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We have performed a temperature-dependent angle-integrated photoemission study of La,_,Sr,CuO, cover-
ing from lightly doped to heavily overdoped regions and oxygen-doped La,CuQy, (. The superconducting gap
energy A, was found to remain small for decreasing hole concentration while the pseudogap energy A™ and
temperature 7~ increase. The different behaviors of the superconducting gap and the pseudogap can be ex-
plained if the superconducting gap opens only on the Fermi arc around the nodal (0,0)-(7r, 7) direction while
the pseudogap opens around ~(77,0). The results suggest that the pseudogap and the superconducting gap have

different microscopic origins.
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The pseudogap phenomena in the high-7,. cuprates have
been extensively studied since shortly after the discovery of
high-T, superconductivity because of their peculiarity and
possible intimate connection with the unknown mechanism
of superconductivity. Angle-resolved photoemission spec-
troscopy (ARPES) studies have revealed the existence of the
pseudogap with an energy scale A", primarily in the
antinodal region k~ (7,0).!7 Below a characteristic tem-
perature 7", the electrical resistivity®® and the Cu NMR re-
laxation rate'® show an anomalous drop due to the
pseudogap opening. It has been established that both A* and
T" increase with decreasing hole concentration.!~!? Although
the origin of the pseudogap is still controversial, it has been
considered that the pseudogap and the superconducting gap
may be related and that both the pseudogap and the super-
conducting gap increase with decreasing hole concentration.
In the present study, we have found different doping depen-
dences of the superconducting gap and the pseudogap,
namely, strong doping dependence of the pseudogap and
much weaker doping dependence of the superconducting
gap, from detailed photoemission measurements over wide
temperature and doping ranges.

In order to identify the superconducting gap and the
pseudogap separately, we note that temperature-dependent
photoemission study is a useful method. Through angle-
integrated photoemission (AIPES) measurements, one can
observe the density of states (DOS) and its temperature and
doping dependences. If a material has an energy gap at the
Fermi level, the DOS within a gap energy is expected to
decrease below the gap-opening temperature. Thus, one may
separately observe the superconducting gap and the
pseudogap by comparing the DOS at T<T,, T,.<T<T", and
T>T". However detailed studies have been lacking so far on
the temperature dependence of gap features in spectroscopic
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data.>*1314 In this work, we have performed a systematic
AIPES study of the single-layer cuprates La,_ Sr,CuOy,
(LSCO) and La,CuQ, , (LCO) over a wide temperature and
doping range. We have succeeded in isolating the supercon-
ducting gap A, from the psudogap A" by thoroughly analyz-
ing the temperature dependence of the DOS. In contrast to
the general belief that A and A” are inter-related, the super-
conducting gap A, showed no clear doping dependence,
while the pseudogap become larger with decreasing hole
concentration. The observation of the different doping de-
pendence of the A, and A" shall be discussed based on the
Fermi arc picture.

For LSCO, holes are doped by substituting Sr for La
(Refs. 15-17), whereas for LCO, holes are doped by excess
oxygen atoms.'®!® The measured samples were LSCO with
x=0.03,0.10 (T.=25 K), 0.15 (T.=38 K), 0.22 (T.=28 K),
0.30, and LCO with hole concentration p~0.12
(T.~35 K). All the samples were single crystals grown by
the traveling solvent floating zone method. Temperature-
dependent AIPES measurements were performed with a
GAMMADATA VUV-5000 light source (hv=21.218 eV)
and a SCIENTA SES100 analyzer. The total energy resolu-
tion was set at ~10 meV. Because of the high stability of the
power supply of the analyzer, the accuracy in determining Ep
was within 1 meV. The base pressure of the spectrometer
was ~2X 107! Torr. All the samples were scraped every
30 min in order to avoid surface degradation and to obtain
highly reproducible spectra. We confirmed that the obtained
spectra did not show any angular dependence, which ensures
that the spectra were angle integrated. The sample tempera-
ture was varied between 10 and 300 K. For LCO, the mea-
surements were performed after cooling the samples from
room temperature to 10 K at the rate of <0.5 K/min so
that the staging of the excess oxygen atoms occurred
properly.'8-20
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FIG. 1. (Color online) Temperature-dependent AIPES spectra near E of La,_,Sr,CuO,4 (LSCO) and La,CuOy ;o (LCO, p~0.12). Spectra
of gold are shown as a reference. The lower panel for every doping level shows raw spectra. The intensity has been normalized to area under
the curve from —0.2 to +0.1 eV between different temperatures. The middle panel for every sample shows the density of states (DOS)
obtained by dividing the spectra by the FD function. The upper panels show the “normalized DOS” obtained by dividing the DOS by the

smoothed DOS at 300 K.

