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Angle-resolved photoemission study of Zn-doped PrBa2Cu4O8: Possible observation
of single-particle spectral function for a Tomonaga-Luttinger liquid
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We have studied the electronic structure of metallic Cu-O double chains in Zn-doped PrBa2Cu4O8 ~Pr124!
using angle-resolved photoemission spectroscopy. The single-particle spectral function of Zn-doped Pr124 is
compatible with a power-law spectral function expected for a Tomonaga-Luttinger liquid. This is in contrast to
the fact that the photoemission spectrum of pure Pr124 shows a Fermi step and can be interpreted as a Fermi
liquid realized in coupled metallic chains. The exponenta is estimated to be 0.660.1 that is one of the
smallest values among those obtained for various one-dimensional metals.
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Low-energy excitations in one-dimensional~1D! metals
described by the Tomonaga-Luttinger~TL!-liquid scheme
show power-law behaviors in the spectral functions of va
ous physical quantities.1–4 The exponents of the spectr
functions are determined by the magnitude of coupling c
stantKr that characterizes each 1D metallic system. Ang
resolved photoemission spectroscopy~ARPES! is a powerful
tool to observe the single-particle spectral functionA(k,v)
as a function of momentumk and energyv relative to the
Fermi levelEF . For the TL-liquid state,A(k,v) is expected
to show a power-law singularity nearEF rather than thed
function peak of the Fermi liquid and the momentum
integrated single-particle spectral functionr(v)
5(kA(k,v) is expected to show the power-law behavior
uvua for small uvu. There have been considerable efforts
observe the TL spectral function using photoemission sp
troscopy in 1D organic conductors,5,6 Au chains on Si~111!
surface,7 and Mo oxides.8,9 In these systems, the spectr
weight nearEF is considerably suppressed and the anom
lous exponenta is close to or larger than 1.5 The relatively
large a commonly observed in these 1D metallic syste
suggests that these 1D systems may commonly have st
fluctuations of charge ordering or charge-density wa
coupled with lattice degrees of freedom.1,2 On the other
hand, the interpretation of the ARPES data still rema
highly controversial. It has been pointed out that the appa
TL behaviors of the organic conductors and of the Mo oxid
are due to the bad surface quality6 and the limited momen-
tum resolution,9 respectively.

The Cu-O chain is one of the most idealistic systems
study the single-particle spectral function of the 1D meta
The hole concentration or the filling of the Cu-O chain c
be varied. In addition, the coupling between the chains
be controlled by chemical substitution. Also, it is very inte
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esting to compare the spectral function of the hole-dop
Cu-O chain with that of the hole-doped CuO2 plane, which
shows the highTc superconductivity and may be anoth
class of non-Fermi liquid. It was found that ARPES of th
undoped Cu-O single chains in Sr2CuO3 and the double
chains in SrCuO2 have spinon and holon dispersions that a
manifestation of the spin-charge separation in 1D M
insulators.10,11An ARPES study of PrBa2Cu3O7 ~Pr123! has
shown that the hole-doped Cu-O single chain in Pr123 ha
band gap opening atEF due to charge ordering and als
shows spinon and holon dispersions.12 On the other hand, in
PrBa2Cu4O8 ~Pr124!, the photoemission spectrum of th
hole-doped Cu-O double chain shows a Fermi step atEF and
does not behave like a TL liquid.13 This indicates that the
chain-chain coupling is substantial in Pr124 to realize
Fermi-liquid state. This is consistent with the fact that t
conductivity of Pr124 shows a two-dimensional~2D! behav-
ior at low temperatures within thea-b plane.14

Very recently, Nakadaet al. found that, when Zn is doped
into Pr124, the resistivity along thea-axis direction shows a
nonmetallic temperature dependence down to at least
while the b-axis direction preserves its metallic behavior15

