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Angle-resolved photoemission study of untwinned PrBa2Cu3O7:
Undoped CuO2 plane and doped CuO3 chain
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We have performed an angle-resolved photoemission study on untwinned PrBa2Cu3O7, which has low
resistivity but does not show superconductivity. We have observed a dispersive feature with a band maximum
around (p/2,p/2), indicating that this band is derived from the undoped CuO2 plane. We have observed
another dispersive band exhibiting one-dimensional character, which we attribute to signals from the doped
CuO3 chain. The overall band dispersion of the one-dimensional band agrees with the prediction of thet-J
model calculation with parameters relevant to cuprates except that the intensity near the Fermi level is con-
siderably suppressed in the experiment.@S0163-1829~99!04541-5#
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I. INTRODUCTION

In the study of YBa2Cu3O7 ~YBCO! and its family cu-
prates, the physical properties of the CuO3 chain itself have
been a subject of interest as well as those of the CuO2 plane.
In particular, evidence for charge instability has been
served in the hole-doped CuO3 chain of YBCO and its rela-
tion with superconductivity has been discussed.1 Among the
YBCO family compounds, PrBa2Cu3O7 ~PBCO! is unique in
that it does not show superconductivity, while the other ra
earth substituted YBCO compounds are superconducti2

Optical studies3 have revealed that the CuO2 plane is not
doped with holes and consequently that the supercondu
ity is suppressed in PBCO. In order to explain the h
depletion in the CuO2 plane, several models have been p
posed. Among them, the model proposed by Fehrenba
and Rice~FR!,4 in which the Pr 4f –O 2pp states trap holes
from the Cu 3d–O 2ps band, has been most successful.
was also argued that hole transfer between the CuO2 plane
and the CuO3 chain may play an important role.5 Experimen-
tal studies of the band structure of the CuO2 plane, the CuO3
chain, and the Pr 4f state should further reveal the differen
between the superconducting YBCO and nonsupercond
ing PBCO.6 Another important and potentially even mo
interesting point is that, if the CuO2 plane is undoped and th
CuO3 chain is doped as suggested by the various experim
tal and theoretical studies, PBCO may give us an opportu
to study a hole-doped CuO3 chain with good one dimension
ality compared to YBCO. Recently, an angle-resolved p
PRB 600163-1829/99/60~17!/12335~7!/$15.00
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toemission spectroscopy~ARPES! study of SrCuO2 by Kim
et al.7 has shown the spinon and holon bands of the undo
CuO3 chain, which is a manifestation of spin-charge sepa
tion in the one-dimensional system, and has attracted m
interest. However, no ARPES study of a hole-doped Cu3
chain has been made so far. Although YBCO has been s
ied by ARPES,8 the band dispersion from the CuO3 chain is
far from being one dimensional because of the strong in
action between the chain and the plane.

In this paper, we report an ARPES study of untwinn
PBCO samples that have relatively low resistivity but is n
superconducting. As we show below, we observe at least
kinds of dispersive features: one from the undoped antife
magnetic CuO2 plane and the other, which is a highly on
dimensional band, from the doped CuO3 chain.

II. EXPERIMENT

Single crystals of PBCO were grown in a MgO crucib
by a pulling technique. The composition was determined
be Pr1.02Ba1.98Cu2.92Mg0.08O7 by inductively coupled plasma
analysis.9 Because a small amount of Mg impurities origina
ing from the crucible are substituted preferentially for t
plane Cu sites,10 it is expected that the CuO3 chain is not
affected by these impurities. Rectangular shaped sam
were cut out from the as-grown crystal and annealed
500 °C in oxygen atmosphere under uniaxial pressure.
resistivity parallel to the chain direction increases with co
ing from 8 mV cm at 300 K up to 10V cm at 10 K and
that perpendicular to the chain direction increases fr
12 335 ©1999 The American Physical Society
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12 336 PRB 60T. MIZOKAWA et al.
400 mV cm at 300 K to 70V cm at 10 K. The ARPES
measurements were performed using the Vacuum Scie
Workshop chamber attached to the undulator beamline
of Stanford Synchrotron Radiation Laboratory~SSRL!. Inci-
dent photons were linearly polarized and had energy of
eV. The total energy resolution including the monoch
mator and the analyzer was approximately 40 meV. The
gular resolution was61°, which gives the momentum reso
lution of 60.05p at hn529 eV. @In the text, momenta
along thea and b axes are given in units of 1/a and 1/b,
respectively. Here,a (53.87 Å) andb (53.93 Å) are the
lattice constants of PBCO perpendicular and parallel to
chain direction, respectively.# The chamber pressure durin
the measurements was less than 5310211 Torr. The
samples were cooled to 10 K and cleavedin situ. The
cleaved surface was theab plane. Orientation of thea andb
axes was done by Laue diffraction before and after the m
surement. The cleanliness of the surfaces was checked b
absence of a hump at energy;29.5 eV.8 All the spectra
presented here were taken within 30 h of cleaving. W
cleaved the samples three times and checked the repro
ibility. As shown in Fig. 1, ARPES data were taken in tw
arrangements: anEiac arrangement, in which the photo
polarizationE is in theac plane and is perpendicular to th
chain, and anEibc arrangement, in whichE is in the bc
plane and has a component parallel to the chain. The pos
of the Fermi level (EF) was calibrated with gold spectra fo
every measurement.

