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Doping Dependent Density of States and Pseudogap Behavior inLa22xSrxCuO4
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We have made a high-resolution photoemission study of La22xSrxCuO4 in a wide hole concentration
(x) range from a heavily overdoped metal to an undoped insulator. Asx decreases, the spectral density
of states at the chemical potential (m) is suppressed with anx dependence similar to the suppression
of the electronic specific heat coefficient. In the underdoped region, the spectra show a pseudog
structure on the energy scale of 0.1 eV. The width of the pseudogap increases with decreasingx
following the x dependence of the characteristic temperatures of the magnetic susceptibility and th
Hall coefficient. [S0031-9007(98)06985-3]

PACS numbers: 71.30.+h, 74.72.Dn, 74.25.Jb, 79.60.Bm
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In order to understand the mechanism of high
temperature superconductivity in doped cuprates, a cen
issue has been the evolution of the electronic structu
with hole doping near the filling-control metal-insulato
transition (MIT). In spite of extensive photoemissio
studies, it still remains unclear how the electronic stru
ture evolves, especially between underdoped metal a
antiferromagnetic insulator. For a systematic study of t
doping dependence near the MIT, La22xSrxCuO4 (LSCO)
is a suitable system. It has the simplest crystal structu
with single CuO2 layers and the hole concentration in
the CuO2 plane is well controlled over a wide range an
uniquely determined by the Sr concentrationx (and small
oxygen nonstoichiometry). So far photoemission studi
of high-Tc cuprates were concentrated on Bi2Sr2CaCu2O8
(BSCCO) and YBa2Cu3O72y (YBCO) systems. With the
LSCO system, one can investigate the electronic struct
of the CuO2 plane continuously from the heavily over
doped limit (x , 0.35) to the undoped insulator (x  0)
in a single system.

Recently, in underdoped cuprates a “normal-state ga
behavior aboveTc has been observed by angle-resolve
photoemission spectroscopy (ARPES) in BSCCO [1] a
a “spin-gap behavior” by NMR in YBCO [2]. The mag-
nitude of the normal-state gap is of the same order as
superconducting gap at optimal doping. Meanwhile, u
derdoped cuprates have characteristic temperatures wh
are considerablyhigher than Tc in the uniform mag-
netic susceptibility [3], the electronic specific heat [4], th
Hall coefficient [5], and the electrical resistivity [3]. All
these characteristic temperatures show similar behavi
in LSCO: they increase from,300 K at optimal doping
x , 0.15 to ,600 K at x , 0.1 for the LSCO system,
suggesting a pseudogap-type electronic structure. In
dition, it can be reconciled only if a pseudogap is open
at the chemical potential that both the electronic speci
heat coefficientg [4,6] and the chemical potential shift
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with doping [7] are suppressed towards the MIT. To ob
tain a full picture of the evolution of those “gaps,” it is also
necessary to know the total density of state (DOS), whic
is most directly observed by angle-integrated photoemi
sion spectroscopy (AIPES). In the present study, we ha
performed high-resolution AIPES measurements and ma
a systematic study of the doping dependence of the ele
tronic structure of the LSCO system, focusing on the evo
lution of a pseudogap, in a wide hole concentration rang
from x  0 (undoped) tox  0.3 (heavily overdoped).

High-quality single crystals of LSCO were grown by
the traveling-solvent floating-zone method. The sample
hadTc ’s of 18, 34, 32, 21, and 0 K forx  0.074, 0.13,
0.175, 0.203, and 0.30, respectively, with transition width
of about 0.5 K. All the samples were annealed to make th
oxygen content stoichiometric. Thex  0 sample was an-
nealed in a reducing atmosphere (100 Torr O2 at 800±C)
and confirmed that the Néel temperature was higher th
250 K, meaning that the hole concentration was less th
0.004 [8]. Photoemission measurements were carried o
using the HeI line (hn  21.4 eV) with an overall en-
ergy resolution of,22 meV. The base pressure in the
spectrometer was in the10211 Torr range. Clean surfaces
were obtained byin situscraping with a diamond file every
40 min. In order to minimize the degradation of sampl
surfaces, the measurements were performed atT , 18 K.
Only thex  0 sample was measured at,70 K to avoid
a charging effect, but still a slight charging effect (at mos
,10 meV) could not be eliminated. Energies were care
fully calibrated using Au evaporated on each sample so th
its uncertainty was about 1 meV. The spectra were co
rected for the HeI * satellite assuming that the HeI *yHe I

ratio is constant in all the spectra.
Figure 1 shows photoemission spectra for various com

positions. The whole valence-band spectra given in th
inset show no trace of a hump at,29 eV, indicating
the high sample quality and the cleanliness of the samp
© 1998 The American Physical Society
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FIG. 1. Photoemission spectra of La22xSrxCuO4 near the
chemical potentialm. The vertical bars mark the point of
maximum curvature and represent the energy of the pseudog
The inset shows the entire valence-band spectra.