Here, theb axis is in the Cu-O double chain direction a
shown in Fig. 1. It is believed that the Zn ions are main
substituted for the Cu ions of the CuO2 plane. Actually, the
band dispersion from the Cu-O double chain reported in
present work is as clear as that of pure Pr124, indicating
the Zn ions do not disturb the hole-doped Cu-O chain. The
fore, Zn-doped Pr124 is more suitable for studying the
nature of the Cu-O double chain than pure Pr124. In t
work, we report ARPES data of the Zn-doped Pr124 t
show a TL-liquid spectral function in contrast to the Ferm
liquid spectral function of pure Pr124. The exponenta esti-
mated from the ARPES data of Zn-doped Pr124 is 0.660.1.
This is the smallest value among those reported for vari
1D metals.
©2002 The American Physical Society01-1
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BRIEF REPORTS PHYSICAL REVIEW B 65 193101
Naturally untwinned single crystals of Zn-doped Pr1
were grown by a flux method as reported in the literature.15,16

The amount of Zn doping is nominally 5%. The ARPE
measurements of Pr124 were performed at beam line
equipped with a Scienta SES 200 electron analyzer, at S
ford Synchrotron Radiation Laboratory~SSRL!. The cham-
ber pressure during the measurements was less tha
310211 Torr. The samples were cooled to 10 K and cleav
in situ. The cleaved surfaces were thea-b plane and the
CuO4 square units of the Cu-O chain are perpendicular to
cleaved surface~see Fig. 1!. Orientation of the single crystal
was done by Laue diffraction before the measurement.
have cleaved two samples and checked the reproducib
The observation of the dispersive feature nearEF indicates
that the surface quality is comparable to or better than tha
Pr123.12 The position ofEF was calibrated with the gold
spectra. The experimental uncertainty in the energy calib
tion was61 meV. The incident photons were linearly p
larized and had an energy of 22.4 eV. The polarization ve
of the incident photons had a component parallel to the C
chain direction. The total-energy resolution including t
monochromator and the analyzer was approximately 20 m
The angular resolution was60.28° that gives the momen
tum resolution of 60.01p in units of 1/a or 1/b (a
53.88 Å andb53.90 Å).

Figure 2~a! shows a set of ARPES data of Zn-dop
Pr124 taken along the Cu-O chain direction, which is in
cated by the arrow in the right panel of Fig. 1. Here,ka and
kb are the momentum perpendicular to the chain in units
1/a and the momentum along the chain in units of 1/b, re-
spectively. In going fromkb /p50.0 to 0.25, a broad disper
sive feature from the Cu-O chain moves toEF . The disper-
sive feature reachesEF around kb /p50.25 and loses its
intensity for kb /p.0.25, indicating that Fermi momentum
kF is ;p/4. This dispersive behavior does not depend onka
although its intensity depends onka due to a transition-
matrix element effect.

The 1D behavior is clearly seen in the spectral wei
mapping of the ARPES data shown in Fig. 3. The spec
weight is integrated from20.05 eV toEF and is plotted as
a function ofka /p and kb /p. The mapped region is indi
cated by the shaded area in the right panel of Fig. 1. One
see a horizontal red belt where the dispersive structur

FIG. 1. Left panel: A schematic drawing of the Cu-O doub
chain and the CuO2 plane in Zn-doped Pr124. The open and clos
circles represent oxygen and Cu ions, respectively. The Cu-O c
is along theb axis. The cleaved surface is perpendicular to thc
axis. Right panel: The first Brillouin zone of the Cu-O chain and
CuO2 plane. The dashed line indicates an expected Fermi sur
for the 1/4-filled Cu-O chain.
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located in the window from20.05 eV toEF . The upper
edge of this red region indicated by the thick dashed line
approximately given bykb /p;0.25 and does not depend o
ka /p. Because of the transition-matrix element effect, t
spectral weight is enhanced forka /p;1, which is consistent
with the recent model calculation.17 Although the band dis-
persion and the Fermi surface is almost 1D, the almost
band structure can be compatible with a Fermi liquid as w
as a TL liquid. In order to clarify whether the system is
quasi-1D Fermi liquid or a TL liquid, the line shape of th
spectral function should be analyzed.

