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Abstract. The pseudo-gap temperatur&s)(in the normal state far-axis oriented NdBzCuz O,

thin films are investigated by dc four-probe measurements. With reduction of the oxygen ctintent,
decreases, arif}, increases accordingly. THg—T. relation suggests a strong correlation between
superconductivity and the normal state pseudo-gap. An obvious jump was observed on the plot
of T, againstT.., which corresponds to transition from the 90 K to 60 K superconducting phase.
The under-doped electronic diagram of NdBa3O, is constructed. This under-doped diagram
qualitatively agrees with the mean field phase diagram.

1. Introduction

The universal electronic phase diagram of cuprate superconductors highlights the uniqueness
of high-T, cuprates compared to any other known compounds [1]. One of the most interesting
features of the phase diagram is the existence of the normal state pseudo-gap in the under-
doped region. In the over-doped region, the exponrewnt o,,(T) x T* changes from

a = 11to 2, suggesting a Fermi liquid behaviour. In the under-doped regig(’) exhibits

a linear behaviour at high temperature, and deviates from the linear dependence at low
temperature. There is strong evidence for the normal state pseudo-gap in the under-doped
region. The pseudo-gap was observed from magnetic susceptibility [2], specific heat [3],
angle-resolved photoemission (ARPES) [4], tunnelling [5] and some kinetic measurements
[6]. The temperature below which,,(T') apparently deviates from tHE-linear behaviour

was thought to correspond the opening of the pseudo-gap. It is becoming clear that the
superconducting gap emerges from the normal state spin gap. The d-wave nature of the order
parameter holds for both the superconducting gap and the pseudogap [7]. The unusual normal
state transport properties of the highcuprates have been suspected of giving clues to the
basic mechanism responsible for superconductivity.increases with the reduction of the
doping level of an under-doped YBauwO7_s [8] and YBaCuw,Og [9], which qualitatively

agrees well with the mean field phase diagram proposed by Nagaosa and Lee [10]. Francois
et al studied the effects of Pr doping and oxygen deficiencyo[i1]. They concluded that

T, was completely determined by the carrier density. Liu and Guan [12] studied the effect of
Pr doping orT, in RBa,Cu;O7_;s by using bulk samples. They found that Pr doping not only
reduced the carrier density, but also simultaneously suppré&sséufact, the details of, are

not very clear at the moment. So study on different systems is helpful to understand the basic
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mechanism of’,. NdBaCu;O7_s has the same crystal structure as ¥8&07_s. It has the
highestT, of all the RBaCuO7_s family. A parabolic relation betweeR. andc-axis lattice
parameter has been reported [13] This relation reflects the superconducting diagram®f high-
superconductors. To our best knowledge, the relation between the pseudo-gap temperature and
the oxygen deficiency for this system has not been investigated until now. In this paper, we
present an under-doped electronic diagram of the N@B#D;_s superconductor.

2. Experiment

c-axis oriented NdBzZCuw;0;_5 thin films were used for this study. The thin films were
deposited on (100) SrT¥XSTO) substrates by an off-axis rf sputtering technique [14]. Under
the optimized deposition conditions, thin films withy ~ 90 K are obtained reproducibly

[13]. We used two methods to obtain different oxygen depletions. First, thin films with
different oxygen deficiencies were obtaineditvgitu growing. Different oxygen deficiencies

of the grown films were obtained by slightly changing the substrate temperature, the ratio
of P4,/ Po, and the annealing process. Second, one grown thin film Wifh= 90 K was
treated by subsequent post vacuum annealing. The chosen film was stuck on the heater by
silver paste, and put it into the evacuated chambdiO(2 mbar). The heater was heated to
100-350C and held for 10-20 minutes, and then cooled down to room temperature. After
this vacuum treatment, some oxygen diffused out of the film. The oxygen depletion depends
on the temperature and time of the post vacuum annealing. Typically, the film thickness is
~ 1500 A.

The quality of the thin film was examined I#/20 and» scanning performed on the
Siemens D5000 x-ray diffractometer. The temperature dependence of resistance was measured
by a standard DC four-probe method using a closed-cycled cryogenerator with a measuring
current of 0.1 mA. A Pt resistance thermometer was used to measure the temperature of the
sample. The cooling rate was well controlled to be 1-2 KThiny a computer program.

3. Results and discussion

XRD patterns indicate that all obtained thin films are wedixis oriented. The rocking curves
of the (005) peaks of the thin films are 0.2-9Q.Bdicating good crystallinity of thin films.
The c-axis lattice parameter shows strong correlation to the oxygen depletion [13]. Oxygen
depletion of the thin film results in the reduction Tf, but the transition widthA7,.(90%—
10%)) is always very small, usually smaller than 2 K. That again suggests good crystallinity of
the depleted film. Thus, we assume that the resistance behaviours only depend on the oxygen
content of the thin films.

For an optimalc-axis oriented NdBzZCws;O7_s thin film, the resistance behaves with a
linear character above 100 K. The ratio of the resistance at room temperatigq to
the resistance at 100 KR{oo) is about 3. In theT-linear region,pu,(T) = (4r/w’ )T,
wherez ! is the scattering rate and* = 27AT; 5, ~ n/m*, n is the density of the
carrier andn* the effective mass. Thg-linear dependence of resistivity was also observed
in La—Sr—Cu—0 and Y-Ba—Cu-0. At the optimal doping level, the in-plane resistiyity")
is linear in temperature over a wide temperature range from just afjov@ 1000 K for
Lag g25S1p.17sCuQy_s [15] and to 600 K for YBaCuwsO;_5 [16]. For an oxygen-depleted
sampleo,, (T) deviates fronT -linear behaviour below a temperature well ab@yveTakenaka
et al [16] investigated the anisotropic resistivity of a detwinned ¥BaO,_; crystal. The
out of plane resistivityo. shows a crossover from high-metallic to low-I" semiconducting
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Figure 1. Several curves of the resistance against the temperature of the subsequent post vacuum
annealed:-axis oriented NdBgCuO, thin films. The dotted line guides the linear dependence

of the resistance. The arrow indicates the pseudo-gap temperature. Symbol a indicates the as-
deposited film withf, = 90 K; symbols b, ¢, d and e indicate the order of post vacuum annealing.
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Figure 2. The plot of 7, againstZ, from different thin films denoted by the closed symbols and
from the same film treated by subsequent post vacuum annealing denoted by the open symbols.
The dotted line guides the eyes.

