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Charge dynamics in underdoped Nd2ÀxCexCuO4: Pseudogap and related phenomena
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We have investigated the temperature and doping variations of optical and transport properties in the
electron-doped high-Tc cuprate crystals Nd22xCexCuO4 (0<x<0.15). In the optical spectra of underdoped
crystals (x,0.15), a notable pseudogap is observed at low temperatures. A Drude-like response evolves
concomitantly with pseudogap formation. Both the magnitude (DPG) and onset temperature (T* ) of the
pseudogap decrease with electron doping, while holding the relation thatDPG'10kBT* . The DPG is compa-
rable to the magnitude of the pseudogap at around (p/2,p/2) in the photoemission spectra reported by Armit-
ageet al. @Phys. Rev. Lett.88, 257001~2002!#, which indicates that the pseudogap appearing in the optical
spectra is identical to that discerned by the photoemission spectroscopy. The scattering rate spectra 1/t(v) of
thex50.10–0.15 crystals show a kink structure at around 0.07 eV, which can be ascribed not to the pseudogap
but to the electron-phonon coupling. In accordance with the evolution of the Drude response, the in-plane
resistivity begins to decrease rapidly at aroundT* in the underdoped region. The out-of-plane resistivity shows
an even more distinct decrease belowT* . This is because the interplane charge transport is governed by
electronic states at around (p,0), where the quasiparticle spectral weight is accumulated in the case of the
electron-doped system. This is contrary to the hole-doped case with the pseudogap around this point. The
origin of the pseudogap has been ascribed to the antiferromagnetic spin correlation, which is consistent with
the evolution of a two-magnon band in theB1g Raman spectra belowT* . The pseudogap phenomenon in the
electron-doped cuprate has been argued comparatively with that of the hole-doped cuprate.

DOI: 10.1103/PhysRevB.69.024504 PACS number~s!: 74.72.Jt, 78.30.2j, 75.50.Ee, 74.25.Jb
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I. INTRODUCTION

The unusual spin and charge dynamics in high-Tc cu-
prates have been attracting great interest. Especially, in
underdoped region of hole-doped cuprates, many anoma
features have been unveiled. At present, most of them
believed to be due to pseudogap formation.1 There seems to
be two types of pseudogaps: namely, a large-ene
pseudogap and a small-energy one. The former has the
ergy scale of an antiferromagnetic interaction~J! and is ob-
served around the (p,0) point of the Fermi surface by angle
resolved photoemission spectroscopy,2–5 while the energy
scale of the latter is comparable to that of the supercond
ing gap.6–8 The characteristic temperature~T! dependences
of the Hall coefficient9,10 and magnetic susceptibility11,12 are
believed to be ruled by large-energy pseudogap format
Smaller-energy pseudogap formation manifests itself als
the spin excitation spectra.13,14 In spite of the vast number
of experimental works on hole-doped cuprates, the origin
pseudogaps remains controversial.

The discovery of superconductivity in the electron-dop
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cuprate Nd22xCexCuO4 demonstrated presence of electro
hole symmetry in high-Tc superconductors.15 This has laid a
strong constraint on theories of the high-Tc mechanism.16,17

Further comparative studies on the underdoped region
electron- and hole-doped systems may also provide us
information to examine controversial issues such as
pseudogap one. The ground state in the underdoped regio
Nd22xCexCuO4 is different from that in the hole-doped sys
tem. While the superconductivity is induced by only 5% ho
doping into the CuO2 plane,18 antiferromagnetic long-range
order is robust up tox'0.14 in Nd22xCexCuO4.19 Neverthe-
less, some features are commonly observed in the un
doped region of both electron- and hole-doped systems~for
example,T and doping variations of the Hall coefficient9!.

We have investigated the charge transport characteris
and the optical spectra for the underdoped region
Nd22xCexCuO4. A large-energy pseudogap structure is o
served in the optical conductivity spectra and the anoma
related to the pseudogap are manifested in the low-ene
charge dynamics~Drude-like response in optical spectra a
charge transport properties!, some of which are common to
©2004 The American Physical Society04-1
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that in hole-doped systems.20 A part of the results have bee
published in a form of short Letters.22,23 In the present paper
we present the full results and a detailed analysis of the
tical and transport data, including new findings of anoma
in the out-of-plane resistivity and the two-magnon Ram
scattering spectra, all related to pseudogap formation.
show the close relation between the present results of
optical and transport measurements and the recent resu
angle-resolved photoemission spectroscopy~ARPES!.24–26

As a compelling interpretation, the origin of pseudogap f
mation is ascribed to theT-dependent evolution of antiferro
magnetic correlation. This is also evidenced by theT varia-
tion of the two-magnon peak in the Raman spectra. We a
argue the similarities and differences of the normal-st
charge dynamics and the pseudogap features between
electron-doped and hole-doped cuprates.