In the ARPES data shown in Fig. 2~a!, the centroid of the
broad dispersive feature has the dispersion of;0.5 eV,

in

ce

FIG. 2. ~Color! ~a! ARPES spectra and~b! density plot along the
Cu-O chain in Zn-doped Pr124.ka andkb are the momentum per
pendicular to the chain and that along the chain, respectively.
solid and dashed curves roughly indicate the dispersion of the b
feature and the contour on the high-energy side, respectively.

FIG. 3. ~Color! Spectral weight mapping for Zn-doped Pr12
The spectral weight is integrated from20.05 eV toEF .
1-2



ol
o
a

v

tu

e
n

d
e

er

th

-
p
ai

n
o
to
a

s

at
ce
s
a

c

-

ex
-
e
ke
ed
e

n-
n

e

h
k-

rge
e
in
le
TL
be
ain

is
ght
ral
on
the
tral

s-
a

ile
nc-

he

the
at
res

,
-O
the

xy-

the

ed
the

ure

hed

BRIEF REPORTS PHYSICAL REVIEW B 65 193101
which approximately agrees with the magnitude oft in the
t-J model for the cuprates and can be assigned to the h
dispersion.18 On the other hand, the spinon dispersion is n
clearly separated from the holon dispersion. However,
shown in the following paragraphs, Zn-doped Pr124 beha
as a TL liquid with anomalous exponenta larger than 0.5. In
this case, since the TL model predicts that the spinon fea
appears as a cusp instead of a power-law divergence,1 the
spinon feature is expected to be obscured and may not s
rately be observed from the holon feature. Actually, in Z
doped Pr124, the holon dispersion fromkb /p50.0 to 0.25
has a tail on the high-energy side that could be assigne
the obscured spinon feature. The momentum dependenc
the tail feature can clearly be seen in the density plot@Fig.
2~b!#. The tail on the high-energy side of the holon disp
sion gives a clear parabolic contour in going fromkb /p
50.0 to 0.25 as indicated by the dashed line in Fig. 2~b!. It is
possible to assign this parabolic contour to the cusp of
spinon feature predicted for a TL liquid witha.0.5.1 This
parabolic contour has the dispersion of;0.2 eV that ap-
proximately agrees with the magnitude ofJ in the t-J model
for the cuprates.18 Interestingly, this parabolic contour be
comes hampered in pure Pr124,13 probably because the cus
of the spinon feature is destroyed by the chain-ch
coupling.19

Althougha was deduced from the ARPES data nearkF in
some earlier works,7,8 Xue et al.pointed out that determining
a in this way would be difficult if the momentum resolutio
is not good enough.9 On the other hand, it is possible t
estimatea if one can construct an angle-integrated pho
emission spectrum from the ARPES data. Since the 1D b
of the Cu-O double chain is occupied for 0,kb /p,0.25, it
is reasonable to construct the angle-integrated photoemis
spectrum by summing the ARPES data from (p,0) to
(p,0.4p). Here, we used the ARPES data normalized
20.9 eV. We have confirmed that the normalization pro
dure does not affect the conclusion. For example, the e
mateda is not changed when the ARPES data are norm
ized using the integrated intensity up to20.9 eV. Figure 4
shows the angle-integrated photoemission spectrum that
be viewed as a momentum-integrated spectral functionr(v).
We have estimateda by fitting the angle-integrated photo
emission spectrum above20.2 eV to a power-law function
Ava and a linear background. The linear background is
pected, e.g., from thekb5p/4 spectrum and is probably de
rived from the CuO2 plane or the Pr-O layer. Here, th
power-law function is convoluted with a Gaussian to ta
into account the energy resolution. In Fig. 4, a typical fitt
result is shown by the solid curve that reproduces the exp
mental result. We have estimated the error bar fora by fit-
ting the spectrum to the power-law function without the li
ear background as well as by changing the energy ra
down to 20.1 eV. The estimated exponenta falls in the
range of 0.660.1, which is much smaller than those deduc
for the organic conductors,5 Li 0.9Mo6O17,8 and Au chains on
Si~111!.7 Since a is given by (Kr1Kr