The lower panels of Fig. 1 show the temperature-
dependent AIPES spectra near E for various doping levels.
In the heavily overdoped x=0.30 sample, the spectral line
shapes were similar to those of gold while some asymmetric
temperature broadening at E existed. With decreasing hole
concentration, the intensity at Ep gradually decreased. For
x=0.15, we obtained the results remarkably identical to
those reported previously by Sato ef al. in the entire tempera-
ture range.'® For the lowest doping x=0.03, which is within
the so-called ““spin-glass” phase between the superconduct-
ing and antiferromagnetic insulating phases, the intensity at
Ep still remained finite, although the overall spectral line
shapes were similar to those of an insulator. The doping de-
pendence of the spectra at the lowest temperature was con-
sistent with the previous photoemission study.?! For all the
doping levels, the intensity at E increased with temperature
up to 300 K. This was most clearly observed in the under-
doped samples, and persisted to some extent even at x
=0.30. In the middle panel of each x in Fig. 1, we show the
DOS obtained by dividing the spectra by the Fermi-Dirac
(FD) distribution function. The reliable energy range after
the division by the Fermi-Dirac function is within ~3kzT
above Ep. The results clearly show the temperature depen-
dence of the DOS. In order to demonstrate the relative
changes of the DOS with temperature for each doping, we
show in the upper panels of Fig. 1 the “normalized DOS”
obtained by further dividing the DOS by the smoothed DOS
at 300 K. The normalized DOSs more clearly reveal the tem-
perature dependence of the pseudogap behavior for each
doping level. All the temperature-dependent normalized
DOS revealed pseudogap behavior, even in the x=0.30 over-
doped sample. The lower the doping level was, the larger the
change of the normalized DOS with temperature became.

In Fig. 2(a), the normalized DOS at Ep, I (x,T), is plot-
ted as a function of temperature for each doping level. It
decreased as the temperature decreased for all the samples.
One can see that the slope becomes large below a certain
temperature marked by 7°. We attribute this slope change to
the opening of the pseudogap below T". Since all the curves
except for x=0.30 show qualitatively the same behavior, the
normalized DOS at E EF(x, T) can be represented by a scal-

ing formula IEF(x,T)=A(x)f(T/T*)+a(x), where A(x) and
Iy(x) depend only on the hole concentration x, as shown in
the inset of Fig. 2(a). One can see a kink at T/T" =1, below
which f(T/T") decreases more rapidly than at 7/7">1. A
possible origin of the slope above 7" is described in Ref. 22.

In Fig. 3(a), we have plotted the 7* thus deduced as a
function of hole concentration. The color plot of / EF(x,T) is
also shown in the same panel. One can see that 7" increases
with decreasing doping level. The present T" agrees well
with T" previously estimated from the electrical resistivity®?
and NMR (Ref. 10) as plotted in the figure. It should be
noted that the pseudogap behavior in the NMR relaxation
rate of LSCO is manifested as a decrease of 1/(T,T) and can
be explained by the decrease of the DOS because 1/(T7T) is
proportional to the DOS at Ey. The unusual drop of the uni-
form magnetic susceptibility below ~0.3T, (~T") (Ref. 23)
can also be explained by the drop of the DOS at E below 7"
observed in the present study.

We derived the magnitude of the pseudogap A" by taking
the difference I(x,E) between the normalized DOS just
above and well below T" (but above T,), as shown in Fig.
2(b). The pseudogap is reflected in the drop of the difference
DOS toward Er (E=0). We defined the kink energy scale of
the difference normalized DOS as the pseudogap energy
scale A*. By using a similar scaling formula I(x,E)
=B(x)g(E/A")+b(x), we have obtained the scaled difference
DOS g(E/A™) as shown in the inset of Fig. 2(b). Thus the
obtained A" are plotted in Fig. 3(b) as a function of x, where
A" estimated from previous experiments>® are also plotted.
One can see that A" increased with decreasing doping level
such as 7" and that A*/T" is nearly constant ~(4.3/2)kg,
analogous to the d-wave gap formula of 2A ~4.3k,T.>*

Next, we investigate the signature of the superconducting
gap opening in the present spectra. The normalized DOS
have been subtracted between just above T, (below T*) and
below T, to yield the difference DOS I(x,E) as shown in Fig.
2(c). The inset of Fig. 2(c) shows the scaling analysis of the
difference DOS assuming [ (x,E)=C(x)h(E/Ay.)+c(x).
Here h(E/A,.) shows a gap feature for E/A,,<1. We have
plotted the obtained A, in Fig. 3(b) together with A™ as a
function of x. Although the determination of A . was less
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FIG. 2. (Color online) Temperature and doping dependences of the pseudogap and the superconducting gap in LSCO and LCO. (a)

Normalized DOS at Ep [1, E, (x,7)] as a function of temperature. Red and blue arrows denote 7" and T,