II. EXPERIMENT

Single crystals of Nd22xCexCuO4 (x50, 0.025, 0.05,
0.075, 0.10, 0.125, and 0.15! were grown by the traveling
solvent floating-zone method at a rate of 0.6–1 mm/h in
atm O2 atmosphere. The grown crystals were confirmed to
single crystals without any trace of secondary phase by m
surements of powder patterns and Laue reflection of x ra
It was also confirmed by inductively coupled plasma atom
emission spectroscopy that the Ce concentrationx is close to
the prescribed value with an accuracy of60.01. To avoid
the influence of apical oxygen as the interstitial impurities27

all crystals exceptx50 were annealed in a flowing Ar/O2
gas mixture at 1000 °C for 100 h. The partial oxygen pr
sure of the Ar/O2 gas was optimized so as to obtain t
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highestTc or the lowest resistivity in the respective samp
For the resistivity measurements, we cut the crystal bo

into a rectangular shape with a typical size of 132
30.2 mm3, and a conventional four-probe method was e

FIG. 1. In-plane reflectivity spectra at various temperatures
single crystals of Nd22xCexCuO4.
FIG. 2. ~Color! Doping depen-
dence of optical conductivity
spectra for Nd22xCexCuO4 crys-
tals withx50 –0.15 at 10 K and a
sufficient high temperature~440 K
for the x50.05 crystal and 290 K
for the others!.
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ployed. To deduce the optical conductivity spectra, reflec
ity spectra were measured on theab face of crystals with
typical size of 43431 mm3. For this measurement, the su
face was polished with alumina powder to a mirrorlike s
face. To remove possible residual stress at the polished
face, we annealed the crystal at 500 °C in the sa
atmosphere as employed in the first annealing procedure
used Fourier spectroscopy for a photon energy range
0.01–0.8 eV and grating spectroscopy for 0.6–32 eV. For
high-energy measurements (.6 eV), we utilized synchro-
tron radiation at the Institute for Molecular Science~UV-
SOR! as a light source. TheT dependence of the reflectivit
was measured for 0.01–3 eV over the range of 10–540
The room-temperature data for above 3 eV were used
perform a Kramers-Kronig analysis and deduce optic
conductivity spectra at respectiveT. For the analysis, we
assumed the Hagen-Rubens relation below 0.01 eV andv24

extrapolation above 32 eV. In Raman scattering meas
ments, a 514.5-nm line from an argon ion laser was use
the incident light. The backward-scattered light was collec
and dispersed by a triple monochromator equipped wit
liquid-nitrogen-cooled charge-coupled-device detector.

FIG. 3. Optical conductivity spectra at various temperatures
crystals of Nd22xCexCuO4 (x50 –0.15).
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III. RESULTS AND DISCUSSION

A. Optical spectra: Pseudogap and related low-energy charge
dynamics

We show in Fig. 1 theT variation of reflectivity spectra
below 2.5 eV for crystals of Nd22xCexCuO4 (x50 –0.15).
The reflectivity spectra of the undoped sample (x50) are
mainly composed of optical phonon modes and a broad p
at around 1.5 eV, which is due to the charge transfer~CT!
excitation from O2p-like to Cu3d-like ~upper Hubbard
band! states. With Ce doping, the peak at 1.5 eV becom
broader, and alternatively a high-reflectivity band below
eV evolves as accompanied by the plasma edge at aroun
eV. For x50.15, a higher reflectivity was reported by som
groups,28,29 which may be owing to a sight difference in th
doping level. Because of this difference, the conductivity
somewhat lower and the scattering rate is higher and
steep than those of the literature28,29 ~see Figs. 2–6!. In the
underdoped region (0.05<x<0.125), the spectra show
relatively largeT dependence while those for thex50.15
crystal show littleT variation. In the case ofx50.10, for
example, a hollow structure evolves at around 0.3 eV and
reflectivity increases largely below 0.2 eV with decreasingT.
Similar tendencies are observed, more or less, in the wh
underdoped region (0.05<x<0.125). These structures ar
responsible for a pseudogap and Drude response in the
cal conductivity spectra~see Figs. 2–4!, respectively.

We plot in Fig. 2 the doping dependence of the optic
conductivity spectra for the crystals of Nd22xCexCuO4 with
x50 –0.15 below 2.2 eV at 10 K and also at the sufficie
high T ~440 K for thex50.05, 290 K for the others!. The
spectra of thex50 crystal show a broad peak around 1.5 e
due to the CT excitation, forming a gaplike structure. Figu
3~a! illustrates theT variation of optical conductivity spectra
for the x50 crystal. The peak of the CT excitation becom
sharper and the peak energy increases by 0.2 eV with
creasingT from 540 K to 10 K. Similar behaviors of the
spectra for the parent compounds of the high-Tc cuprate were
already reported in the literature,30,31 in which these
T-dependent features have been interpreted as due
electron-phonon coupling30 or antiferromagnetic corre
lation.31