2122)/4, a of 0.6
60.1 givesKr of 0.2460.04 that is in good agreement wit
the value (Kr50.24) obtained from the optical study by Ta
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enakaet al.20 It has recently been suggested that the cha
ordering in the 1/4-filled Cu-O chain is frustrated in th
double chain system.21 Therefore, even when the chain-cha
coupling is reduced by Zn doping, the metallic Cu-O doub
chain in Pr124 can avoid charge ordering and exist as a
liquid. Since the fluctuation of charge ordering tends to
small compared to other 1D systems, the Cu-O double ch
can have relatively smalla. Another possibility is that the
boundary effect4 that can enhancea is less important in
Pr124 than other 1D systems.

In Fig. 4, the angle-integrated spectrum of pure Pr124
compared with that of Zn-doped Pr124. The spectral wei
at EF is substantial for Pr124 indicating that the spect
function of Pr124 cannot be fitted to a power-law functi
and can be fitted to a step function broadened due to
energy resolution. On the other hand, since the spec
weight atEF is almost zero for Zn-doped Pr124, it is po
sible to fit the spectral function of Zn-doped Pr124 to
power-law function as shown in Fig. 4. Therefore, wh
Pr124 can be interpreted as a Fermi liquid, the spectral fu
tion of Zn-doped Pr124 shows the TL behavior within t
limitation of the finite-energy resolution.22 Probably, in
Pr124, the chain-chain coupling is strong enough to give
Fermi-liquid behavior. This is consistent with the fact th
pure Pr124 has a large Hall coefficient at low temperatu
and behaves as a 2D system.14 Since holes are sitting in the
x22y2 orbital of the CuO4 square units in the Cu-O chain
the direct hopping term between the neighboring Cu
chains is expected to be small. On the other hand, since
CuO4 square plane in the Cu-O chain sharing the apical o
gen with the CuO5 pyramid of the CuO2 plane below it~see
Fig. 1!, the hopping term via the CuO2 plane is important
compared to the direct hopping term and mainly gives
coupling between the Cu-O chains. When the CuO2 plane is
disturbed by Zn doping, the chain-chain coupling is reduc
and, consequently, the conductivity perpendicular to
Cu-O chain would become nonmetallic.15

FIG. 4. Photoemission spectra of Zn-doped Pr124 and p
Pr124 obtained by summing the ARPES spectra from (p,0) to
(p,0.4p). The solid curve indicates the fitted result and the das
line represents a linear background for the fitting.
1-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 193101
In conclusion, we have studied the hole-doped Cu
double chains in Zn-doped Pr124 using ARPES. The ARP
data show that the Cu-O double chain in Pr124 is appro
mately 1/4 filled. The spectral function nearEF can be fitted
to a power-law spectral function, suggesting that a TL-liqu
state is realized in the Cu-O double chain of Zn-dop
Pr124. The exponenta estimated from the photoemissio
spectra is 0.660.1. This value is one of the smallest amo
those obtained for various 1D metals investigated by pho
emission spectroscopy. Witha larger than 0.5, the TL
scheme predicts that the holon component has a singul
while the spinon part has only a cusplike structure. This p
diction reasonably agrees with the ARPES data of Zn-do
Pr124. In future, ARPES of Zn-doped Pr124 should be p
formed with higher energy and momentum resolution in
der to exclude the possibility of a Fermi liquid. Also furth
experimental and theoretical studies are required to exp
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the relatively smalla in the Cu-O double chain and to sys
tematically understand the magnitude ofa obtained for vari-
ous 1D metals.
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