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Charge dynamics in underdoped Nd_,Ce,CuO,: 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-, cuprate crystals Nd ,Ce CuQ, (0=<x=<0.15). In the optical spectra of underdoped
crystals k<0.15), a notable pseudogap is observed at low temperatures. A Drude-like response evolves
concomitantly with pseudogap formation. Both the magnitudeg and onset temperaturel{) of the
pseudogap decrease with electron doping, while holding the relatiom\that 10kgT*. The Apg is compa-
rable to the magnitude of the pseudogap at aroun@,(r/2) in the photoemission spectra reported by Armit-
ageet al. [Phys. Rev. Lett88, 257001(2002], which indicates that the pseudogap appearing in the optical
spectra is identical to that discerned by the photoemission spectroscopy. The scattering rate sfedtiet 1/
thex=0.10-0.15 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 arodridin the underdoped region. The out-of-plane resistivity shows
an even more distinct decrease bel@W. This is because the interplane charge transport is governed by
electronic states at aroundr(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 tBg, Raman spectra beloW*. The pseudogap phenomenon in the
electron-doped cuprate has been argued comparatively with that of the hole-doped cuprate.
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. INTRODUCTION cuprate Nd_,Ce,CuQ, demonstrated presence of electron-
hole symmetry in highF, superconductors. This has laid a
The unusual spin and charge dynamics in higheu-  strong constraint on theories of the high-mechanisnt®!’
prates have been attracting great interest. Especially, in theurther comparative studies on the underdoped region of
underdoped region of hole-doped cuprates, many anomalowgectron- and hole-doped systems may also provide useful
features have been unveiled. At present, most of them ar@formation to examine controversial issues such as the
believed to be due to pseudogap formatiofhere seems to pseudogap one. The ground state in the underdoped region of
be two types of pseudogaps: namely, a large-energiNd,_,CeCuQ, is different from that in the hole-doped sys-
pseudogap and a small-energy one. The former has the etem. While the superconductivity is induced by only 5% hole
ergy scale of an antiferromagnetic interactidh and is ob-  doping into the Cu@ plane!® antiferromagnetic long-range
served around ther,0) point of the Fermi surface by angle- order is robust up ta~0.14 in Nd_,Ce,CuQ,.'° Neverthe-
resolved photoemission spectroscdpy,while the energy less, some features are commonly observed in the under-
scale of the latter is comparable to that of the superconductioped region of both electron- and hole-doped systéors
ing gap®~® The characteristic temperatu(€ dependences example,T and doping variations of the Hall coefficiént
of the Hall coefficient'® and magnetic susceptibility'? are We have investigated the charge transport characteristics
believed to be ruled by large-energy pseudogap formatiorand the optical spectra for the underdoped region of
Smaller-energy pseudogap formation manifests itself also ilNd,_,CeCuQ,. A large-energy pseudogap structure is ob-
the spin excitation spectrd:* In spite of the vast numbers served in the optical conductivity spectra and the anomalies
of experimental works on hole-doped cuprates, the origin ofelated to the pseudogap are manifested in the low-energy
pseudogaps remains controversial. charge dynamicgDrude-like response in optical spectra and
The discovery of superconductivity in the electron-dopedcharge transport propertigsome of which are common to
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that in hole-doped system8A part of the results have been Nd,_,Ce,CuO, L/fab
published in a form of short Lettef&23In the present paper, [T | e

(a)x=0 ] FaTdy (d)x=0.107
10K L \

we present the full results and a detailed analysis of the op:
tical and transport data, including new findings of anomalies
in the out-of-plane resistivity and the two-magnon Raman
scattering spectra, all related to pseudogap formation. We
show the close relation between the present results of the
optical and transport measurements and the recent results «
angle-resolved photoemission spectroscdpRPES.>4~26

As a compelling interpretation, the origin of pseudogap for-
mation is ascribed to th&-dependent evolution of antiferro-
magnetic correlation. This is also evidenced by Thearia-
tion of the two-magnon peak in the Raman spectra. We als¢.2
argue the similarities and differences of the normal-state &
charge dynamics and the pseudogap features between tt
electron-doped and hole-doped cuprates.
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Il. EXPERIMENT

Single crystals of Ng_ ,CeCuQ, (x=0, 0.025, 0.05,
0.075, 0.10, 0.125, and 0.1%ere grown by the traveling-
solvent floating-zone method at a rate of 0.6—1 mm/h in 4 i
atm O, atmosphere. The grown crystals were confirmed to be (())01' : "'6"1 S 1
single crystals without any trace of secondary phase by mea : :
surements of powder patterns and Laue reflection of x rays Photon Energy (eV)

It was also confirmed by inductively coupled plasma atomic g1 1. In-plane reflectivity spectra at various temperatures for
emission spectroscopy that the Ce concentratignclose to  gjngle crystals of Ngl,Ce,CuOQ,.

the prescribed value with an accuracy ©0.01. To avoid

the influence of apical oxygen as the interstitial impurifies, highestT, or the lowest resistivity in the respective sample.
all crystals excepk=0 were annealed in a flowing AriO For the resistivity measurements, we cut the crystal boule
gas mixture at 1000 °C for 100 h. The partial oxygen presinto a rectangular shape with a typical size ofx2
sure of the Ar/Q gas was optimized so as to obtain the x0.2 mn?, and a conventional four-probe method was em-
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FIG. 2. (Color) Doping depen-

x=0.10 dence of optical conductivity
17 o 10K B spectra for Nd_,Ce,CuQ, crys-
290K tals withx=0-0.15 at 10 K and a

sufficient high temperatur@40 K
for the x=0.05 crystal and 290 K
for the others

Optical Conductivity (103 Q’lcm'l)

