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Angle-resolved photoemission study of untwinned PrBgZCu;05:
Undoped CuG, plane and doped CuQ@ chain
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We have performed an angle-resolved photoemission study on untwinnedCegBa, which has low
resistivity but does not show superconductivity. We have observed a dispersive feature with a band maximum
around r/2,7/2), indicating that this band is derived from the undoped Cp@ane. We have observed
another dispersive band exhibiting one-dimensional character, which we attribute to signals from the doped
CuO; chain. The overall band dispersion of the one-dimensional band agrees with the predictiort-df the
model calculation with parameters relevant to cuprates except that the intensity near the Fermi level is con-
siderably suppressed in the experim¢80163-18209)04541-5

l. INTRODUCTION toemission spectroscofARPES study of SrCu@ by Kim
et al.” has shown the spinon and holon bands of the undoped
In the study of YBaCu;O,; (YBCO) and its family cu-  CuQ; chain, which is a manifestation of spin-charge separa-
prates, the physical properties of the Guéhain itself have tion in the one-dimensional system, and has attracted much
been a subject of interest as well as those of the {nléne.  interest. However, no ARPES study of a hole-doped £uO
In particular, evidence for charge instability has been ob<hain has been made so far. Although YBCO has been stud-
served in the hole-doped Cy@hain of YBCO and its rela- ied by ARPES) the band dispersion from the Cy®©hain is
tion with superconductivity has been discus$ekinong the  far from being one dimensional because of the strong inter-
YBCO family compounds, PrB&€u;0, (PBCO is unique in ~ action between the chain and the plane. _
that it does not show superconductivity, while the other rare-_ N this paper, we report an ARPES study of untwinned
earth substituted YBCO compounds are superconduéting.PBCO samples that have relatively low resistivity but is not
Optical studie? have revealed that the Cu@lane is not superconducting. As we show below, we observe at least two

doped with holes and consequently that the superconducti\}ginds Of. dispersive features: one from the updope_*d antiferro-
ity is suppressed in PBCO. In order to explain the holgmadnetic Cu@ plane and the other, which is a highly one-

depletion in the Cu@plane, several models have been pro-dImenSIonaI band, from the doped Cyi€hain.
posed. Among them, the model proposed by Fehrenbacher
and Rice(FR),* in which the Pr 4—O 2p, states trap holes
from the Cu 2-O 2p, band, has been most successful. It Single crystals of PBCO were grown in a MgO crucible
was also argued that hole transfer between the Quine by a pulling technique. The composition was determined to
and the Cu@chain may play an important rofeExperimen-  be P Ba; osCl oMo 040+ by inductively coupled plasma

tal studies of the band structure of the Gu@ane, the Cu@  analysis’ Because a small amount of Mg impurities originat-
chain, and the Pr#state should further reveal the difference ing from the crucible are substituted preferentially for the
between the superconducting YBCO and nonsuperconducplane Cu site$? it is expected that the CuQchain is not

ing PBCO® Another important and potentially even more affected by these impurities. Rectangular shaped samples
interesting point is that, if the Cu(plane is undoped and the were cut out from the as-grown crystal and annealed at
CuG; chain is doped as suggested by the various experimerb00 °C in oxygen atmosphere under uniaxial pressure. The
tal and theoretical studies, PBCO may give us an opportunityesistivity parallel to the chain direction increases with cool-
to study a hole-doped Cy@hain with good one dimension- ing from 8 m{ cm at 300 K up to 102 cm at 10 K and
ality compared to YBCO. Recently, an angle-resolved phothat perpendicular to the chain direction increases from

