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Observation of Spin-Charge Separation in One-Dimensional SrCu®@
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Angle-resolved photoemission data from one-dimensional SpgCo@npounds are found to be
qualitatively different from that of two-dimensional SuO,Cl,. The data can be quantitatively
accounted for by the exact diagonalization calculation based otritmodel. We identify the two
underlying bands having approximately 1.2 and 0.3 eV energy dispersion as that of holon and spinon,
with their energy scaled biyandJ, respectively. [S0031-9007(96)01554-2]

PACS numbers: 71.27.+a, 78.20.Bh, 79.60.Bm,

Stimulated by the discovery of high- superconduc- the spin-charge separation is realized in the 1D case. In
tors, there is renewed interest in the properties of lowparticular, we identify the most prominent feature, with
dimensional systems. A particular system that has atmore than 1 eV dispersion from /2 to 7, as the holon
tracted much recent attention is the one-dimensional (1Dband scaled by. This band does not exist in the 2D
copper-oxide chain and ladder compounds [1-3]. It iscase because the hole motion is coupled with the spin
believed that the quasiparticles in the Fermi liquid sensdéackground. We identify the lower bound of the dispersive
do not exist in the 1D case. Lieb and Wu found that thefeatures, with 0.3 eV dispersion, as the spinon band scaled
low energy physics is dominated by uncoupled collectiveby J.
modes of spin and charge excitations [4], now often called SrCuG, is a charge transfer insulator with a 1.8 eV
spinons and holons. The decoupled nature of these cojap as determined by optical measurements [10]. The
lective modes implies that the spin and charge degrees @hains are formed by continuous Z&u-O-Cu bonds, and
freedom of real electrons, as represented by the spinon atidey are coupled through 9@u-O-Cu bonds [11]. The
holon, are separated—an important idea that has also be&® nature of this compound is confirmed by NMR [12]
used to try to explain the properties of 2D cuprate superand magnetization measurements [11]. The single crystals
conductors [5]. In this sense, the spinon and holon are neaf SrCuO, were synthesized by the traveling-solvent-
elementary particles (excitations) in the 1D solid. Theirfloating-zone (TSFZ) method using CuO as the flux. The
conceptual importance is the same as that of other eleletails of the crystal growth are described elsewhere [11].
mentary particles in solids such as phonons and magnongshe obtained single crystals have clear facets along the
Various experimental attempts have been made to obseneec plane and are easily cleaved along this plane. The
these new particles [6—8]. So far, no direct, unambiguousnagnetic susceptibility data on these single crystals are
evidence of spin-charge separation in quantitative agreén excellent agreement with theoretical calculation [13] in
ment with theoretical calculations has been found. the temperature range from 20 to 800 K. This calculation

In this Letter, we report angle-resolved photoemissiomproduces an antiferromagnetic (AF) exchange coupling of
(ARPES) data from the 1D copper-oxide chain compound’ = 2100 = 200 K, which shows that the system can be
SrCuQ,. The ARPES data show distinct one-dimensionakegarded as an ideal 1D AF system in this temperature-
behavior. Along the chain direction, we see significantenergy scale [11].
dispersion with the features reaching the highest energy at Experiments were performed at the undulator beam
7/2 and the lowest energy near tHé and 7= points. line V at the Stanford Synchrotron Radiation Laboratory
A comparison of our 1D data with those of the 2D (SSRL). The samples were cleaviedsitu, and the base
Sr,CuO,Cl, compound [9] reveals a striking contrast. The pressure of the chamber was better thar 10~!! Torr.
total dispersion in the 1D case is more than 1 eV compared@he overall system energy resolution, including both the
to only ~0.3 eV in the 2D case. No dramatic intensity beam line and the analyzer, was 75 meV. The angular
drop is observed in the 1D case when going from lessesolution of the system i 1°, or better thant(1/20)7
than 77 /2 to abovew /2, while more than a factor of 10 in k with zv = 22.4 eV. Data presented here are from
is observed in the 2D case. These aspects of the data ckeshly cleaved samples at room temperature.
be quantitatively accounted for by numerical simulations ARPES shows the filled states of SrCu®elow the
using thet-J model with thet andJ parameters constrained charge transfer gap. It has a wide main valence band peak
by other experiments and calculations. The key reasowith a small foot on the higher kinetic energy side. The
for the difference between the 1D and 2D results is thamain valence band has a few peaks and its overall shape
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is similar to other cuprates. Only the foot region of thehigher kinetic energy. We have also taken spectra along
data is presented here since we are interested in low energfye direction perpendicular to the chain (not reported here)
physical properties. Figure 1 shows two sets of spectravhich show much smaller dispersion (total dispersion less
at differentk positions along the chain direction, with the than 0.15 eV) confirming the predominant 1D nature of the
number on each spectrum representing khgosition in  copper oxide chain in the electronic structure.