As shown in Fig. 2, the intensity of the CT excitatio
decreases with Ce doping, and alternatively the spec
weight of intraband excitation below 1 eV increases. At hi
T ~dashed lines!, the spectrum of thex50.05 crystal shows a
flat shape below 0.5 eV, being far from that of the Dru
response. With further doping, the spectral weight tends to
accumulated in the lower-energy region, forming a Drud
like peak atv50. These behaviors have already been
ported by previous studies32,33 and are common to those o
the hole-doped cuprates34 and other filling-control Mott tran-
sition systems.35 While the spectra for the superconductin
x50.15 crystal show littleT variation, for the underdoped
crystals (x50.05, 0.10, 0.125! the spectral weight at aroun
0.2 eV decreases when theT is lowered down to 10 K. To
examine these behaviors in more detail, we show theT de-
pendence of optical conductivity spectra for the crystals w
x50.05–0.15 in Figs. 3~b!–3~f!. In the case of thex50.10
r
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FIG. 4. ~Color! Low-energy part (<0.2 eV)
of the optical conductivity spectra at various tem
peratures for crystals of Nd22xCexCuO4 (x
50 –0.15).
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crystal, for example, the spectral weight at around 0.2
decreases with decreasingT from 290 K while the spectra
show little T variation above 290 K. At lowT, the spectral
shape shows a gaplike structure on an energy scale as
as 0.3 eV. In the lower-energy region below 0.15 eV t
conductivity increases toward lower energy, which cor
sponds to the tail of the Drude response~see also Figs. 4 and
6!. The notable pseudogap formation is observed in
whole underdoped region (x,0.15). The magnitude of the
pseudogap may be measured by the energy of the isos
~equal-absorption! point in the course of the spectral weig
transfer. The isosbetic point energy decreases from 0.43
to 0.17 eV with increasing Ce concentration fromx50.05 to
x50.125. It is worth noting that the energy is of the sam
order as that of the antiferromagnetic spin exchange inte
tion ('0.12 eV).36,37 Such a distinct pseudogap formatio
has never been observed in the bare optical spectra o
hole-underdoped cuprates, in which the ground state is
perconducting and is different from that in the underdop
Nd22xCexCuO4.38

Figure 4 illustrates theT variation of the optical conduc
tivity spectra below 0.2 eV for Nd22xCexCuO4 with various
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Ce concentrations. Structures related to optical phon
are clearly discerned in this region. Four phonon modes
observed in the spectra of thex50 crystal, which is consis-
tent with factor group analysis. These phonon modes can
assigned to the Cu-O stretching mode~0.063 eV!, Cu-O
bending mode~0.043 eV!, the vibration of Nd-O~external
mode! in the block layer~0.037 eV!, and the vibration be-
tween the CuO2 layer and the block layer~0.016 eV!.39

While the external mode~0.037 eV! can hardly couple with
electrons and in fact decreases in intensity with electron d
ing, dip structures emerge at around the energies of the o
phonon modes in the spectra of the doped crystals, espec
at low T. These are typical of Fano antiresonance induced
the interaction between a boson mode and electro
continuum.42 Such an electron-boson coupling is known
manifest itself as a kink of scattering rate spectra 1/t(v) at
around the energy of the boson mode.43 We show the 1/t(v)
and m* (v)/m0 spectra at 10 K for the crystals withx
50.10, 0.125, and 0.15 in Fig. 5. The 1/t(v) and
m* (v)/m0 are given in terms of the extende
Drude formula,
4-4
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t~v!
5
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2

4p
ReS 1

s̃~v!
D , ~1!

m* ~v!

m0
5

vp
2

4pv
ImS 1

s̃~v!
D , ~2!

where vp , s̃(v), and m0 are plasma frequency, comple
conductivity, and bare electron mass, respectively. We
tained the plasma frequency by integration of the opti
conductivity up to 1.2 eV. In the 1/t(v) spectrum of thex
50.10 crystal, a broad peak is discerned at around 0.2
which is owing to the pseudogap formation.~The anomaly of
them* /m0 spectrum above 0.15 eV is also an artifact due
the pseudogap feature.! These features are hardly observed
the spectra ofx50.125 andx50.15 consistent with the wea
pseudogap feature in these compound. In the lower-en
region, kinks are observed at around 0.07 eV in the 1/t(v)
spectra of all the crystal (x50.10–0.15) as indicated b
symbols~solid triangles!. Correspondingly,m* (v)/m0 is en-
hanced below 0.07 eV. Recently, a similar kink in the sc
tering rate was reported by Singleyet al., who considered the
kink as an indication of pseudogap formation.28 The energy
of the kink in the scattering rate spectra almost correspo
to the energy of the highest-lying dip structure in the opti
conductivity spectra. In general, a dip in the optical cond
tivity and a kink in the scattering rate spectrum are expec
when strong coupling is considered between electrons a
boson mode. A magnetic mode strongly coupled to electro
continuum might be a possible origin of the kink in the sc
tering rate spectra. In the present case, however, the
structure for the antiferromagneticx50.10 crystal is quite
similar to that for the superconductingx50.15 crystal.