Photon Energy (eV)
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ployed. To deduce the optical conductivity spectra, reflectiv- [ll. RESULTS AND DISCUSSION
ity spectra were measured on thb face of crystals with
typical size of 4<4x 1 mn?. For this measurement, the sur-
face was polished with alumina powder to a mirrorlike sur- o o o
face. To remove possible residual stress at the polished sur- W& show in Fig. 1 thel variation of reflectivity spectra
face, we annealed the crystal at 500°C in the sam&elow 2.5 eV for crystals of Nd,CeCuQ, (x=0-0.15).
atmosphere as employed in the first annealing procedure. WEN€ reflectivity spectra of the undoped sample=0) are
used Fourier spectroscopy for a photon energy range dhainly composed of optical phonon modes and a broad peak
0.01-0.8 eV and grating spectroscopy for 0.6—32 eV. For th&t around 1.5 eV, which is due to the charge transts)
high-energy measurements-6 eV), we utilized synchro- €xcitation from O-like to Cu3d-like (upper Hubbard
tron radiation at the Institute for Molecular Sciendgy- ~ Pand states. With Ce doping, the peak at 1.5 eV becomes

SOR as a light source. ThE dependence of the reflectivity broader, and alternativel_y a high-reflectivity band below 1
was measured for 0.01-3 eV over the range of 10-540 ng evolves as accompamed by t.h? plasma edge at around 1.2
eV. Forx=0.15, a higher reflectivity was reported by some
The room-temperature data for above 3 eV were used tg 28,291 . . ) .
! : -~ groups;®=“which may be owing to a sight difference in the
perform. a Kramers-Kronig a”‘f’"ys's and deduce' Optlcal'doping level. Because of this difference, the conductivity is
conductivity spectra at respchvT? For the analyss,_we somewhat lower and the scattering rate is higher and less
assumed the Hagen-Rubens relation below 0.01 eVearfd steep than those of the literatéé® (see Figs. 26 In the
extrapolation above 32 eV. In Raman scattering Measurginderdoped region (0.85x<0.125), the spectra show a
ments, a 514.5-nm line from an argon ion laser was used gg|atively largeT dependence while those for the=0.15
the incident light. The backward-scattered light was coIIected;rystm show littleT variation. In the case ok=0.10, for
and dispersed by a triple monochromator equipped with &xample, a hollow structure evolves at around 0.3 eV and the
liquid-nitrogen-cooled charge-coupled-device detector. reflectivity increases largely below 0.2 eV with decreasing
Similar tendencies are observed, more or less, in the whole
underdoped region (0.85x<0.125). These structures are
responsible for a pseudogap and Drude response in the opti-
Nd,_Ce,CuO, E // ab cal conductivity spectrésee Figs. 2-Y% respectively.

- . We plot in Fig. 2 the doping dependence of the optical
conductivity spectra for the crystals of Nd,Ce CuQO, with
x=0-0.15 below 2.2 eV at 10 K and also at the sufficient
high T (440 K for thex=0.05, 290 K for the othejs The
spectra of thex=0 crystal show a broad peak around 1.5 eV
due to the CT excitation, forming a gaplike structure. Figure
3(a) illustrates theT variation of optical conductivity spectra
for thex=0 crystal. The peak of the CT excitation becomes
sharper and the peak energy increases by 0.2 eV with de-
creasingT from 540 K to 10 K. Similar behaviors of the
spectra for the parent compounds of the higleuprate were
already reported in the literatu?®3! in which these
T-dependent features have been interpreted as due to
electron-phonon couplif§ or antiferromagnetic corre-
lation3?

As shown in Fig. 2, the intensity of the CT excitation
decreases with Ce doping, and alternatively the spectral
weight of intraband excitation below 1 eV increases. At high
T (dashed lines the spectrum of the=0.05 crystal shows a
flat shape below 0.5 eV, being far from that of the Drude
response. With further doping, the spectral weight tends to be
accumulated in the lower-energy region, forming a Drude-
like peak atw=0. These behaviors have already been re-
ported by previous studigs®3 and are common to those of
the hole-doped cupratésand other filling-control Mott tran-
sition systems$® While the spectra for the superconducting
x=0.15 crystal show littleT variation, for the underdoped

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

P S R T T R
....0;5....
{ (c) x=0.075

o] I ] | I R crystals k= 0.05, 0.10, 0.12bthe spectral weight at around
0 0.5 1 0 0.5 1 0.2 eV decreases when tfeis lowered down to 10 K. To
Photon Energy (eV) examine these behaviors in more detail, we showTt-
FIG. 3. Optical conductivity spectra at various temperatures fopendence of optical conductivity spectra for the crystals with
crystals of Nd_,Ceg,CuQ, (x=0-0.15). x=0.05-0.15 in Figs. ®)—3(f). In the case of th&=0.10
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Ndz_xCexCuO4 E// ab

1 T | T 3
(a) x=0
2
10K
0-5r 290K ]

1
(2) U l . 2 L | \
(b) x='({-0(}2 | (€)x=0.125

FIG. 4. (Color) Low-energy part £0.2 eV)

of the optical conductivity spectra at various tem-
peratures for crystals of Nd,CeCuO, (x
=0-0.15).