units ofw/a (1 = 7 /a). The left panel has spectra from In Fig. 2, theE vs k relationship is plotted in the left

k positions between th&€ and /2 points, and the right panel. For the two distinct features from/2 to =, the
panel has spectra from positions betweeyi2 and 7.  less dispersive feature near the point is marked with
Spectra in the right panel show that there is a main featurquestion marks, for a reason discussed later. Meanwhile,
with a maximum atr /2. It merges into the main valence the error bars betweel' and 77/2 represent a rough
band with an estimated dispersion of more than 1 eV. Aestimate of the area where features may exist, with the
very weak feature is observed at 0.1 eV near#thpoint.  thick lines indicating the upper and lower bounds of
By contrast, the spectra in the left panel have a broad, nordispersive features. Again, the error bar is particularly
Lorentzian feature whose centroid disperses about 0.5 eVarge neard’ because the features are further complicated
The broadness and the subtle line shape modulation of they the emissions from the main valence band. For
feature betweef andsr /2 lead us to believe that the data comparison, experimental data from 2D,SuQO.Cl, is
consist of more than one component. Frami2 to I',  plotted in the right panel. The data cannot be explained
the centroid of the feature appears to give a band whicby a simple band calculation.

disperses to the lower kinetic energy side and folds back In order to understand the data, we examine the
around 0.2%. Since there is no symmetry reason for thist-J model which is one of the canonical models to
band folding, it can be better understood as existence afescribe the low energy properties in the cuprates. The
multiple features. Estimation of the peak position on thisHamiltonian is given by

side is greatly hampered by the strong feature from the

main valence band. As we can see in the figure, any peak H;=—1 Z (ELE.,-(, + H.c)

that exists beyond 0.8 eV would be hardly noticeable at the (i.po

I" point as the top of the main valence band moves toward L Z(Si 'S - %n,n,»), (1)

)
where¢,, = ¢;»(1 — n;7) is the annihilation operator of
an electron with spirv- at sitei, n;, = c,-Ta.c,-[,,S,- is the

spin operator at sité with § = % andn; = n;; + ny.
The summation(i, j) runs over nearest neighbor pairs.
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FIG. 1. ARPES spectra from SrCyO The left panel has
spectra fromk positions betweerl” and 7 /2 and the right
panel from /2 to 7. Different marks are guides to the eye. FIG. 2. E vsk relationship for the 1D and 2D (from Ref. [8]).
The solid triangles are used for the peaks which are certain anéor the 1D case, there are two bands betwe¢d and 7 with

the question marks when there is some ambiguity (refer to théhe less dispersive band marked with question marks for the
main text). The spectra in the left panel show a broad featursame reason as in Fig. 1. BetweErand 7 /2, the thick lines
which implies that there may exist multiple features. The lineare the upper and lower bounds of the dispersive features. For
segments indicate the upper and lower bounds for the dispersitbe 2D case, there is only one band with the sizes of the circles
features. approximately representing the spectral weights.