FIG. 5. Scattering rate spectra@1/t(v)# and effective mass
spectra @m* (v)/m0# below 0.25 eV at 10 K for crystals o
Nd22xCexCuO4 with x50.10, 0.125, and 0.15.
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Therefore, the observed kink structure can hardly be ascr
to the magnetic mode although a complete mapping of
spin excitations must be needed to make a final statem
Alternatively, we ascribed the boson mode to the optical p
non mode because the energy of the kink shows no Ce
centration dependence and is in accordance with that of
tical phonon ~Cu-O stretching mode!. The kink structure
observed in the scattering rate spectra is likely relevant to
kink structure in the ARPES spectra, which is observed
only in the electron-doped system but also in the hole-do
system.44–47

Next, we focus on the genuinely electronic structure in
low-energy region, apart from the structures related to
optical phonon. As shown in Fig. 4, the spectral weight b
low 0.03 eV increases with decreasingT in the spectra for
the underdoped crystals, while the spectra for thex50.15
crystal undergo a minimal change. To compare the evolu
of the low-energy spectral weight and the pseudogap for
tion in the underdoped region, we show in Fig. 6 the opti
conductivity spectra~0.01–2.5 eV! of the crystals withx
50 –0.15 on a logarithmic scale. First, let us discuss
spectra for thex50.10 crystal as an example. Above 290
where the pseudogap structure is not observed, the sp
show almost flat shape below 0.4 eV. With decreasingT from
290 K, the spectral weight below 0.03 eV evolves concom
tantly with the pseudogap formation. At lowT the conduc-
tivity steeply increases towardv;0 as an indication of
Drude response. Similar behaviors are, more or less,
served in all the underdoped crystals (x50.05–0.125).

To discuss a more quantitative aspect, we in Figs. 7~a!–
7~e! plot the spectral weight below 0.03 eV@regionA in Fig.
7~f!# as a measure of the Drude response as well as
change in spectral weight (DNeff) from at 540 K between
0.12 eV and the isosbectic point@regionB in Fig. 7~f!# as a
measure of pseudogap formation. Both quantities are
duced from the calculated effective number of electronsNeff
defined by the following relation:

Neff~v!5
2m

pe2N
E

0

v

s~v8!dv8, ~3!

where N represents the number of formula units per u
volume. TheDNeff of the underdoped crystals begins to i
crease rapidly at around theT indicated by an arrow, which
defines the onsetT of the pseudogap (T* ). TheNeff at 0.03
eV also begins to increase rapidly at aroundT* for the crys-
tals of x50.05, 0.075, 0.10. This clearly shows that t
Drude response evolves concomitantly with pseudogap
mation. Such a feature becomes less clear but is still
cerned for thex50.125 crystal. TheNeff at 0.03 eV mono-
tonically increases towards lowT due to the sharpening o
the Drude-like response in the case ofx50.15 crystal.

We plot theT* in Fig. 8~c! as a function ofx together
with Néel temperature (TN) reported by Lukeet al.19 We
also plot the magnitude of the pseudogap (DPG) defined by
the energy of the isosbectic point in Fig. 8~b!. Both theDPG
and T* decrease with electron doping. The ratio ofDPG to
kBT* is '10 throughout the underdoped region. The dop
variations of the spectral weight below 0.03 eV at 10 K a
4-5
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FIG. 6. ~Color! Temperature dependence of the optical conductivity spectra for crystals of Nd22xCexCuO4 (x50 –0.15) on a logarithmic
scale of photon energy.
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540 K are shown in Fig. 8~a! together with that of the intra
band excitation (<1.2 eV) at 10 K. As already reported i
the literature,32,33 the spectral weight of the intraband excit
tion increases largely with doping at first and then satura
On the other hand, the low-energy spectral weight be
0.03 eV in the underdoped region is much suppressed
compared with the case ofx50.15. Especially, in a high-T
region~e.g., at 540 K! the low-energy spectral weight is ver
small, signaling the incoherent nature of charge transpo
high T (T.T* ). WhenT is lowered down to 10 K, a shar
Drude-like component emerges even in the underdoped
gion. Thus, the spectral weight below 0.03 eV represents
Drude weight at least at such a lowT. As seen in Fig. 8~a!,
the Drude-like weight increases linearly with electron dop
in the underdoped region (x,0.15), while forx50.15 it is
much larger than that expected by this linear relation. All
features concerning the doping dependence of the Drude
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weight are even quantitatively similar to those observed
La22xSrxCuO4.34,48 A similar electron-hole symmetric be
havior was also observed in the nominal carrier number
tained by Hall coefficient.9,10,23,49