Optical Conductivity (103 Q 'lcm'l)

0 0.1 0.20 0.1 0.2
Photon Energy (eV)

crystal, for example, the spectral weight at around 0.2 e\Ce concentrations. Structures related to optical phonons
decreases with decreasiifgfrom 290 K while the spectra are clearly discerned in this region. Four phonon modes are
show little T variation above 290 K. At lowl, the spectral observed in the spectra of tike=0 crystal, which is consis-
shape shows a gaplike structure on an energy scale as largnt with factor group analysis. These phonon modes can be
as 0.3 eV. In the lower-energy region below 0.15 eV theassigned to the Cu-O stretching mod@063 eV}, Cu-O
conductivity increases toward lower energy, which corre-hending mode0.043 eV}, the vibration of Nd-O(external
sponds to the tail of the Drude resporisee also Figs. 4 and modg in the block layer(0.037 eV}, and the vibration be-

6). The notable pseudogap formation is ob_served in theyeen the Cug@ layer and the block layef0.016 eV.®
whole underdoped regiorx¢0.15). The magnitude of the \ypjje the external modé€0.037 eVj can hardly couple with
pseudogap may be_me_asured by the energy of the 'SQSbeE?ectrons and in fact decreases in intensity with electron dop-
(equal-absorptignpoint in the course of the spectral weight 'k?g, dip structures emerge at around the energies of the other

transfer. The isosbetic point energy decreases from 0.43 e honon modes in the spectra of the doped crvstals. especiall
to 0.17 eV with increasing Ce concentration fram 0.05 to P P P Y €SP y

x=0.125. It is worth noting that the energy is of the sameat IOV.VT' The;e are typical of Fano antiresonance induced b.y
order as that of the antiferromagnetic spin exchange interaéhe _'”‘erafz“on between a boson mode_ a’?d electronic
tion (~0.12 eV) 337 Such a distinct pseudogap formation cont|-nuun.1. Such an electron-bos.on coupling is known to
has never been observed in the bare optical spectra of t{Banifest itself as a kink of scattering rate spectra(d) at
hole-underdoped cuprates, in which the ground state is siround the energy of the boson mddave show the 1#(w)

perconducting and is different from that in the underdopec®nd M*(w)/my spectra at 10 K for the crystals witk
Nd,_,Ce,Cu0,.%® =0.10, 0.125, and 0.15 in Fig. 5. The 7lb) and

Figure 4 illustrates th@ variation of the optical conduc- M*(w)/m, are given in terms of the extended
tivity spectra below 0.2 eV for Nd ,Ce,CuQ, with various ~ Drude formula,
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Nd,,Ce,CuO, E/fab 10 K Therefore, the observed kink structure can hardly be ascribed

system**=47

Next, we focus on the genuinely electronic structure in the
low-energy region, apart from the structures related to the
0 optical phonon. As shown in Fig. 4, the spectral weight be-
| low 0.03 eV increases with decreasifign the spectra for
the underdoped crystals, while the spectra for xke0.15
crystal undergo a minimal change. To compare the evolution
of the low-energy spectral weight and the pseudogap forma-
tion in the underdoped region, we show in Fig. 6 the optical

. . . . o conductivity spectra0.01-2.5 eV of the crystals withx
0 - 0.1 0.2 =0-0.15 on a logarithmic scale. First, let us discuss the
oton Energy (eV)
spectra for thex=0.10 crystal as an example. Above 290 K

FIG. 5. Scattering rate spectfd/r(»)] and effective mass Where the pseudogap structure is not observed, the spectra
spectra[m* (w)/m,] below 0.25 eV at 10 K for crystals of Show almost flat shape below 0.4 eV. With decreadirfigpm

*

m (©)/my

0.8[ (@ x=0.10 — 0 to the magnetic mode although a complete mapping of the
ol b ik spin excitations must be needed to make a final statement.
LA 6 Alternatively, we ascribed the boson mode to the optical pho-
0.4 \ 14 non mode because the energy of the kink shows no Ce con-
02l RN, - 1» centration dependence and is in accordance with that of op-
- N tical phonon(Cu-O stretching mode The kink structure
0 . 1 1~ 10 N R . .
(b)7=0.125 ] observed in the scattering rate spectra is likely relevant to the
O.6r T2 o a kink structure in the ARPES spectra, which is observed not
04' ; 13 only in the electron-doped system but also in the hole-doped
! 2

<
o

1/7(®) (V)

—

feoc}

Nd,_,Ce,CuQ, with x=0.10, 0.125, and 0.15. 290 K, the spectral weight below 0.03 eV evolves concomi-
tantly with the pseudogap formation. At loWwthe conduc-
1 w2 1 tivity steeply increases towardh~0 as an indication of
=L e{—) (1) Drude response. Similar behaviors are, more or less, ob-
(@) 47\ 5(w) served in all the underdoped crystais<0.05-0.125).

