )

' ionshi % B
lowing energy and momentum relationships between the 2 RS
spinon, the holon, and the photohole: S,

S,
X Ko

Ko
15!
&
Al

k=k,—ks (momentum conservation

&
SL505%

E=E;—Es (energy conservation

wherek, kg, k,, E, E5, andE;,, are momenta and energies
of the photohole, spinon, and holon, respectively. The differ-
ent signs on spinon and holon parts are due to the fact that
the photoemission process corresponds to creation of a holon FIG. 8. () and(b) Dispersions for holon and spinon. The holon
and annihilation of a spinon. band is empty while the spinon band is half filled and has the Fermi
Figures 8a) and 8b) illustrate the dispersion relations for surface.(c) The photoemission spectrum obtained from the two
the holon and spinon branches, respectively, scaled in widtgispersions and the energy- and momentum-conservation equations.
by 2t and wJ/2 as indicated by theoretical analy%‘?sl.:or a Inthe regiqn between 0 and 0.5, there are tyvo bpundary_bands with
spin chain with an AF interaction at half filling as in Srcyo  the bandwidths scaled blyandt. The band with widthrJ/2 is due
the holon band is empty while the spinon band is half filledt® SPinon dispersion and the band with i8 due o holon disper-
and has the “Fermi surface.” To create the |Owest_energ)§|qn. Spectra in the shaded. region show mixed excitations of
e spinons and holons. In the region between 0 and 0.5, strong spectral
excitation, one can create the lowest-energy holok,at1 intensity is expected
and annihilate a spinon at the Fermi surface Wkt 1.5 '
(two circles in the figure Then the momentum of the pho-
tohole become&= —0.5 (this corresponds to photoelectron for example, in neutron diffraction experimentsThe direct
momentum ok, =0.5 in the figurg at which we observe the observation of holon and spinon branches in the data proves
maximum of the bands in photoemission. Similar analysighat these are indeed new elementary particles with well-
leads to the expected picture in FigicB The reason that defined energy versus momentum relationships.
only one band with holon character exists between 0.5 and 1 In summary, an ARPES study of 1D SrCu@veals a
is that the spinon band is half filled. From 0 to 0.5, we havephenomenon that cannot be reconciled with the conventional
a heavily shaded region where strong photoemission signal isand picture. Using a many-bodyJ model without free
expected. This region is bounded by the spinon branch giarameters, both rigorous numerical calculation and intuitive
lower excitation energy and holon branch at higher excitaanalysis invoking the spinon and holon concepts can natu-
tion energy. This result is in accord with the rigorous resultsrg|ly explain the experimental data. The finding is not only a
presented in Fig. @). The exact solution in Fig.(8) shows  gemonstration of the spin-charge separation in 1D SECUO

that the edges tend to have higher spectral intensities. It it aso direct observation of new elementary particles in a
clear from remarkable similarity between the theoretical picqjiq.

ture in Fig. §c) and the data set in Fig. 5 that the spin-charge
separation is the natural explanation of the experimental data We acknowledge the stimulating discussion with R.
from SrCuQ, which sharply contrast with anything one ex- Laughlin, P. W. Anderson, and T. Mizokawa, and thank P.
pects from the conventional band picture. Blaha for the local density approximatiofi.tDA) results.
Another important aspect of these results is that this is th&@his work was supported by the U. S. DOE, office of Basic
first direct observation of spinons. Even though studies orEnergy Science, Division of Material Science, NEDO, and
AF spin chains date back to the early 193%gnly in the  the Ministry of Education, Science and Culture of Japan.
1980’s was it realized that the elementary magnetic excitaStanford Synchrotron Radiation Laboratory is operated by
tion in the system is not a spin wave with spin 1. Rather it isthe U. S. DOE, office of Basic Energy Sciences, Division of
an excitation with spin 1/2, now called a spinor’ How-  Chemical Sciences. The computation was done using the fa-
ever, it has not been observed directly due to the fact thatilities of the supercomputer center, the the Institute of Solid
only two spinon excitations, that is, spin waves, are allowedState Physics, University of Tokyo.
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