III. RESULTS AND DISCUSSION

The entire valence-band data measured at (ka ,kb)
5(0,0) are shown in Fig. 2. Here,ka and kb are momenta
along thea andb axes, respectively. The Ba 5p core levels
are split into surface and bulk components as observe
YBCO,8 indicating that the cleaved surface is as good as
of YBCO. The peak labeled asA is intense forEibc, while
it loses its weight forEiac. This strong polarization depen
dence indicates that peakA is derived from the CuO3 chain
and that the CuO3 chain is well aligned at the surface. Pe
A can be attributed to the nonbonding O 2p states of the
CuO3 chain.7 On the other hand, the intensity of peakB is
insensitive to the photon polarization, indicating that it
derived from the CuO2 plane. PeakB has energy of
;22.3 eV and is similar to that found in Sr2CuO2Cl2.11 As
pointed out by Pothuizenet al.,11 peakB corresponds to the
nonbonding O 2p states of the CuO2 plane.

Figure 3 shows ARPES spectra along the (0,0)→(p,p)

FIG. 1. Eibc and Eiac arrangements in which ARPES me
surements were performed. The chains are along theb axis.
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direction and those along the (0,p/2)→(p,p/2) direction
taken with Eiac. The uppermost and second uppermo
spectra in the left panel were taken at~0,0! and (p/4,p/4),
respectively. The intensity from -0.2 to -0.4 eV is enhanc
at (p/4,p/4) compared to that at~0,0!. Let us denote this
feature asa and discuss it in the following paragraphs. Th
spectra taken at (p/2,p/2) are shown by the thicker solid
curves and marked by the closed circles in the two panel
Fig. 3. Figure 4 shows ARPES spectra nearly along
(0,0)→(p,p) direction for Eibc. In Fig. 4, the spectrum
taken at (p/2,p/2) is shown by the thicker solid curve an
marked by the closed circle. In these spectra taken aro
(p/2,p/2), a dispersive feature with a band maximum
;20.4 eV is clearly seen and is labeled asb. This struc-
ture b is very similar to that found at (p/2,p/2) in
Sr2CuO2Cl2 and can be interpreted as the Zhang-Rice~ZR!

FIG. 2. Valence-band spectra taken at~0,0! with Eibc ~open
circles! and withEiac ~closed circles!.

FIG. 3. Left panel: ARPES spectra along the (0,0)→(1,1) di-
rection for Eiac. Right panel: ARPES spectra along the (0,1/
→(1/2,1/2) direction forEiac. Lower panel shows some measure
points ~open and closed circles! and directions in the momentum
space and the in-plane component of the photon polarization~ar-
rows!. GY is the chain direction.
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singlet state of the undoped antiferromagnetic CuO2 plane.11

The energy difference between the ZR state at (p/2,p/2)
~structureb) and the nonbonding O 2p state at~0,0! ~peak
B) is ;2 eV in PBCO, in agreement with the observation
Sr2CuO2Cl2.11 In addition to the ZR state, a weak structu
g at 20.2 eV was observed around (p/2,p/2).