To discuss a more quantitative aspect, we in Figa)—7
m (o) o 1 7(e) plot the spectral weight below 0.03 d¥egionA in Fig.
Im ' 2 7(f)] as a measure of the Drude response as well as the
change in spectral weightAN.x) from at 540 K between
where w,,, o(w), andm, are plasma frequency, complex 0.12 eV and the isosbectic poifregionB in Fig. 7(f)] as a
conductivity, and bare electron mass, respectively. We obmeasure of pseudogap formation. Both quantities are de-
tained the plasma frequency by integration of the opticaduced from the calculated effective number of electrigg
conductivity up to 1.2 eV. In the #(w) spectrum of thex  defined by the following relation:
=0.10 crystal, a broad peak is discerned at around 0.2 eV,
which is owing to the pseudogap formatid¢ithe anomaly of @ , ,
the m*/m, spectrum above 0.15 eV is also an artifact due to Nefi( @)= —&2N L o(o')dw’, €
the pseudogap featuyd.hese features are hardly observed in
the spectra ok=0.125 andk=0.15 consistent with the weak Where N represents the number of formula units per unit
pseudogap feature in these compound. In the lower-energgolume. TheANg; of the underdoped crystals begins to in-
region, kinks are observed at around 0.07 eV in thdd)  crease rapidly at around theindicated by an arrow, which
spectra of all the crystalxE=0.10—0.15) as indicated by defines the onsel of the pseudogapT(*). The Ngy at 0.03
symbols(solid triangle$. Correspondinglym* (w)/mg is en- €V also begins to increase rapidly at arodrfdfor the crys-
hanced below 0.07 eV. Recently, a similar kink in the scattals of x=0.05, 0.075, 0.10. This clearly shows that the
tering rate was reported by Singleyal., who considered the Drude response evolves concomitantly with pseudogap for-
kink as an indication of pseudogap formatidriThe energy mation. Such a feature becomes less clear but is still dis-
of the kink in the scattering rate spectra almost correspondgerned for thex=0.125 crystal. TheéN ¢ at 0.03 eV mono-
to the energy of the highest-lying dip structure in the opticaltonically increases towards loW due to the sharpening of
conductivity spectra. In general, a dip in the optical conducthe Drude-like response in the casexef0.15 crystal.
tivity and a kink in the scattering rate spectrum are expected We plot theT* in Fig. 8(c) as a function ofx together
when strong coupling is considered between electrons andwith Neel temperature T) reported by Lukeet al® We
boson mode. A magnetic mode strongly coupled to electronialso plot the magnitude of the pseudogay.€) defined by
continuum might be a possible origin of the kink in the scat-the energy of the isosbectic point in Fighg Both theApg
tering rate spectra. In the present case, however, the kinknd T* decrease with electron doping. The ratio &ofg to
structure for the antiferromagnetic=0.10 crystal is quite kgT* is ~10 throughout the underdoped region. The doping
similar to that for the superconducting=0.15 crystal. variations of the spectral weight below 0.03 eV at 10 K and
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FIG. 6. (Color) Temperature dependence of the optical conductivity spectra for crystals,of GlglCuO, (x=0-0.15) on a logarithmic
scale of photon energy.

540 K are shown in Fig. @) together with that of the intra- weight are even quantitatively similar to those observed in
band excitation €1.2 eV) at 10 K. As already reported in La,_,Sr,Cu0,.>**® A similar electron-hole symmetric be-
the literature’>3the spectral weight of the intraband excita- havior was also observed in the nominal carrier number ob-
tion increases largely with doping at first and then saturatedained by Hall coefficient:'%:234°
On the other hand, the low-energy spectral weight below
0.03 eV in the underdoped region is much suppressed a
compared with the case af=0.15. Especially, in a high-
region(e.g., at 540 Kthe low-energy spectral weight is very ~ We show theT variation of in-plane resistivity for the
small, signaling the incoherent nature of charge transport atrystal with various Ce concentrations=0-0.15) in Fig.
high T (T>T*). WhenT is lowered down to 10 K, a sharp 9(a). The resistivity of the parent compoung=0) shows
Drude-like component emerges even in the underdoped ren insulating behavior in the whole region. On the other
gion. Thus, the spectral weight below 0.03 eV represents theand, the resistivity for th&=0.15 crystal shows a metallic
Drude weight at least at such a lolv As seen in Fig. &), behavior from 600 K to 25 K £T.). In the underdoped
the Drude-like weight increases linearly with electron dopingregion x=0.025-0.125), the resistivity shows a barely me-
in the underdoped regiorx€ 0.15), while forx=0.15 it is  tallic behavior at highl but an upturn at lowT. To discuss
much larger than that expected by this linear relation. All thethe behavior of the resistivity in detail, we plot the resistivity
features concerning the doping dependence of the Drude-likeormalized by the value at 600 Ko(T)/p(600 K)] in Fig.

SB. Influence of pseudogap formation on transport properties
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Nd 2. (xCe X ClD4
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% 2 =
[ag} I ~9 §
< 1 = N
< ] N
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%
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FIG. 7. (a)—(e) The temperature variation of the effective number of electrbiRg, at 0.03 eVsolid circles,A region in(f)] and of the
loss of the spectral weightANg¢) due to the formation of pseudogafzspen circles B region in (f)] for crystals of Nd_,CgCuQ, (X
=0.05-0.15). Solid lines are merely a guide to the e{f@sIhe optical conductivity spectra of the=0.10 crystal at 10 K and 290 K. The
hatched regioi\ stands for the spectral weight below 0.03 eV and the hatched r&giodicates the spectral weight loss due to pseudogap
formation (ANgg).-