II. EXPERIMENT
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FIG. 1. E||bc and E|ac arrangements in which ARPES mea-
surements were performed. The chains are alond taes. %
PBCO —O— (0.0,0.0)E // bc ki
400 mfcm at 300 K to 70Q cm at 10 K. The ARPES o~ (0000)Eae
measurements were performed using the Vacuum Science T T
Workshop chamber attached to the undulator beamline 5-3 Energy to E; (eV)

of Stanford Synchrotron Radiation Laborat¢&SRL). Inci-

dent photons were linearly polarized and had energy of 29 FIG. 2. Valence-band spectra taken(j0) with E[bc (open

eV. The total energy resolution including the monochro-circles and withE[ac (closed circles

mator and the analyzer was approximately 40 meV. The an- o

gular resolution wast 1°, which gives the momentum reso- direction and those along the @2)— (7, 7/2) direction
lution of +0.057 at hy=29 eV. [In the text, momenta taken with Efac. The uppermost and second uppermost
along thea and b axes are given in units of d/and 1b, ~ SPectra in the left panel were taken(@t0) and (m/4,7/4),
respectively. Herea (=3.87 A) andb (=3.93 A) are the respectively. The intensity from -0.2 to -0.4 eV is enhar_lced
lattice constants of PBCO perpendicular and parallel to thé@t (w/4,m/4) compared to that &0,0). Let us denote this
chain direction, respectivelyThe chamber pressure during feature asx and discuss it in the following paragraphs. The
the measurements was less thark ® 1! Torr. The  spectra taken at#/2,7/2) are shown by the thicker solid
samples were cooled to 10 K and cleavied situ. The  curves and marked by the closed circles in the two panels of
cleaved surface was tfab plane. Orientation of thaandb ~ Fig. 3. Figure 4 shows ARPES spectra nearly along the
axes was done by Laue diffraction before and after the med0,0)— () direction for E||bc. In Fig. 4, the spectrum
surement. The cleanliness of the surfaces was checked by tkRken at r/2,7/2) is shown by the thicker solid curve and
absence of a hump at energy—9.5 eV® All the spectra Marked by the closed circle. In these spectra taken around
presented here were taken within 30 h of cleaving. Wel7/2,m/2), a dispersive feature with a band maximum at
cleaved the samples three times and checked the reproduc-—0-4 eV is clearly seen and is labeled @sThis struc-
ibility. As shown in Fig. 1, ARPES data were taken in two ture S is very similar to that found at #/2,7/2) in
arrangements: af|ac arrangement, in which the photon SLCUO,Cl, and can be interpreted as the Zhang-RiZR)
polarizationE is in theac plane and is perpendicular to the

chain, and arE||bc arrangement, in whiclE is in thebc ' lPB'C(') L ;0;0'(;.0;) " pECO :Iwooow)
plane and has a component parallel to the chain. The positiol E//ac — (920920 E//ac {2538
of the Fermi level Ef) was calibrated with gold spectra for — Qarods) S
every measurement.
’ 2 2
2 2
Il. RESULTS AND DISCUSSION ‘GEJ g
The entire valence-band data measured &t K) B o 1]
=(0,0) are shown in Fig. 2. Heré&, andk, are momenta - ~ T
along thea andb axes, respectively. The Bgp5core levels { ] n
are split into surface and bulk components as observed ir R S s el —t—1
YBCO 2 indicating that the cleaved surface is as good as that "-OE t'o-é (V) o0 ‘1-°E t‘O-E (&V) 00
of YBCO. The peak labeled a&is intense forE|bc, while nerey ot te neroy ot te
it loses its weight folE||ac. This strong polarization depen- x r X r
dence indicates that pedkis derived from the Cu@chain / «—
and that the Cu@chain is well aligned at the surface. Peak E
A can be attributed to the nonbonding @ 3tates of the s Y s ¥

CuGQ; chain! On the other hand, the intensity of peBkis

insensitive to the photon polarization, indicating that it is g 3. Left panel: ARPES spectra along the (0;a)1,1) di-

derived from the Cu@ plane. PeakB has energy of yection for E|ac. Right panel: ARPES spectra along the (0,1/2)