By comparing Figs. 3 and 4, one can notice that the
tensity of structurea at (p/4,p/4) is weak forEibc com-
pared to that forEiac. In addition, while the relative inten
sity of structurea to structureb has strong polarization
dependence, that of structureg to structureb has only small
polarization dependence. This suggests that these two s
turesa andg have different origins. As discussed in the ne
paragraph, structurea at (p/4,p/4), which shows strong po
larization dependence, is part of a one-dimensional b
from the CuO3 chain. On the other hand, since structureg
shows weak polarization dependence and probably has
dimensional character, it is tempting to interpret structureg
as a Pr 4f -O 2pp hybridized state or a so-called FR state.
this is the FR state, the present spectra are consistent wit
FR scenario because the FR state is closer toEF than the ZR
state of the CuO2 plane.12 The situation that the FR state
partially occupied and is observable in photoemission sp
troscopy is consistent with the optical result, which h
shown that the formal valence of the Pr ion is13.5 and the
FR state is occupied by 0.5 electrons on average if it exis3

This argument on structureg should be confirmed by usin
Pr 4d-4 f resonant photoemission in the future.

In Figs. 5 and 6, we have plotted ARPES data along
chain direction taken withEiac. In the spectra taken a
(ka,0) (ka is 0, p/10, p/5, 3p/10, orp), which are shown
at the uppermost position in each panel, the broad fea
labeled asa8 is located at20.760.2 eV. This feature
moves towardEF askb increases and reaches a band ma

FIG. 4. ARPES spectra approximately along the (0,0)→(1,1)
direction for Eibc. The arrows indicate the measured directio
The momenta along thea andb axes are given in units ofp/a and
p/b. Right panel shows some measured points~open and closed
circles! and directions in the momentum space and the in-pl
component of the photon polarization~arrows!. GY is the chain
direction.
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mum with energy of;20.2 eV around (ka ,p/4). The
spectra taken at (ka ,p/4) are shown by the thicker solid
curves and marked by the closed circles in each pane
Figs. 5 and 6. This feature loses its weight forkb.p/4 and
the spectrum at (ka ,p/2) is almost featureless. This behavi
does not depend onka , i.e., the momentum perpendicular
the chain, meaning that this dispersive feature is highly o
dimensional. In order to demonstrate the dispersion m
clearly, the contour plots of the difference spectra, which
obtained by subtracting the featureless spectrum at (p,p/2)
from the spectra at eachk point, are shown forka50,
3p/10, andp in Fig. 7. Indeed, the overall dispersion o
structurea8 does not depend onka so much. Therefore, we
can conclude that the band is derived from the CuO3 chain.
Structurea at (p/4,p/4) ~see Fig. 3! is also part of this
one-dimensional band. The fact that the one-dimensio
band reaches a band maximum atkb;p/4 and disappears fo
kb.p/4 indicates that the filling of the Cu 3dx22y2-O 2ps

band in the CuO3 chain is close to 1/4, namely, the form
valence of Cu in the chain is;12.5. This is consistent with
the optical study.3

There are two interesting points in this one-dimensio
band. The first point is that the other structure (a9), which
has higher energy than structurea8, is observed around
(p,0) ~compare the uppermost spectra shown by the thic
solid curves in the two panels of Fig. 5!. In order to show the
dispersion clearly, the density plots of the second derivati
of the ARPES spectra along the chain direction are dipla
for ka50, 3p/10, andp in Fig. 8. The dispersion ofa9 is
visible in the spectra forka5p, which is shown in the right
panel of Fig. 8. It is possible to attributea8 and a9 to the
holon and spinon bands of the Tomonaga-Luttinger~TL!
liquid.13 While the total width of the holon band is predicte
to be;4t, that of the spinon band has an energy scale ofJ.14

In Figs. 7 and 8, model holon and spinon dispersions
22t cos(kb1p/4) and2pJ/2 cos(2kb) ~Refs. 13 and 14! are

.

e

FIG. 5. Left panel: ARPES spectra along the (0,0)→(0,1/2)
direction or the chain direction forEiac. Right panel: ARPES
spectra along the (1,0)→(1,1/2) direction or the chain direction fo
Eiac. Lower panel shows some measured points~open and closed
circles! and directions in the momentum space and the in-pl
component of the photon polarization~arrows!. GY is the chain
direction.
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FIG. 6. ARPES spectra along
the chain direction taken in the ar
rangement ofEiac. ka is the mo-
mentum perpendicular to the
chain. Lower panel shows som
measured points~open and closed
circles! and directions in the mo-
mentum space and the in-plan
component of the photon polariza
tion ~arrows!. GY is the chain di-
rection.
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shown by solid curves. The two curves witht of 0.5 eV and
J of 0.16 eV, which are reasonable values for the cuprate14