9(b). The resistivity for thex=0.15 crystal can be fitted by Even a clearer anomaly due to pseudogap formation is
the relationp=aT?+ py, between 25 K and 200 K as re- observed in the out-of-plane transport. We showTharia-
ported previously’ Above 200 K, the power becomes tion of the out-of-plane resistivity in Fig. 18 and the ratio
slightly lower (=1.6). The power in the resistivity of the  of the out-of-plane resistivity to the in-plane resistivity
=0.10 and 0.125 crystals above 300 K is also 1.5-1.7. Thép./pap) in Fig. 11. The out-of-plane resistivitialong thec
T-linear behavior in resistivity is not observed in alyand  axis shows a much higher value than the in-plane resistivity
doping regions of the present study in contrast with the hole{p./pa,~ 10°—1C), reflecting a strong two-dimensional na-
doped case. The resistivity far=0.10 and 0.125 shows an ture of the charge dynamics in Bld CeCuQ, with the T’
upturn at lowT (50-100 K, which may be due to the weak structure where no apical oxygen is present. Such a strong
localization effec®2 The influence of the localization is two dimensionality also gives raise to an increase dfp.p,

not observed in the optical spectra of these crystals such astaward lowT in the highT region for all crystals. While the
decrease of the conductivity above 0.01 eV, indicating thabut-of-plane resistivity of thex=0.15 crystal is metallic
the localization is restricted to the fairly low-energy scale (dp./dT>0) in the whol€eT region we measured, that of the
(<0.01 eV). For the crystal with the lower doping level ( underdoped region shows a complex behavior. For example,
<0.10), some change is observed in the resistivity behaviothe resistivity of thex=0.075 crystal increases with decreas-
at relatively highT (300—600 K. The resistivity forx  ing T in the highT region above 300 K. The increase in the
=0.05 andx=0.075 tends to saturate toward high&r resistivity saturates at around 360 K and then the resistivity
(d2p/dT?<0). Forx=0.025, the resistivity is no more me- decreases below the 300 K. At around 100 K, the resistivity
tallic, i.e., dp/dT<0, above 430 K. Importantly, the resis- shows an upturn again, probably due to the localization ef-
tivity for the crystal withx=0.025-0.075 begins to decrease fect. A similar behavior is observed in all the underdoped
rapidly at around thd marked by symbols$solid triangles, crystals. To obtain the ons@&tof the decrease in the out-of-
although the resistivity of these crystal also shows upturn aplane resistivity, we plot thd derivative of the resistivity
around 100-150 K due to the weak localization effect. The (dp./dT) in Figs. 1@b)-10{f). Reflecting the decrease of
marked by the symbols almost coincide wilit below  resistivity, dp./dT increases at around the indicated by
which the pseudogap begins to evolve in the optical spectrarrows (T,). To be strict, thel , corresponds to th& where
Moreover, the steep decrease of resistivity beldwis con-  the increase in the resistivity tends to satukateg., 360 K for
sistent with the evolution of Drude-like response. Thereforethe x=0.075 crystal We show theT, for the respective
we have concluded that the anomalies in the resistivity arerystals in Fig. &). The T, almost coincides with thd*
caused by the pseudogap formation. It is worth noting thabbtained by the analysis of optical conductivity spectra. This
similar behaviors are also observed in the hole-doped cusuggests that the decrease in the out-of-plane resistivity is
prates, which have been assigned to being a consequencead$o induced by pseudogap formation. Because the decrease
pseudogap formatiotr:>* is much more significant than that in the in-plane resistivity,
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FIG. 8. (a): Thex variation of N4 at 0.03 eV at 10 K and 540 K
(solid and open circles, respectivehnd at 1.2 eV and 10 Ksolid
squares (b) The x variation of the pseudogap magnitudec as
defined by the higher-lying isosbetiequal-absorptionpoint in the

temperature-dependent conductivity spectra and the magnitude of 4

the pseudogapdpgd in the photoemission spectt®ef. 26. The

wpesis defined as the maximum energy of the quasiparticle peak on
the putative large Fermi surface in the ARPES spectra shown in the
Figs. 2c)—(e) of Ref. 26. (c) The obtained phase diagram of
Nd,_,CeCu0,. The onset temperature of pseudogap formation

(T*) and the crossover temperature of out-of-plane resistiviiy (
are plotted againsttogether with the Nel temperaturd reported
previously by Lukeet al. (Ref. 19. Solid and dashed lines if@®)—
(c) are merely a guide for the eyes.

the p./pa, decreases with decreasifigh the low-T region

for the underdoped crystals as shown in Fig. 11. The sensi-
tivity of these transport characteristics to pseudogap forma- =010

tion is accounted for in the following arguments.

10 B
C. Comparison with angle-resolved photoemission spectra 012 I xI:O :12;
Recently, angle-resolved photoemission spectroscopy on I x=0.15 1 ol J
the Nd_,CegCuQ, including the underdoped region was [ ? ]
performed by Armitagest al?*=2¢ In the spectra of the un- o . e AN
' 0 200 400 600 0 200 400 600

derdoped region X=0.04 and 0.1) a pseudogap is ob-
served at around#/2,7/2) in the two-dimensionak space,
while a small electron pocket dfermi arc is observed at

around ¢r,0). This behavior is contrastive with the hole-

doped case where pseudogap formation is observed
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FIG. 9. (@ The T variation of the in-plane resistivity of the
Nd,_,Ce,CuQ, crystals with various. (b) The T variation of the
in-plane resistivity normalized by its 600 K value.

around ¢r,0) and the Fermi arc at aroundrf2,7/2) in the
underdoped regioh®’ To compare the magnitude of
pseudogap in the ARPES spectra with that appearing in the
optical spectra, we plot the magnitude of the pseudagas;

Nd,_Ce CuO, l/c
(é) T T T T 0.2 [
0
x=0.025 | _0.2f
(X0.4) i

(9%}
O

[
=]

Resistivity (€ cm)

Temperature (K) Temperature (K)

FIG. 10. (a) TheT variation of the out-of-plane resistivity of the
Nd,_,CegCuQ, crystals with variousx. (b)—(f) The temperature
derivative of the out-of-plane resistivitydp./dT).
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T T tude of the pseudogap decreases with doping. In the suffi-

40000 NdzCe.Cu0, ciently overdoped region, a large Fermi surface is expected.

I ] As discussed above, the pseudogap at aroun@,{/2) in
_ 30000 the underdoped region can also be observed in the optical
%‘“ spectra. The pseudogap gradually closes with increasing
QUL

optical spectra of the underdoped region. In the higte-
gion (T>T*), the pseudogap feature is not discerned at all.