surfaces. The spectra have been normalized to the ma
mum intensity of the valence band since the area of t
valence band was hard to determine accurately due to
experimentally ambiguous background. Asx decreases,
the intensity at the chemical potentialm decreases and
disappears in the insulating phase (x  0). While in the
overdoped region (x . 0.2) the spectra show an ordinary
metallic Fermi edge, in the underdoped region (x , 0.15)
the spectra show a pseudogap-type line shape aroundm in
the sense that the spectral intensity gradually diminish
towardsm from somewhat belowm as marked by vertical
bars in Fig. 1. Here the vertical bars indicate the points
maximum curvature. It appears that a rather large pseu
gap develops with decreasingx, with its width and depth
increasing towardsx  0. Note that the energy scale of
the DOS suppression is as large as the order of,0.1 eV
(“high-energy pseudogap”) and therefore that it does n
correspond to the “normal-state gap” which has a ma
nitude similar to the superconducting gap (,25 meV for
BSCCO) and has been observed in the ARPES spec
of underdoped BSCCO (“low-energy pseudogap”) [1]. I
view of the energy scale, the marked feature in the AIPE
spectra may rather correspond to the broad feature at (p , 0)
in the ARPES spectra of underdoped BSCCO [9]. Un
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fortunately, since the present spectra were taken at a l
temperature (T , 18 K), one cannot judge whether the
low-energy normal-state gap is opened or not in the u
derdoped LSCO.

In order to determine the spectral DOS atm, rsmd, and
the precise position of the leading edge, the spectra neam

s.20.1 eVd have been fitted to a linear DOS multiplied
by the Fermi-Dirac distribution function convoluted with a
Gaussian of the instrumental resolution, as shown in Fig.
The obtainedrsmd are shown in Fig. 3(a), where error bars
include uncertainties in the normalization procedure due
subtle changes in the valence-band line shape. In Fig. 3(
rsmd is compared with the specific heat coefficientg [6]
and the Pauli-paramagnetic componentxc

s of the spin sus-
ceptibility [3]. The three quantities,rsmd, g, andxc

s , show
quite similar x dependences: forx . 0.2, with decreas-
ing x they slowly increase or remain nearly constant, tak
a maximum aroundx  0.2 and then decrease towards
x , 0 for x , 0.2. A similar behavior was predicted
by Hubbard-model calculations [10] although the abso
lute value of the calculatedrsmd was much higher than
the observed one. Using the quasiparticle (QP) density
m, Npsmd, obtained fromg [Npsmd  gys 1

3 p2k2
Bd], and

the unrenormalized DOS atm, Nbsmd, calculated by band
theory [11], one can deduce the mass enhancement f
tor mpymb ; NpsmdyNbsmd and the renormalization fac-
tor Z ; rsmdyNpsmd as shown in Fig. 3(b). Figures 3(a)
and 3(b) imply that the decrease inmp is driven by the
decrease inrsmd associated with the development of the
high-energy pseudogap. The renormalization factor (
equivalently the QP spectral weight)Z also decreases to-
wardsx  0, but it is not clear whetherZ goes to zero

FIG. 2. Enlarged view of the spectra near the chemic
potential m. The spectra have been fitted to a linear DO
multiplied by the Fermi-Dirac distribution function convoluted
with a Gaussian representing the instrumental resolutio
HypotheticalT ! 0 spectra without Gaussian broadening ar
also shown by dotted lines.
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FIG. 3. Doping dependence of (a) the DOS atm, rsmd, com-
pared with the electronic specific heat coefficientg [6] and
the Pauli paramagnetic componentxs

c of the spin suscep-
tibility [3], (b) the renormalization factorZ  rsmdyNpsmd
and the mass enhancement factormpymb  NpsmdyNbsmd,
(c) the pseudogap energyDPG compared with the character-
istic temperaturesTx where the magnetic susceptibilityx
takes a maximum [3] andTH below which the Hall co-
efficient RH increases [5], (d) the position of the leading
edge, and (e) the “Fermi temperature” (coherence temperatu
TF  s1ypkBdrsvdyf≠rsvdy≠vgjvm of doped holes.

or remains finite asx ! 0 because of experimental uncer
tainties. It should be noted that the QP mass is enhan
as x decreases forx . 0.2, i.e., in the region where the
pseudogap is absent. The behavior forx . 0.2 is simi-
lar to that of the typical Mott MIT system La12xSrxTiO3,
which shows a QP mass (~ mp ~ g) enhancement with
decreasingx until the boundary of the antiferromagnetic
(AF) phase is reached [12].