B. Influence of pseudogap formation on transport properties

We show theT variation of in-plane resistivity for the
crystal with various Ce concentrations (x50 –0.15) in Fig.
9~a!. The resistivity of the parent compound (x50) shows
an insulating behavior in the wholeT region. On the other
hand, the resistivity for thex50.15 crystal shows a metallic
behavior from 600 K to 25 K (5Tc). In the underdoped
region (x50.025–0.125), the resistivity shows a barely m
tallic behavior at highT but an upturn at lowT. To discuss
the behavior of the resistivity in detail, we plot the resistivi
normalized by the value at 600 K@r(T)/r(600 K)# in Fig.
4-6
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FIG. 7. ~a!–~e! The temperature variation of the effective number of electrons,Neff , at 0.03 eV@solid circles,A region in~f!# and of the
loss of the spectral weight (DNeff) due to the formation of pseudogaps@open circles,B region in ~f!# for crystals of Nd22xCexCuO4 (x
50.05–0.15). Solid lines are merely a guide to the eyes.~f! The optical conductivity spectra of thex50.10 crystal at 10 K and 290 K. The
hatched regionA stands for the spectral weight below 0.03 eV and the hatched regionB indicates the spectral weight loss due to pseudo
formation (DNeff).
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9~b!. The resistivity for thex50.15 crystal can be fitted by
the relationr5aT21r0, between 25 K and 200 K as re
ported previously.50 Above 200 K, the power become
slightly lower ('1.6). The power in the resistivity of thex
50.10 and 0.125 crystals above 300 K is also 1.5–1.7.
T-linear behavior in resistivity is not observed in anyT and
doping regions of the present study in contrast with the ho
doped case. The resistivity forx50.10 and 0.125 shows a
upturn at lowT ~50–100 K!, which may be due to the wea
localization effect.51,52 The influence of the localization i
not observed in the optical spectra of these crystals such
decrease of the conductivity above 0.01 eV, indicating t
the localization is restricted to the fairly low-energy sca
(,0.01 eV). For the crystal with the lower doping level (x
,0.10), some change is observed in the resistivity beha
at relatively high T ~300–600 K!. The resistivity for x
50.05 and x50.075 tends to saturate toward higherT
(d2r/dT2,0). Forx50.025, the resistivity is no more me
tallic, i.e., dr/dT,0, above 430 K. Importantly, the resis
tivity for the crystal withx50.025–0.075 begins to decrea
rapidly at around theT marked by symbols~solid triangles!,
although the resistivity of these crystal also shows upturn
around 100–150 K due to the weak localization effect. ThT
marked by the symbols almost coincide withT* below
which the pseudogap begins to evolve in the optical spec
Moreover, the steep decrease of resistivity belowT* is con-
sistent with the evolution of Drude-like response. Therefo
we have concluded that the anomalies in the resistivity
caused by the pseudogap formation. It is worth noting t
similar behaviors are also observed in the hole-doped
prates, which have been assigned to being a consequen
pseudogap formation.53,54
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Even a clearer anomaly due to pseudogap formation
observed in the out-of-plane transport. We show theT varia-
tion of the out-of-plane resistivity in Fig. 10~a! and the ratio
of the out-of-plane resistivity to the in-plane resistivi
(rc /rab) in Fig. 11. The out-of-plane resistivity~along thec
axis! shows a much higher value than the in-plane resistiv
(rc /rab;103–105), reflecting a strong two-dimensional na
ture of the charge dynamics in Nd22xCexCuO4 with the T8
structure where no apical oxygen is present. Such a str
two dimensionality also gives raise to an increase ofrc /rab

toward lowT in the high-T region for all crystals. While the
out-of-plane resistivity of thex50.15 crystal is metallic
(drc /dT.0) in the wholeT region we measured, that of th
underdoped region shows a complex behavior. For exam
the resistivity of thex50.075 crystal increases with decrea
ing T in the high-T region above 300 K. The increase in th
resistivity saturates at around 360 K and then the resisti
decreases below the 300 K. At around 100 K, the resistiv
shows an upturn again, probably due to the localization
fect. A similar behavior is observed in all the underdop
crystals. To obtain the onsetT of the decrease in the out-of
plane resistivity, we plot theT derivative of the resistivity
(drc /dT) in Figs. 10~b!–10~f!. Reflecting the decrease o
resistivity, drc /dT increases at around theT indicated by
arrows (Tr). To be strict, theTr corresponds to theT where
the increase in the resistivity tends to saturate~e.g., 360 K for
the x50.075 crystal!. We show theTr for the respective
crystals in Fig. 8~c!. The Tr almost coincides with theT*
obtained by the analysis of optical conductivity spectra. T
suggests that the decrease in the out-of-plane resistivit
also induced by pseudogap formation. Because the decr
is much more significant than that in the in-plane resistiv
4-7



ns
m

s
-
-

e-
d

f
the

e

k o
t
f

io

Y. ONOSE, Y. TAGUCHI, K. ISHIZAKA, AND Y. TOKURA PHYSICAL REVIEW B 69, 024504 ~2004!
the rc /rab decreases with decreasingT in the low-T region
for the underdoped crystals as shown in Fig. 11. The se
tivity of these transport characteristics to pseudogap for
tion is accounted for in the following arguments.

C. Comparison with angle-resolved photoemission spectra

Recently, angle-resolved photoemission spectroscopy
the Nd22xCexCuO4 including the underdoped region wa
performed by Armitageet al.24–26 In the spectra of the un
derdoped region (x50.04 and 0.10!, a pseudogap is ob
served at around (p/2,p/2) in the two-dimensionalk space,
while a small electron pocket orFermi arc is observed at
around (p,0). This behavior is contrastive with the hol
doped case where pseudogap formation is observe

FIG. 8. ~a!: Thex variation ofNeff at 0.03 eV at 10 K and 540 K
~solid and open circles, respectively! and at 1.2 eV and 10 K~solid
squares!. ~b! The x variation of the pseudogap magnitudeDPG as
defined by the higher-lying isosbetic~equal-absorption! point in the
temperature-dependent conductivity spectra and the magnitud
the pseudogap (vPES) in the photoemission spectra~Ref. 26!. The
vPESis defined as the maximum energy of the quasiparticle pea
the putative large Fermi surface in the ARPES spectra shown in
Figs. 2~c!–~e! of Ref. 26. ~c! The obtained phase diagram o
Nd22xCexCuO4. The onset temperature of pseudogap format
(T* ) and the crossover temperature of out-of-plane resistivity (Tr)
are plotted againstx together with the Ne´el temperatureTN reported
previously by Lukeet al. ~Ref. 19!. Solid and dashed lines in~a!–
~c! are merely a guide for the eyes.
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around (p,0) and the Fermi arc at around (p/2,p/2) in the
underdoped region.2,6,7 To compare the magnitude o
pseudogap in the ARPES spectra with that appearing in
optical spectra, we plot the magnitude of the pseudogapvPES

of
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n

FIG. 9. ~a! The T variation of the in-plane resistivity of the
Nd22xCexCuO4 crystals with variousx. ~b! The T variation of the
in-plane resistivity normalized by its 600 K value.