20000

10000L xj():'gz; ] This result indigates that the large Fgrmi surface is revived
mﬁ aboveT* even in the_z underdoped region.
o=l T Transport properties are strongly affected by the crossover
0 100 200 300 400 500 600 between the small Fermi surface at Idvand the large Fermi

Temperature (K) surface at highT in the underdoped region. One such ex-
FIG. 11. TheT variation of the ratio of the out-of-plane resis- @mple is the Hall coefficient. As we reported pVEV'PL@'ya
tivity to the in-plane resistivity §./p,p) for Nd,_,CeCuQy, crys- the.absolute value of the Hall coefficient tends to increase
tals with variousx. rapidly at aroundT* where the pseudogap begins to be

formed. This is consistent with the present scenario—

.
in the ARPES spectréfor the definition, see the figure cap- namely, thatT_ Is the onset of the crossover from the large

. ! - . : to small Fermi surface. The other example is the out-of-plane
tion) together with theA g in Fig. 8b). It is clear from this L X e

. . resistivity. As described above, the resistivity decreases rap-
figure that the energy scale of the pseudogap emerging in th

" ey o
ARPES spectra is comparable with that in the optical spec'—aly at aroundT *. By contrast, the out-of-plane resistivity of

tra. Moreover, the small Drude weight</m*) propor- the hole-doped cupraiacreasegapidly at around thd be-

tional tox is also consistent with the existence of the electronIOW which the pseudogap opeWsOne of the plausible sce-

pocket feature if the effective mass does not show a strong2Nos to explain such an anomaly in the hole-doped system

doping variation. This is supported by the fact that the nomi-% that the interplane charge transport is dominated by the
. . g carriers at arounds,0) and hence that the out-of-plane re-
nal carrier number per Cu obtained by the Hall coefficient at_.

L . ; sistivity increases in the course of pseudogap formation at
a low T almost coincides withx in the underdoped around ¢r,0).%8 Therefore, the contrastive behaviors of the
region>*® Therefore, the pseudogap in the optical conduc, ut-of- Iar,1e .resistivit in, the electron-doped versus hole-
tivity spectra corresponds to that in ARPES spectra at aroun P Y op :
oped cuprates as observed can be ascribed to the difference

(7/2,7r/12) and the Drude response to the carriers at aroun "
(,0). As for the pseudogap behavior of te 0.15 crystal of the k position of the pseudogap. In the electron-doped
o i ', system, pseudogap formation at around/a,7/2) is ex-

however, the optical spectra are not well consistent with the octed to hardly affect the out-of-plane charae transoort
ARPES spectra. The pseudogap is not discerned in the opt'i)- y P 9 port,

cal spectra while in the ARPES spectra a pseudogap has bel ich is sensitive to£,0). On the other hand, the electronic

observed at the cross section of the antiferromagnetic Bril ate at the rest part of Fermi surface—namely, around

louin zone boundary and th@garge Fermi surface for the (,0)—becomes coherent beldW as indicated by the evo-

crystal withx=0.15. This is perhaps because the measure gption of the Drude response. Such a formation of the coher-

theksspace where the pseudogap is preserfon 15 istoo o S RERETER ST G o PO e nepor
small to be observed in the optical conductivity spectrump P P

) * _
which is the average of the charge response over the vkholebeIO\.NT ' Theie_ results a_lso ensure t_h_at ?h‘? pse_udoggp ap
pearing below* in the optical conductivity is identical with

space’® .
Figure 12 schematically illustrates tflleand doping evo- ti;)e:egfgudogap at aroundrf2,7/2) observed in the ARPES

lution of the Fermi surface we propose here based on tha
results of optical and photoemission spectra. There are the
pseudogap at aroundw(2,7/2) and the small electron
pocket(or Fermi arg at around r,0) at lowT in the under- We previously proposed the possibility of charge ordering
doped region as observed in the ARPES spectra. The magras the origin of the large pseudogap in the as-grqan

D. Origin of the pseudogap

(-m,m) (mt,m) (-m,m) (m,m)
| 5_/ \J FIG. 12. Schematic illustration of the tem-
edee perature (T) and doping(x) variations of the
Fermi surface. Solid lines stand for the Fermi sur-
face. Dotted lines connecting+(w,0) and (O,
+ ) indicate the magnetic Brilloin zone in the
case of ¢r,7) spin ordering. Arrows show the
increasing direction o andx.
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(a) (b H©)

20K x(=2).05 x=0.10
- 20K = F20K:
140K\ I | .
L 240K 11 240K ‘ FIG. 13. (Colon (a) Doping
340K 290K ¢ variation of B;; Raman spectra
L 440K 1| 390K {1 (two-magnon scatteringat 20 K

for crystals of Nd_,CeCu0, (0
=x=<0.15). (b),(c) Temperature
variation ofB;4 Raman spectra for
(b) x=0.05 and (c) x=0.10
crystals.