k position
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In the uniform susceptibility measurements of SrGuO have a two edge structure, and (iii) there exist dense spec-
a 0.18 eV antiferromagnetic exchange interactbbhas tra between these edges. These features are consistent
been obtained [11], whereas the vallle= 0.23 eV was  with the observed spectrum in SrCyOThe agreement
given by the optical absorption measurements [10]. Aof their energy scale is also striking.
rounded value of 0.2 eV was used in the calculation. The In order to study the nature of the spectrum, we calculate
hopping parameter was determined to be = 0.60 eV  the dynamic spin and charge correlation functicditg, )
by taking the ratior/J = 3, the ratio for other cuprates and N(gq, w), in the 21 electron system to which the
[14]. The spectrum for electron removal is expressed asfinal state for the electron removal spectrum belongs
[18]. In Fig. 3(b),A(k, w) with k = 7r/11 is compared
Alk, w) = Z (vlcralO)?8(w + E, — Ey), (2) with S(¢,w) andN(q, ») whereq = k — 57/11 is the
va momentum transfer. We find that the high energy edge
wherev denotes thesth eigenvector with eigenvalug, of A(k, ) is related to the spin excitation, while the low
and |0) denotes the ground state with enerfly, and energy edge is due to the charge excitation. In Fig. 3(c),
cre = L7V2Y cipe™*®i. L is the total number of sites. A(k, »)with k = 97/11 is replotted together withi(g, w)
We have calculated the spectrum by the numerical exa@ndN(q, w). The significant weight of(k, ») is given by
diagonalization technique in a 1D cluster with= 22  the charge excitation, in contrast with that for= 37 /11.
and with periodic boundary conditions. We note that although there exists a spin excitation around
Figure 3(a) shows the spectrum obtained by the stan—0.3 eV, the intensity ofA(k, ) is very weak.
dard Lanczos procedure with Lorentzian broadening of By examining the Lieb-Wu equations [4] for the Bethe-
0.01t. The highest energy excitation appearskat  ansatz solution of the 1D Hubbard model with strong
57/11. We find that the spectrum is in strong contrastinteractions, we may obtain the excitation energies. The
with those of 2D insulator studies [15—-17], and has theequations show that there is a spinon excitation between 0
following features: (i) betweekh = 477/11 and7 asharp andk = /2 which is proportional to the wave number
edge is seen, (ii) between= 0 and3= /11 the spectra aroundk = /2 and has the energy-J/2 at k = 0.
On the other hand, the holon excitation is proportional
(b) ©) to the square of the wave number aroune= 7 /2 and
oo SN A SN has the relationo = 27(sink — 1). There also exists an
I s 1 [kr= 19m= ] area betweek = 7 /2 and 0 where the mixed excitations
[ =23 Lot 1 ant of spinons and holons are densely distributed. These

| ==rsl]
.Y

_0.5'_4(7:7 < CZ’;; 1 L 1 5] features are consistent with the numerical results shown
[ 3 I —% % in Fig. 3. In the strong interaction limit in the 1D
- N i 1 N 1 Hubbard model { — 0 in the -J model), the shape of
1.0b—— *_' . . the spectrum has been obtained [19], which may also be
() compared with Fig. 3(a).
[ ] From the above discussion, most of the spectra observed
0.0 o T B R A N in SrCuQ, can be understood quantitatively as the spinon
- =3T3 . and holon excitations in the 1BJ model. The broad
i B 7] 4 = ] excitation fromI" to /2 is a mixture of spinon and
-0.51 <3/ 11 L ] holon excitations with lower and upper bounds being
I 4 <4 N ] set by spinon and holon excitations, respectively. The

_mi_ ?/' {444 \ _<.<‘£ 1 very dispersive band fromr /2 to 7, which is the most

Energy o (eV)

-
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Y1 prominent feature in the data, is the holon excitation
I RN R ] band. We have also performed calculations with some
450 4 4 ] coupling between the chains. These calculations show that
L 14 . ; ] the above results hold even when the chain coupling is

0 211 511 811 1 accounted for, indicating that the small dispersion observed

Kin perpendicular to the chain will not affect our conclusions.
FIG. 3. (a) Spectral function(k. w) for at-J ring of 22 sites However, the theory does not reproduce the small spectral

with / = 0.2 eV ands = 0.6 eV. The momentuni is defined  Weight aroundc = 7 in the high energy region (question
asn/11, nbeing an integer. The energy is measured from Mmarks), although spinon excitations exist in the region.
the highest energy peak at= 577/11. The & functions are We believe that the small spectral weight at thepoint
convolved with a Lorentzian broadening of 0t0IThe broken is not real but a “leftover” due to elastic and inelastic
lines guide the eye. (bA(k,w) with k = /11, and the  geaering. As often seen in ARPES data, one usually sees

ﬁ%’g)a ”;fdsf\),'? qag()j %Qgﬁgeﬁg)rel\?v?&n qf u:ncltlo_ﬂég%a/))l ](fjagrhheed a peaklike feature dig even when the real peak disperses

energy v of S andN is converted into—w. (c) The same paStEp. Another pOSSlblIlty is the thermal effect. At
as (b), withk = 97 /11. finite temperatures, the edge structure is smeared out, and
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spectral weight might be transferred to the high energgenter, Institute of Solid State Physics, University of
region. These effects could contribute to the enhancemefiiokyo.
of the spectral weight around= 7.
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