roughly follow the dispersions in Fig. 8. Here, it should
noted that the two structures are very broad compared to
prediction by t-J model14 and that the agreement betwe
theory and experiment is not perfect. The second point is
,

he

at

the spectral weight nearEF , is considerably suppressed
the experimental data in disagreement with the theoret
prediction on the TL liquid.13,14 Although the lengths of the
CuO3 chain at the surface are finite because of the surf
termination,8 the observation of the nice dispersive behav
indicates that the lengths of the CuO3 chains are long enough
w
FIG. 7. ~Color! Contour plots of the ARPES spectra along the chain direction forEiac. Intensity increases in going from blue to yello
to red regions.
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FIG. 8. Second derivatives of the ARPES spectra along the chain direction forEiac. In the right panel, two dispersive features a
visible as two bright belts. The solid curves are model holon and spinon dispersions given by22t cos(kb1p/4) and2J cos(2kb) with J
50.5 eV andt50.16 eV.
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to allow us to compare the data with the theory for the dop
CuO3 chain. A possible origin of the intensity suppressi
nearEF is the instability of the nearly-1/4-filled CuO3 chain
leading to charge density waves~CDW’s!.15 Actually, charge
instability in the hole-doped CuO3 chain of PBCO has bee
observed by NMR and nuclear quadrupole resona
measurements.16 In addition, it has recently been pointed o
that the spectral function of one-dimensional CDW insu
tors can have the holon and spinon dispersions.17

Here, it should be remarked how we would observe
feature withEiac. In PBCO, the CuO4 square plane of the
CuO3 chain is perpendicular to theab plane, i.e., the sample
surface. Therefore, the photon polarization has a compo
perpendicular to the sample surface, namely, parallel to
CuO4 square plane of the CuO3 chain as shown in Fig. 1. I
is this additional component of the polarization that give
finite transition matrix element to the ZR state in the Cu3
chain.

With Eibc, the contribution from the chain is very wea
whenka is small. Aska becomes larger, the intensity of th
one-dimensional band forEibc becomes larger and, atka
5p, is comparable to that forEiac. Figure 9 shows ARPES
spectra along the (p,p/2)→(p,2p/2) direction, namely,
along the chain direction taken withEibc. The two disper-
sive features, which can be interpreted as the holon
spinon dispersions, are also observed forEibc. In order to
show the dispersion obtained forEibc clearly, the density
plot of the second derivatives of the ARPES spectra is
d

e

-

e
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e

a

d

-

FIG. 9. ARPES spectra along the (1,21/2)→(1,1/2) direction
or the chain direction forEibc. Right panel shows some measure
points ~open and closed circles! and directions in the momentum
space and the in-plane component of the photon polarization~ar-
rows!. GY is the chain direction.
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12 340 PRB 60T. MIZOKAWA et al.
played in Fig. 10. The dispersions of the holon and spin
bands are almost symmetric with respect tokb50 and reach
maxima aroundkb5p/4 and2p/4. These dispersions ob
tained forEibc are consistent with those obtained forEiac.

In the present ARPES data taken withEiac and Eibc,
the relative intensity of the spinon band to the holon ba
strongly depends onka . The spinon band becomes mo

FIG. 10. Second derivatives of the ARPES spectra along
chain direction forEibc. Two dispersive features are visible as tw
bright belts.
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intense aska becomes larger. The same behavior was fou
in the undoped CuO3 chain by Kim et al.7 Further experi-
mental and theoretical investigation is required to reveal
peculiarka dependence of the spectral function.

IV. CONCLUSION

In conclusion, we have observed the band dispersi
from the CuO2 plane and the hole-doped CuO3 chain of non-
superconducting PBCO. The band dispersion from the Cu2
plane clearly shows that PBCO has an undoped insula
CuO2 plane. On the other hand, the one-dimensional disp
sive feature from the doped CuO3 chain consists of two
structures that can be interpreted as holon and spinon ba
These bands lose intensity beyondkb;p/4, indicating that
the CuO3 chain is nearly 1/4 filled. Further experimental an
theoretical studies are desirable to reveal the nature of
one-dimensional band including its momentum and polari
tion dependence.
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