~—2.3 eV and is similar to that found in SuO,Cl,."* As  _,(1/2,1/2) direction foE||ac. Lower panel shows some measured

pointed out by Pothuizest al,'* peakB corresponds to the points (open and closed circlesind directions in the momentum

nonbonding O P states of the Cu©plane. space and the in-plane component of the photon polarizétion
Figure 3 shows ARPES spectra along the (8:Q)r, ) rows). T'Y is the chain direction.
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direction or the chain direction foE|ac. Right panel: ARPES
FIG. 4. ARPES spectra approximately along the (6:QL,1) spectra along the (1,0} (1,1/2) direction or the chain direction for
direction for E|bc. The arrows indicate the measured directions.E|lac. Lower panel shows some measured poiofgen and closed
The momenta along theandb axes are given in units af/a and  circleg and directions in the momentum space and the in-plane
7r/b. Right panel shows some measured poifagsen and closed component of the photon polarizatiqarrows. I'Y is the chain
circles and directions in the momentum space and the in-plandirection.
component of the photon polarizatidarrows. T'Y is the chain

direction. mum with energy of~—0.2 eV around K,,w/4). The
spectra taken atkg,w/4) are shown by the thicker solid

singlet state of the undoped antiferromagnetic ¢p@ne!!  curves and marked by the closed circles in each panel of
The energy difference between the ZR state at2(w/2) Figs. 5 and 6. This feature loses its weight kgt /4 and
(structureB) and the nonbonding O2state at(0,0) (peak the spectrum atk ,7/2) is almost featureless. This behavior
B) is~2 eV in PBCO, in agreement with the observation indoes not depend dk, i.e., the momentum perpendicular to
Sr,CuO,Cl,.! In addition to the ZR state, a weak structure the chain, meaning that this dispersive feature is highly one
v at —0.2 eV was observed aroundr{2,7/2). dimensional. In order to demonstrate the dispersion more

By comparing Figs. 3 and 4, one can notice that the in<clearly, the contour plots of the difference spectra, which are
tensity of structuren at (m/4,7/4) is weak forE||bc com-  obtained by subtracting the featureless spectrummair(2)
pared to that folE[ac. In addition, while the relative inten- from the spectra at each point, are shown fork,=0,
sity of structurea to structureB has strong polarization 3#/10, and in Fig. 7. Indeed, the overall dispersion of
dependence, that of structugeto structure8 has only small ~ structurea’ does not depend ok, so much. Therefore, we
polarization dependence. This suggests that these two strucan conclude that the band is derived from the ge@ain.
turesa andy have different origins. As discussed in the next Structure « at (w/4,7/4) (see Fig. 3 is also part of this
paragraph, structure at (m/4,7/4), which shows strong po- one-dimensional band. The fact that the one-dimensional
larization dependence, is part of a one-dimensional bantiand reaches a band maximunkgt- /4 and disappears for
from the CuQ chain. On the other hand, since structyre k,>w/4 indicates that the filling of the Cudgz_,2-O 2p,,
shows weak polarization dependence and probably has twdyand in the Cu@ chain is close to 1/4, namely, the formal
dimensional character, it is tempting to interpret structyre valence of Cu in the chain is +2.5. This is consistent with
as a Pr 4-O 2p_. hybridized state or a so-called FR state. If the optical study.
this is the FR state, the present spectra are consistent with the There are two interesting points in this one-dimensional
FR scenario because the FR state is closé&itthan the ZR  band. The first point is that the other structueg’), which
state of the Cu@plane!? The situation that the FR state is has higher energy than structute, is observed around
partially occupied and is observable in photoemission sped-,0) (compare the uppermost spectra shown by the thicker
troscopy is consistent with the optical result, which hassolid curves in the two panels of Fig).3n order to show the
shown that the formal valence of the Pr ion#8.5 and the dispersion clearly, the density plots of the second derivatives
FR state is occupied by 0.5 electrons on average if it eXists.of the ARPES spectra along the chain direction are diplayed
This argument on structurg should be confirmed by using for k,=0, 37/10, andw in Fig. 8. The dispersion o&” is
Pr 4d-4f resonant photoemission in the future. visible in the spectra fok,= 7, which is shown in the right

In Figs. 5 and 6, we have plotted ARPES data along thepanel of Fig. 8. It is possible to attribute’ and «” to the
chain direction taken wittE||ac. In the spectra taken at holon and spinon bands of the Tomonaga-LuttingEl)
(Kg,0) (kg is O, 7/10, /5, 37/10, orar), which are shown liquid.*® While the total width of the holon band is predicted
at the uppermost position in each panel, the broad featur® be~4t, that of the spinon band has an energy scal&'6f
labeled asa’ is located at—0.7+0.2 eV. This feature In Figs. 7 and 8, model holon and spinon dispersions of
moves towardEg asky, increases and reaches a band maxi-— 2t cosk,+#/4) and— wJ/2 cos(%,) (Refs. 13 and 14are
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shown by solid curves. The two curves witbf 0.5 eV and  the spectral weight nedg, is considerably suppressed in