FIG. 10. ~a! TheT variation of the out-of-plane resistivity of the
Nd22xCexCuO4 crystals with variousx. ~b!–~f! The temperature
derivative of the out-of-plane resistivity (drc /dT).
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in the ARPES spectra~for the definition, see the figure cap
tion! together with theDPG in Fig. 8~b!. It is clear from this
figure that the energy scale of the pseudogap emerging in
ARPES spectra is comparable with that in the optical sp
tra. Moreover, the small Drude weight (}n/m* ) propor-
tional tox is also consistent with the existence of the elect
pocket feature if the effective mass does not show a str
doping variation. This is supported by the fact that the no
nal carrier number per Cu obtained by the Hall coefficien
a low T almost coincides withx in the underdoped
region.23,55 Therefore, the pseudogap in the optical cond
tivity spectra corresponds to that in ARPES spectra at aro
(p/2,p/2) and the Drude response to the carriers at aro
(p,0). As for the pseudogap behavior of thex50.15 crystal,
however, the optical spectra are not well consistent with
ARPES spectra. The pseudogap is not discerned in the
cal spectra while in the ARPES spectra a pseudogap has
observed at the cross section of the antiferromagnetic B
louin zone boundary and the~large! Fermi surface for the
crystal withx50.15. This is perhaps because the measur
thek space where the pseudogap is present forx50.15 is too
small to be observed in the optical conductivity spectru
which is the average of the charge response over the whok
space.56

Figure 12 schematically illustrates theT and doping evo-
lution of the Fermi surface we propose here based on
results of optical and photoemission spectra. There are
pseudogap at around (p/2,p/2) and the small electron
pocket~or Fermi arc! at around (p,0) at lowT in the under-
doped region as observed in the ARPES spectra. The ma

FIG. 11. TheT variation of the ratio of the out-of-plane resis
tivity to the in-plane resistivity (rc /rab) for Nd22xCexCuO4 crys-
tals with variousx.
02450
he
c-

n
g

i-
t

-
d
d

e
ti-
en

il-

of

,

e
he

ni-

tude of the pseudogap decreases with doping. In the s
ciently overdoped region, a large Fermi surface is expec
As discussed above, the pseudogap at around (p/2,p/2) in
the underdoped region can also be observed in the op
spectra. The pseudogap gradually closes with increasingT in
optical spectra of the underdoped region. In the high-T re-
gion (T.T* ), the pseudogap feature is not discerned at
This result indicates that the large Fermi surface is reviv
aboveT* even in the underdoped region.

Transport properties are strongly affected by the crosso
between the small Fermi surface at lowT and the large Ferm
surface at highT in the underdoped region. One such e
ample is the Hall coefficient. As we reported previously23

the absolute value of the Hall coefficient tends to incre
rapidly at aroundT* where the pseudogap begins to
formed. This is consistent with the present scenario
namely, thatT* is the onset of the crossover from the lar
to small Fermi surface. The other example is the out-of-pla
resistivity. As described above, the resistivity decreases
idly at aroundT* . By contrast, the out-of-plane resistivity o
the hole-doped cuprateincreasesrapidly at around theT be-
low which the pseudogap opens.57 One of the plausible sce
narios to explain such an anomaly in the hole-doped sys
is that the interplane charge transport is dominated by
carriers at around (p,0) and hence that the out-of-plane r
sistivity increases in the course of pseudogap formation
around (p,0).58 Therefore, the contrastive behaviors of th
out-of-plane resistivity in the electron-doped versus ho
doped cuprates as observed can be ascribed to the differ
of the k position of the pseudogap. In the electron-dop
system, pseudogap formation at around (p/2,p/2) is ex-
pected to hardly affect the out-of-plane charge transp
which is sensitive to (p,0). On the other hand, the electron
state at the rest part of Fermi surface—namely, arou
(p,0)—becomes coherent belowT* as indicated by the evo
lution of the Drude response. Such a formation of the coh
ent carriers~quasiparticles! around the (p,0) point can ex-
plain the observed enhancement of the out-of-plane trans
below T* . These results also ensure that the pseudogap
pearing belowT* in the optical conductivity is identical with
the pseudogap at around (p/2,p/2) observed in the ARPES
spectra.