behaviour, while the in-plane resistivity, deviates fronT -linear dependence. The crossover

in p. is linked with the onset of nonlinearity ip,,. They suggested that the crossover
temperature be associated with the pseudo-gap tempefatuRecently, the effect of oxygen
depletion and Pr doping dfj, in YBa,CuzsO7_s have been studied by Franceisal [11] and

Liu and Guan [12]. In this work, the temperature at which the resistivity starts to deviate from
T-linear dependence defingy, the opening of the pseudo-gap. Figure 1 shows the curves

of the resistance against the temperature of the post vacuum annealed thin films. At high
temperature, the resistance decreases with temperature linearly. Below a certain temperature,
the resistance starts to deviate from linear variation. The temperature at which the resistivity
starts to deviate frorfi-linear dependence corresponds to the opening of the pseudo-gap. Itis
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Figure 3. The variation of the room temperature resistance with the superconducting transition
temperature for the same film treated by subsequent post vacuum annealing.

found thatl, decreases, bdi, increases accordingly, with the reduction of oxygen content. In
figure 2, we plot thd, againstZ, from different thin films denoted by the closed symbols and
from the same film treated by subsequent post vacuum annealing denoted by the open symbols.
The deviation off, was set to bet5% of theT, value. Itis found that two sets of data agree
very well. From figure 2, we can find a jump at about 70 K. That must be related to the
transition from 90 K to 60 K superconducting phases. This transition indicated df-tig

plot seems also to exist in the system of SpB&0;_; [12], but has never been mentioned

in the literature, to our best knowledge. As is well known, 90 K and 60 K superconducting
phases generally exist in the R123 system. For different rare earth elements, the 90 K and
60 K superconducting phases are formed in different regions of oxygen content due to the size
effect [17]. For YBaCuO;_s and NdBaCu;O7_s, the phase transition from 90 K to 60 K
superconducting phase occurs at adost0.35 and 0.25, respectively [18, 19]. Itwas thought
that the 60 K superconducting phase was derived from the 90 K phase by oxygen ordering.
Oxygen ordering results in hole localization, and thus reduces the density of carrier. Lower
density of carrier corresponds to higher pseudo-gap temperaijesThus the jump in the

T,—T. plot clearly indicates the phase transition from 90 K to 60 K superconducting phase.
The room temperature resistance of the thin film is plotted ag&instfigure 3. The transition

from 90 K to 60 K superconducting phase was also clearly indicated. Based on the equation
of pup(T) = (4n/a)§D)t’l, we haveo,,(T) « 1/n, n is the density of the carrier. The lower

the density of the carrier, the higher the resistivity is. The 60 K superconducting phase has
higher resistivity than the 90 K phase. Thus figure 2 and 3 reflect the same physical nature.
The T,—T. relation suggests a strong correlation between superconductivity and the normal
state pseudo-gap.

The oxygen content was considered to be a key factor in the superconducting
temperature of higl:. cuprates. For a bulk sample, the influence of the oxygen content
on superconductivity was extensively studied. A nearly linear relation betweestdRis
parameter and the oxygen content was reported in both@&®, and NdBaCuzO, [18, 19].

For thin films, however, it is very hard to determine the oxygen content precisely. Thus, little
work has been reported on the oxygen content in thin films. The linear relation between



Normal state pseudo-gap inaxis oriented NdBzCu;O, thin films 8559

300 T T T T LI A S |
Toa
s0f T I 1
L g T
L
g 200 F E
4
=
©
2 150 - Pseudo-gap i b
£ el
& E. .
i_ ==l
100 | .
ﬂ*o/’oﬁ’
P
50 - o e Superconductor b
a7 L

i i k3 L >
655 660 665 670 675 680 685 690 695
x in NdBa2Cu30x

Figure 4. The under-doped electronic diagram of NdBazO, on the scale of the oxygen content
x. The closed symbols represent the data from different thin films, and the open symbols from the
same film treated by subsequent post vacuum annealing. The lines guide the eyes.

c-axis lattice parameter and the oxygen content for bulk samples was used to scale the oxygen
content for NdBaCu;O; thin films [13]. A parabolic relation betweeh andc-axis lattice
parameter has been obtained. This relation reflects the general superconducting diagram of
high-T,. superconductors. In this work, the repori&ds relation [19] was used to deduce the
oxygen contents of our samples. Then the under-doped electronic diagram ofNgBa

was constructed on the scale of the oxygen contdsee figure 4), which qualitatively agrees

well with the mean field phase diagram.

4. Conclusion

The pseudo-gap temperaturds)(in the normal state foe-axis oriented NdBzCuzO, thin

films are investigated by dc four-probe measurements. With reduction of the oxygen content,
T, increases and, decreases. An obvious jump was observed on the pl@} @iyainstr,,

which corresponds to transition from the 90 K to 60 K superconducting phase T, Ffie

relation suggests a strong correlation between superconductivity and the normal state pseudo-
gap. The under-doped electronic diagram of NgB&O, has been constructed.
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