J of 0.16 eV, which are reasonable values for the cuprétes, the experimental data in disagreement with the theoretical
roughly follow the dispersions in Fig. 8. Here, it should be prediction on the TL liquid3* Although the lengths of the
noted that the two structures are very broad compared to theuO; chain at the surface are finite because of the surface
prediction byt-J modef* and that the agreement between termination® the observation of the nice dispersive behavior
theory and experiment is not perfect. The second point is thahdicates that the lengths of the Cyi€hains are long enough
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FIG. 7. (Color) Contour plots of the ARPES spectra along the chain directiofEfarc. Intensity increases in going from blue to yellow
to red regions.
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FIG. 8. Second derivatives of the ARPES spectra along the chain directidfl|é&ar. In the right panel, two dispersive features are
visible as two bright belts. The solid curves are model holon and spinon dispersions givetlopsk,+7/4) and —J cos(X,) with J
=0.5 eV andt=0.16 eV.

to allow us to compare the data with the theory for the doped T T T L es040)
CuGQ; chain. A possible origin of the intensity suppression PBCO 22832823{
nearE is the instability of the nearly-1/4-filled Cuzhain E//bc (537523
leading to charge density wave8DW'’s).*® Actually, charge T (098018
instability in the hole-doped Cu{chain of PBCO has been :Eoieeiojos§
observed by NMR and nuclear quadrupole resonance —haeon|T| r
measurement®.In addition, it has recently been pointed out 0T
that the spectral function of one-dimensional CDW insula- — (1.02,-0.19)
tors can have the holon and spinon dispersidns. Lyl
Here, it should be remarked how we would observe the e

feature withE|jac. In PBCO, the Cu@ square plane of the
CuG; chain is perpendicular to theeb plane, i.e., the sample
surface. Therefore, the photon polarization has a component
perpendicular to the sample surface, namely, parallel to the
CuGQ, square plane of the CyChain as shown in Fig. 1. It

is this additional component of the polarization that gives a
finite transition matrix element to the ZR state in the GuO
chain.

With E|bc, the contribution from the chain is very weak
whenk, is small. Ask, becomes larger, the intensity of the
one-dimensional band fdg||bc becomes larger and, &, N R
=1, is comparable to that fdg||ac. Figure 9 shows ARPES -1
spectra along the,w/2)— (m,— mw/2) direction, namely,
along the chain direction taken wit|bc. The two disper- FIG. 9. ARPES spectra along the {11/2)—(1,1/2) direction
sive features, which can be interpreted as the holon angy the chain direction foE|bc. Right panel shows some measured
spinon dispersions, are also observedEgbc. In order to points (open and closed circlegind directions in the momentum

show the dispersion obtained f&bc clearly, the density space and the in-plane component of the photon polarization
plot of the second derivatives of the ARPES spectra is disrows). I'Y is the chain direction.

Intensity
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k /m=1.0 intense ak, becomes larger. The same behavior was found
in the undoped Cu@chain by Kimet al.” Further experi-
mental and theoretical investigation is required to reveal this
peculiark, dependence of the spectral function.

IV. CONCLUSION

In conclusion, we have observed the band dispersions
from the CuQ plane and the hole-doped Cyg©hain of non-
superconducting PBCO. The band dispersion from the LuO
plane clearly shows that PBCO has an undoped insulating
CuG, plane. On the other hand, the one-dimensional disper-
sive feature from the doped CygChain consists of two
structures that can be interpreted as holon and spinon bands.
These bands lose intensity beyokgh 77/4, indicating that
the CuQ chain is nearly 1/4 filled. Further experimental and
theoretical studies are desirable to reveal the nature of the
one-dimensional band including its momentum and polariza-
tion dependence.
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