D. Origin of the pseudogap

We previously proposed the possibility of charge order
as the origin of the large pseudogap in the as-grown~or
-

r-

e

FIG. 12. Schematic illustration of the tem
perature ~T! and doping ~x! variations of the
Fermi surface. Solid lines stand for the Fermi su
face. Dotted lines connecting (6p,0) and (0,
6p) indicate the magnetic Brilloin zone in th
case of (p,p) spin ordering. Arrows show the
increasing direction ofT andx.
4-9
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FIG. 13. ~Color! ~a! Doping
variation of B1g Raman spectra
~two-magnon scattering! at 20 K
for crystals of Nd22xCexCuO4 (0
<x<0.15). ~b!,~c! Temperature
variation ofB1g Raman spectra for
~b! x50.05 and ~c! x50.10
crystals.
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oxygenated! crystal,22 which is thought to be essentially th
same as that in the underdoped reduced crystal. Howeve
possibility of stripe order contradicts with the (p,p) spin
order of Nd22xCexCuO4 (x,0.15) as recently observed i
the neutron diffraction measurement.59 Apart from the verti-
cal ~metallic! stripe order, the concomitant evolution of
Drude-like response with the pseudogap cannot be expla
by the usual~insulating! charge-ordering scenario. The po
sibility of electronic phase separation into the insulating
tiferromagnetic state and the metallic state is also denie
the origin of the pseudogap. Although some crystals in t
system show phase coexistence, this is restricted to a
narrow doping range near the antiferromagne
superconducting phase boundary.60,61 In addition, the
k-dependent feature of the pseudogap cannot explaine
the simple phase separation picture. In the case of the
formed pair, the pseudogap should be comparable in ma
tude with the superconducting gap. In the present syst
however, the magnitude of the superconducting gap is ab
5 meV.24,46 Alternatively, we propose here that the origin
the antiferromagnetic spin correlation. There are several
perimental evidences for this:~a! In the underdoped region
where the pseudogap is observed, long-range antiferrom
netic order emerges@see Fig. 8~c!# in further decreasingT
below T* . ~b! The antiferromagnetic interaction~J! is as
large as the energy scale of pseudogap.36,37 ~c! The strong
k-space anisotropy of the pseudogap as observed by AR
coincides, at least qualitatively, with that expected for
antiferromagnetic or spin-density-wave~SDW! gap.62 A high
onsetT of the pseudogap (T* '2TN) compared with Ne´el
temperature (TN) can be reasonably ascribed to the tw
dimensional nature of spin correlation in the present syst
Then, another question to be answered is why Drude
sponse evolves belowT* —i.e., the onset of the strong ant
ferromagnetic correlation. Our interpretation is that the e
lution of the Drude response is due to a decrease of
scattering in the course of the increase of antiferromagn
correlation. Then, the question may be why the evolution
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the Drude response begins atT* rather than atTN . In the
present system with strong two-dimensional~2D! nature, the
strong in-plane antiferromagnetic spin correlation is e
pected to well develop even aboveTN . In fact, the antifer-
romagnetic spin correlation lengthj of the underdoped crys
tal was observed to be longer than 5a (a, in-plane lattice
constant! even at 100 K aboveTN .63 On the other hand, the
carrier mean free pathl in the underdoped region is not s
large asj at aroundT* . In the Boltzmann transport theory
resistivity in a 2D system is given as

r5
hd

e2

1

kFl
, ~4!

whered stands for interplane distance. Since the large Fe
surface must satisfy the Luttinger theorem,kF is given as
A2(12x)p/a in this simplified 2D model. This value is in
accordance with the result of the ARPES experiment.24,25

FIG. 14. ~a! The T variation of the intensity of the two-magno
band forx50.05 and 0.10 crystals as estimated by the change in
integrated scattering intensity ofB1g Raman spectra from 540 K
between 2000 cm21 and 4000 cm21. Solid lines are merely a guide
to the eyes.~b! B1g Raman spectra of thex50.05 crystal at 20 K
and 540 K. The hatched region stands for the change in intensit
the two-magnon peak as plotted in~a!.
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Putting the observedr values into Eq.~3!, we obtain thel
values atT* '1.00a and'2.42a for the x50.10 and 0.125
crystals, respectively.64 The relation thatj. l well holds near
below T* in the underdoped region. In this case, the s
scattering of electron is expected to decrease with increa
antiferromagnetic correlation. This explanation is also s
ported by the fact that the evolution of the Drude respo
and the decrease of in-plane resistivity are more clearly
served in the lower-doped crystal where the larger chang
spin scattering is anticipated.