540K

| | |
2000 4000 { 0 2000
Raman Shift (cm )

Scattering Intensity (arb. unit)

L | L | L |
0 2000 4000 O 4000

oxygenategi crystal?” which is thought to be essentially the the Drude response begins Bt rather than affy. In the
same as that in the underdoped reduced crystal. However, thgesent system with strong two-dimensiof@D) nature, the
possibility of stripe order contradicts with ther(m) spin  strong in-plane antiferromagnetic spin correlation is ex-
order of NG_,CgCuQ, (x<0.15) as recently observed in pected to well develop even aboig. In fact, the antifer-
the neutron diffraction measuremé_’ﬁtApgrt from the verti-  romagnetic spin correlation lengthof the underdoped crys-
cal (metallic) stripe order, the concomitant evolution of a (5| was observed to be longer thaa a, in-plane lattice
Drude-like response with the pseudogap cannot be explainggnstant even at 100 K abov@,.53 On the other hand, the
by the usualinsulating charge-ordering scenario. The pos- cayrier mean free pathin the underdoped region is not so
sibility of electronic phase separation into the insulating aMNarge as at aroundT*. In the Boltzmann transport theory,
tiferromagnetic state and the metallic state is also denied &sistivity in a 2D system is given as

the origin of the pseudogap. Although some crystals in this

system show phase coexistence, this is restricted to a very hd 1

narrow doping range near the antiferromagnetic- p=——o,

superconducting phase bound®! In addition, the e? kel
k-dependent feature of the pseudogap cannot explained b . . . .
the simple phase separationppicturg ﬁ] the case gf the pré&/hered stands fo_r interplane (_jlstance. Since frhe I_arge Fermi
formed pair, the pseudogap should be comparable in magnfdIface must satisfy the Luttinger theorekg, is given as
tude with the superconducting gap. In the present systemy2(1—X)7/a in this simplified 2D model. This value is in
however, the magnitude of the superconducting gap is abo@ccordance with the result of the ARPES experinfént.

5 meV24+* Alternatively, we propose here that the origin is
the antiferromagnetic spin correlation. There are several ex- 800 Nd, Ce,Cu0, | [®
perimental evidences for thiga) In the underdoped region e’ ’

4

where the pseudogap is observed, long-range antiferromag- 2 4 -
netic order emergegsee Fig. &)] in further decreasing E E
below T*. (b) The antiferromagnetic interactiod) is as g £
large as the energy scale of pseudodfap.(c) The strong S 200 =

k-space anisotropy of the pseudogap as observed by ARPES
coincides, at least qualitatively, with that expected for the
antiferromagnetic or spin-density-wa¢®DW) gap®2 A high

540K

onsetT of the pseudogapT®*~2T,) compared with Nel 0 . 200 40 0 _ 2000 4000

temperature Ty) can be reasonably ascribed to the two- Temperaturzi() Ramanshith{onm™)

dimensional nature of spin correlation in the present system. £ 14, (3 The T variation of the intensity of the two-magnon
Then, another question to be answered is why Drude re5and forx=0.05 and 0.10 crystals as estimated by the change in the
sponse evolves beloW*—i.e., the onset of the strong anti- integrated scattering intensity &, Raman spectra from 540 K
ferromagnetic correlation. Our interpretation is that the evopetween 2000 cmt and 4000 cmil. Solid lines are merely a guide
lution of the Drude response is due to a decrease of spifb the eyes(b) B,, Raman spectra of the=0.05 crystal at 20 K
scattering in the course of the increase of antiferromagnetignd 540 K. The hatched region stands for the change in intensity of
correlation. Then, the question may be why the evolution othe two-magnon peak as plotted (.
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Putting the observeg values into Eq(3), we obtain the The pseudogap feature is not discerned in the optical con-
values aff* ~1.00a and~2.42a for thex=0.10 and 0.125 ductivity spectra of the hole doped cupra@his may be

crystals, respectiveff The relation that>| well holds near  SIMPly because the gaplike feature in the hole-doped system
below T* in the underdoped region. In this case, the spin'S Weaker than thatin the electron-doped compou(wi-The

scattering of electron is expected to decrease with increasirgfound state in the underdoped region of electron-doped sys-
antiferromagnetic correlation. This explanation is also sup{€M. where the pseudogap formation is observed, is the an-
ported by the fact that the evolution of the Drude responsdiférromagnetic state, while the superconducting phase is

and the decrease of in-plane resistivity are more clearly obPrésent even in the underdoped region for the hole-doped

served in the lower-doped crystal where the larger change iRUPrate. , , ,
spin scattering is anticipated. All these contrastive features may be explained in terms

Another piece of supporting evidence for the antiferro-Of the difference in the sign of the long-range hopping terms,
magnetic correlation scenario can be obtained fromThe t’ andt’, in the respective systerfi8Recentt-t'-t"-J model
dependence of two-magnon Raman scattering spectra. vg&lculations suggest that the electrons doped into the parent
show the doping variation of th;, Raman scattering spec- insulator exist at aroundr,0), which is consistent with the
tra for the Ng_,Ce,CuO, crystals (0<x=<0.15) at 20 K in observation of electron-pocket-like feature at aroumdOj
Fig. 13a). As reported previously, a two-magnon peak is/" the underdoped region of electron-doped cuprates, and
clearly observed at around 2800 Chin the spectrum of the that the antiferromagnetic correlation does not conflict with
x=0 crystal®® The two-magnon peak becomes broader andhe charge transport of the electrons at arountD).”* So
its intensity decreases with Ce doping while the peak energ§€ antiferromagnetic correlation in the electron-doped sys-
shows little doping dependené®In the spectrum for the em is stronger than that in the hole-doped system, which