., respectively. Inset shows the scaling

plot I (x,T)=A(x)A(T/ T)+a(x) Dashed lines are guides for eyes. (b) Difference normalized DOS [d (x,E)] between T>T" [300, 200,
200, 150 50 K for x=0.03, 0.10, 0.12 (LCO), 0.15, 0.22, respectively] and T°>T> T, [10, 30, 50, 50, 30 K for x=0.03, 0.10, 0.12 (LCO),
0.15, 0.22, respectively]. Inset shows the scaling plot I4(x,E)=B(x)g(E/A")+b(x) of the difference normalized DOS. (c) Difference
normalized DOS [Ij,(x,E)] between T">T>T. [30, 50, 50, 30 K for x=0.10, 0.12 (LCO), 0.15, 0.22, respectively] and T<T, (10 K).
Inset shows the scaling plot I (x, E)=C(x)h(E/Ay)+c(x) of the difference normalized DOS.

accurate than that of A” because of the smaller energy scale
and the weaker photoemission signals, the different behav-
iors of A" and A, are obvious: Ay, does not show a clear
doping dependence within the present experimental uncer-
tainties. In particular, A . does not show a clear increase with
decreasing hole concentration unlike A”. Although it is diffi-
cult to estimate Ay, precisely, one can safely conclude that
the doping dependence of the superconducting gap A is
distinctly different from that of the pseudogap A" and re-
mained small compared to A™ in the underdoped region.
The pseudogap opening around (77,0) has been revealed
by many ARPES studies, and from its doping dependence

T T e T (This work) T
=== T, (Momono et al.)

A 0.3T, (Nakano et al.)|
p (Nakano et al.)

== p(Andoetal) -
NMR (Itoh et al.)

T T T T
T —@— A* (This work) |
~@— Agc (This work)
O ARPES
(Yoshida et al.)™
STS

(b)

300

(Nakano et al.) |

Temperature (K)
N
o
o

—_
o
o

a
o

o Energy gap, A (meV) 3

0
0.10 0.20 0.30
X, hole concentration

0 010 020 030 O
X, hole concentration

FIG. 3. (Color) Characteristic temperatures (a) and energies (b)
in LSCO and LCO. (a) 7" compared with those obtained from the
specific heats (Ref. 9), electrical resistivity (Refs. 8 and 9), NMR
relaxation time (Ref. 10), and magnetic susceptibility (Ref. 23) and
T. (Ref. 25). The color plot shows the normalized DOS at Ep
[IE (x,7)] and reflects the evolution of the pseudogap in the x-T
plane (b) A" and Ay, compared with the leading edge mid point in
ARPES spectra at ~(7,0) (Ref. 5) and STS (Ref. 9).

and from its energy and temperature scales, we conclude that
the pseudogap observed by AIPES is the same as the
pseudogap observed by ARPES. Using the pseudogap pic-
ture observed by ARPES experiments and our observation
that there was another gap behavior which showed different
doping dependence from the pseudogap and could be attrib-
uted to the superconducting gap, we discuss the possible sce-
nario of gap formation using the Fermi arc picture. The dif-
ferent behaviors of A, and A" may be explained if the
effective superconducting gap in the underdoped samples
opens only on the Fermi arc around the nodal (0,0)-(7r, )
direction, where low energy excitations are possible, while
the pseudogap opens primarily around ~(7r,0) and apart
from the Fermi arc on a much higher energy scale. The idea
of the above picture has been suggested by Oda et al.® If
this is the case, the length of the Fermi arc will exhibit a
stronger temperature dependence at low temperatures in ad-
dition to the recent observation that the Fermi arc length is
proportional to T/T".'> This has to be tested in future
temperature-dependent ARPES measurements on LSCO.
Very recently, Tanaka et al.”’ has reported for deeply under-
doped Bi2212 that there are two different energy gaps around
the node and around ~(r,0), respectively, and that they
show apparently opposite doping dependences. Using a Ra-
man experiment, Tacon et al.?® have also revealed that there
are two different energy scales in the nodal B,, and antinodal
B, components for electronic excitations in underdoped cu-
prates. The different doping dependences of A, and A" sug-
gest that the superconducting gap on the Fermi arc and the
pseudogap around ~(7r,0) may have different origins and
are competing with each other. The pseudogap may be origi-

nated from antiferromagnetic fluctuations®® or charge
ordering® as suggested for Ca,_Na,CuO,Cl,.
In conclusion, we have performed a systematic
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temperature-dependent AIPES study of LSCO and LCO in a
wide doping range. We have found that the doping depen-
dence of A, is much weaker and remains considerably
smaller than that of A™ in the underdoped samples. The dif-
ferent doping dependences of A, and A" are consistent with
the Fermi arc picture and suggest that the stage of the super-
conductivity in the underdoped region is primarily on the
Fermi arc around the node. Also, the contrasting behaviors of
A, and A" imply that the pseudogap around the antinode
depress superconductivity and has a different microscopic
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origin from the superconducting gap, possibly antiferromag-
netic fluctuations®® or charge ordering.’® The relationship be-
tween the present observation and the Fermi arc picture
should be directly confirmed by temperature-dependent
ARPES experiments in future.
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