Another piece of supporting evidence for the antifer
magnetic correlation scenario can be obtained from thT
dependence of two-magnon Raman scattering spectra.
show the doping variation of theB1g Raman scattering spec
tra for the Nd22xCexCuO4 crystals (0<x<0.15) at 20 K in
Fig. 13~a!. As reported previously, a two-magnon peak
clearly observed at around 2800 cm21 in the spectrum of the
x50 crystal.36 The two-magnon peak becomes broader a
its intensity decreases with Ce doping while the peak ene
shows little doping dependence.65 In the spectrum for thex
50.15 crystal, the two-magnon peak is not discerned. T
peak shows a strongT variation in the spectra of the unde
doped crystal. In Fig. 13~b!, we exemplify theT variation of
theB1g Raman scattering spectra for thex50.05 crystal. The
intensity of the two-magnon peak decreases with increa
T from 20 K, signaling the decrease of antiferromagne
correlation. At 540 K, the peak still remains but the intens
is much reduced from the one at the lowT. A similar ten-
dency is observed in the spectra of thex50.10 crystal as
shown in Fig. 13~c!, although the peak shape is broader th
that for the x50.05 crystal. As the measure of the tw
magnon band intensity, we estimated the change@DI ,
hatched region in Fig. 14~b!# of the integrated intensity of the
B1g Raman scattering spectra between 2000 cm21 and
4000 cm21 from the one at 540 K. TheT dependence ofDI
is shown for thex50.05 andx50.10 crystals in Fig. 14~a!.
Importantly, theDI for the both crystals increases rapidly
aroundT* indicated by arrows with decreasingT. This sug-
gests that the antiferromagnetic spin correlation stee
evolves belowT* in the underdoped region. This is qui
consistent with the present conclusion about the origin of
pseudogap.

E. Comparison with the hole-doped case

The smaller pseudogap in hole-doped cuprates is of
order of the superconducting gap and is clearly distinct
nature from the large-energy pseudogap in electron-do
system. The energy scale of the large-energy pseudoga
the hole-doped system is as large as several hundreds
similar to the present electron-doped system. In addition,
large-energy pseudogap in both electron- and hole-do
systems governs theT-dependent large-to-small crossover
the Hall coefficient, of which theT and doping dependence
of the absolute value are confirmed to be almost identic9

However, there are several differences between b
pseudogaps.~a! The large-energy pseudogap of the ho
doped system is observed at around (p,0) in contrast with
that at around (p/2,p/2) of the electron-doped cuprate.~b!
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The pseudogap feature is not discerned in the optical c
ductivity spectra of the hole doped cuprate.~This may be
simply because the gaplike feature in the hole-doped sys
is weaker than that in the electron-doped compound.! ~c! The
ground state in the underdoped region of electron-doped
tem, where the pseudogap formation is observed, is the
tiferromagnetic state, while the superconducting phase
present even in the underdoped region for the hole-do
cuprate.

All these contrastive features may be explained in ter
of the difference in the sign of the long-range hopping term
t8 andt9, in the respective systems.66 Recentt-t8-t9-J model
calculations suggest that the electrons doped into the pa
insulator exist at around (p,0), which is consistent with the
observation of electron-pocket-like feature at around (p,0)
in the underdoped region of electron-doped cuprates,
that the antiferromagnetic correlation does not conflict w
the charge transport of the electrons at around (p,0).66 So
the antiferromagnetic correlation in the electron-doped s
tem is stronger than that in the hole-doped system, wh
gives rise to notable pseudogap formation in the electr
doped system as observed also in the optical conducti
spectrum. While it is thus strongly suggested experiment
and theoretically that pseudogap formation in the electr
doped system is due to the antiferromagnetic correlation
the hole-doped compound there have been proposed se
possible scenarios to explain large-energy pseudogap fo
tion, not only antiferromagnetic correlation67 but also spin-
charge separation,68 stripe formation,69 etc. At present, it is
premature to conclude that the origin of the pseudogap in
hole-doped cuprate is identical to that in the electron-do
system—i.e., the antiferromagnetic spin correlation. Ho
ever, even if not, quite a parallel behavior of the Hall co
ficient correlated with pseudogap formation in the electro
and hole-doped systems needs to be explained.

IV. SUMMARY

We have measured theT and doping variations of the
optical conductivity spectra for the crystals o
Nd22xCexCuO4 (0<x<0.15). A pseudogap as large as 0.2
0.4 eV evolves concomitantly with the Drude-like respon
in the optical conductivity spectra of the underdoped crys
of Nd22xCexCuO4. The onsetT (T* ) of the pseudogap de
creases with electron doping toward the onset of the su
conducting phase (x'0.14). The magnitude (DPG) of the
pseudogap in the optical spectra, which is comparable to
observed in the photoemission spectra,26 also decreases with
x, while holding the relation thatDPG'10kBT* . The scatter-
ing rate spectra 1/t(v) for the x50.10–0.15 crystals show
kinks at around 0.07 eV. We have ascribed them not to
pseudogap but to the electron-phonon coupling. We h
also investigated theT and doping variations of both in-plan
and out-of-plane resistivities for the crystals
Nd22xCexCuO4 (0<x<0.15). The in-plane resistivity in the
underdoped region begins to decrease rapidly at aroundT*
in decreasingT, which is consistent with the evolution of th
Drude response. The out-of-plane resistivity in the und
doped region begins to decrease even more rapidly be
4-11
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T* . The interplane transport in high-Tc cuprates is domi-
nated by electronic states at around (p,0). Therefore, it is
likely that the electronic structure at around (p,0) becomes
coherent belowT* while the pseudogap opens in the diffe
ent region of thek space. This is consistent with results
the low-T angle-resolved photoemission spectra,24–26 which
revealed pseudogap formation at around (p/2,p/2) and the
presence of a small electron pocket~or Fermi arc! at around
(p,0) at low T in the underdoped region. TheB1g Raman
scattering spectra have also been investigated for
Nd22xCexCuO4 crystals (0<x<0.15). The intensity of the
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