The energy of the high-energy pseudogapDPG was de-
fined by the binding energy of the point of maximum cu
vature determined by taking the second derivatives (
marked by the vertical bars in Fig. 1). TheDPG values
are plotted in Fig. 3(c), which shows thatDPG follows
thex dependence of the characteristic temperaturesTx [3]
and TH [5]. Here Tx and TH are temperatures at which
the magnetic susceptibilityx takes a maximum and be-
2126
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low which the Hall coefficientRH increases, respectively.
It has also been reported that the temperatureTr below
which the electrical resistivityr deviates downward from
the linear-T behavior followsTx andTH [3]. The simi-
lar x dependences ofDPG , Tx , TH , and Tr imply that
these temperatures are closely related to the developm
of the high-energy pseudogap. We may therefore refer
those characteristic temperatures as the “pseudogap t
perature”TPG. We then findDPGykBTPG . 3, indicating
the interaction is in the strong coupling regime.

In the low-energy region, the position of the leading
edge midpoint obtained from the fitting is shown i
Fig. 3(d). In going from the overdoped region to the op
timum doping, the edge is shifted downward by,4 meV.
If we attribute the shift to the opening of a supercon
ducting gap, we obtain the ratio2DykBTc , 2, which
is smaller than the typical value (4 6) deduced from
ARPES of BSCCO and YBCO [13]. However, if the su
perconducting gap is anisotropic as ind-wave pairing, it is
understandable that the angle-integrated spectra fitted
the simple step function give a smaller leading-edge sh
than the ARPES data.

In the underdoped regime, sincersmd is small and the
slope of DOS atm, ≠rsvdy≠vjvm, is steep, the Fermi
edge is obscured at high temperatures and the Fermi-D
distribution loses its meaning. The crossover temperat
for such a disappearance of the Fermi edge is thus giv
by TF  s1ypkBdrsvdy ≠rsvd

≠v jvm [Fig. 3(e)] and may be
called the “coherence temperature” of the doped hol
TF may also be understood as the “Fermi temperature”
the doped holes because if one linearly extrapolates
DOS rsvd beyondm, then a hole pocket has the Ferm
energy of́ F ; pkBTF . For such a hole pocket, transpor
at high temperaturesT ¿ TF would be dominated by
the incoherent charge dynamics of the doped holes [1
Figure 3(e) shows thatTF becomes very low (,100 K) in
the underdoped regime, indicating that the thermodynam
and transport properties behave as those in “incoher
metals.” Note thatTF is considerably lower thanTPG
and even lower thanJypkB in the underdoped region.
Under such a condition, the kinetic energy gain of th
doped holes alone may be insufficient to destroy the A
order, and alternatively the disappearance of the long-ran
order may be attributed to strong quantum fluctuatio
characteristic of two-dimensional systems. Figure 3(
also suggests that for smallx, TF scales withx2 rather
thanx. According to the hyperscaling hypothesis of MIT
[15], the critical behavior ofTF and chemical potential
shift Dm near MIT is given byTF ~ xzyd andDm ~ xzyd ,
wherez is the dynamical exponent of the MIT andd is the
spatial dimension (d  2). Thus the present result (TF ~