—0.15 crystal, the two-magnon peak is not discerned. ThigVes rise to notable pseudogap formation in the electron-
peak shows a strong variation in the spectra of the under- doped system as observed also in the optical conductivity

doped crystal. In Fig. 1®), we exemplify theT variation of spectrum. While it is thus strongly sugge;ted_ experimentally
the B, Raman scattering spectra for ke 0.05 crystal. The and theoretlcal!y that pseudoga}p formation in the ele'ctror)—
intensity of the two-magnon peak decreases with increasin%Oped system is due to the antiferromagnetic correlation, in
T from 20 K, signaling the decrease of antiferromagnetic® hole-doped compound there have been proposed several
correlation. At 540 K, the peak still remains but the intensityPOSSIPIé scenarios to explain large-energy pseudogap forma-
is much reduced from the one at the IGw A similar ten- _ tion, not only antiferromagnetic correlatinbut also spin-
dency is observed in the spectra of the:0.10 crystal as Cnarge separatioff,stripe formatiorf” etc. At present, it is
shown in Fig. 1&), although the peak shape is broader tharP"€Mature to conclude that the origin of the pseudogap in the
that for thex=0.05 crystal. As the measure of the two- Nol€-doped cuprate is identical to that in the electron-doped
magnon band intensity, we estimated the chafigd, system—i.e., the antiferromagnetic spin correlation. How-

hatched region in Fig. 18)] of the integrated intensity of the ever, even if not, qyite a parallel behaviqr Of the Hall coef-
B,, Raman scattering spectra between 2000 tnand ficient correlated with pseudogap formation in the electron-
g

4000 cm! from the one at 540 K. Th& dependence ofl and hole-doped systems needs to be explained.
is shown for thex=0.05 andx=0.10 crystals in Fig. 14).
Importantly, theAl for the both crystals increases rapidly at IV. SUMMARY

aroundT* indicated by arrows with decreasifig This sug- i .
gests that the antiferromagnetic spin correlation steeply e have measured thié and doping variations of the
evolves belowT* in the underdoped region. This is quite OPtical ~conductivity —spectra for the crystals of

consistent with the present conclusion about the origin of th&ld2-xC&CuQ, (0=x=0.15). A pseudogap as large as 0.2
pseudogap. 0.4 eV evolves concomitantly with the Drude-like response

in the optical conductivity spectra of the underdoped crystals
of Nd,_,CeCuQ,. The onsefl (T*) of the pseudogap de-
creases with electron doping toward the onset of the super-
The smaller pseudogap in hole-doped cuprates is of theonducting phasex&0.14). The magnitudeNpg) of the

order of the superconducting gap and is clearly distinct inpseudogap in the optical spectra, which is comparable to that
nature from the large-energy pseudogap in electron-dopedbserved in the photoemission speéfrajso decreases with
system. The energy scale of the large-energy pseudogap i while holding the relation thak pg~10kgT*. The scatter-

the hole-doped system is as large as several hundreds meNg rate spectra ¥(w) for the x=0.10-0.15 crystals show
similar to the present electron-doped system. In addition, th&inks at around 0.07 eV. We have ascribed them not to the
large-energy pseudogap in both electron- and hole-dopeplseudogap but to the electron-phonon coupling. We have
systems governs thE-dependent large-to-small crossover of also investigated th€ and doping variations of both in-plane
the Hall coefficient, of which th& and doping dependences and out-of-plane resistivities for the crystals of
of the absolute value are confirmed to be almost identical.Nd,_,Ce,CuQ, (0<x=<0.15). The in-plane resistivity in the
However, there are several differences between botlinderdoped region begins to decrease rapidly at ardifnd
pseudogaps(a) The large-energy pseudogap of the hole-in decreasind’, which is consistent with the evolution of the
doped system is observed at arountld) in contrast with  Drude response. The out-of-plane resistivity in the under-
that at around £/2,7/2) of the electron-doped cupratg) doped region begins to decrease even more rapidly below

E. Comparison with the hole-doped case
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T*. The interplane transport in highs cuprates is domi- two-magnon peak in the underdoped regia (.05, 0.10
nated by electronic states at around,@). Therefore, it is increases rapidly belo®* . This result also suggests that the
likely that the electronic structure at around,0) becomes origin of the pseudogap is due to the evolution of antiferro-
coherent belowl™* while the pseudogap opens in the differ- magnetic spin correlation.

ent region of thek space. This is consistent with results of
the low-T angle-resolved photoemission speéfte?® which
revealed pseudogap formation at around?,7/2) and the
presence of a small electron pocket Fermi arg at around The authors thank N. Nagaosa, H. Takagi, T. Tohyama,
(,0) at low T in the underdoped region. TH&,; Raman Z.-X. Shen, and S. Maekawa for enlightening discussions.
scattering spectra have also been investigated for th&he present work was in part supported by a Grant-In-Aid
Nd,_,CgCuQ, crystals (B=x=<0.15). The intensity of the for Scientific Research from the MEXT and by the NEDO.
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