x2) implies z  4 and is consistent with the observe
suppression of the chemical potential shift (Dm ~ x2) in
underdoped LSCO [7]. Thisz value is distinctly different
from that of ordinary metal-to-band insulator transition
wherez  2.
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Finally, let us discuss the microscopic origin of th
pseudogap behavior. Since the energy scale of the pres
pseudogap is of the order of the superexchange ene
J , 0.1 eV, it is tempting to associate the pseudogap wi
the development of AF correlations or short-range A
order in the underdoped region [16,17]. In this scenari
when the temperature is lowered belowTPG, the AF
correlation length increases and consequently the DO
shows a pseudogap reminiscent of the AF band gap [1
The observed pseudogap may also be related with
short-range stripe order because it also originates from A
correlations. It has been stressed that LSCO is close
the instability of stripe order even in the metallic phas
[19,20]. SinceTF ø TPG , JypkB in the underdoped
region, the system cannot be regarded as a normal Fe
liquid which is weakly perturbed by AF correlation bu
rather as an AF state perturbed by the motion of dop
holes. As an alternative scenario, a pseudogap may
produced by preformed Cooper pairs, which lose the
coherence aboveTc but still keep local pairing [21–23],
or by spinon pairing which already occurs aboveTc [24].
However, interactions which lead to such pairing woul
have only small energies; that is, the energy scale of su
a pseudogap should be of the same order as that of
superconducting gap (DSC  10 20 meV) at least in the
slightly underdoped region. Probably, such a low-energ
pseudogap corresponds to the spin gap in NMR of YBC
the normal-state gap in ARPES of BSCCO and the g
observed by tunneling spectroscopy and is related w
the drop in the electric resistivity just aboveTc [25].
On the other hand, the high-energy pseudogap obser
in the present work corresponds to the anomalies in t
magnetic susceptibility, the Hall effect, and the specifi
heat. Then the question may arise whether the high-ene
pseudogap and the low-energy normal-state gap or s
gap are interrelated or not. Further studies are necess
to resolve this interesting issue, which is directly related
the mechanism of superconductivity in the doped cuprat

In conclusion, we have found a large pseudogap
the energy scale of 0.1 eV in the DOS of La22xSrxCuO4
by AIPES. The presented spectra have given us a cl
view of the evolution of the pseudogap from the ove
doped metal to the undoped insulator. Its evolution wi
decreasingx is represented by the increase of the pseud
gap energyDPG and the suppression of the spectral DO
rsmd as well as the QP density atm near the AF insulat-
ing phase. Consequently, the coherence temperatureTF

is much smaller thanDPG in the underdoped region, sug-
gesting that an incoherent metallic state may dominate t
thermodynamic and transport properties of the underdop
cuprates. The origin of the present large pseudogap
most likely due to AF correlations or short-range AF orde
while its relation to the smaller “normal-state gap” or “spin
gap” remains an open question and should be addresse
future studies.
e
ent
rgy
th
F
o,

S
8].
the

F
to

e

rmi
t
ed
be
ir

d
ch
the

y
O,
ap
ith

ved
he
c
rgy
pin
ary
to
es.
on

ear
r-
th
o-
S

he
ed
is

r,

d in

We would like to thank M. Imada and Z.-X. Shen
for helpful discussions. This work is supported by a
Grant-in-Aid for Scientific Research from the Ministry of
Education, Science, Sports and Culture, the New Energ
and Industrial Technology Development Organization
(NEDO), and Special Promotion Funds of the Science an
Technology Agency, Japan.

*Present address: Joint Research Center for Atom
Technology, National Institute for Advanced Interdisci-
plinary Research, 1-1-4 Higashi, Tsukuba, Ibaraki 305
Japan.

†Present address: The Institute of Physical and Chemic
Research (RIKEN), SPring-8, Kamigori-cho, Hyogo
678-12, Japan.

[1] D. S. Marshallet al., Phys. Rev. Lett.76, 4841 (1996);
H. Ding et al., Nature (London)382, 51 (1996).

[2] H. Yasuoka, T. Imai, and T. Shimizu, inStrong Cor-
relation and Superconductivity,edited by H. Fukuyama,
S. Maekawa, and A. P. Malozemof (Springer-Verlag,
Berlin, 1989), p. 254; M. Takigawaet al., Phys. Rev. B
43, 247 (1991).

[3] T. Nakanoet al., Phys. Rev. B49, 16 000 (1994).
[4] J. W. Loram et al., Physica (Amsterdam)235C, 134

(1994).
[5] H. Y. Hwang et al., Phys. Rev. Lett.72, 2636 (1994);

T. Nishikawa, J. Takeda, and M. Sato, J. Phys. Soc. Jp
63, 1441 (1994).

[6] N. Momono et al., Physica (Amsterdam)233C, 395
(1994).

[7] A. Ino et al., Phys. Rev. Lett.79, 2101 (1997).
[8] C. Y. Chenet al., Phys. Rev. B43, 392 (1991).
[9] Z.-X. Shen and J. R. Schrieffer, Phys. Rev. Lett.78, 1771

(1997).
[10] D. Duffy et al., Phys. Rev. B56, 5597 (1997).
[11] L. F. Mattheiss, Phys. Rev. Lett.58, 1028 (1987).
[12] Y. Tokuraet al., Phys. Rev. Lett.70, 2126 (1993).
[13] Z.-X. Shenet al., Phys. Rev. Lett.70, 1553 (1993).
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