
VOLUME 69, NUMBER 3 PH YSICAL REVIEW LETTERS 20 JULY 1992
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This paper reports the measurements of resistivities near the superconductor-insulator transition for
high-T, oxide superconductor Ndz — Ce„Cu04 single-crystal thin films. The transition was tuned by
magnetic fields and/or introducing disorder. The results of the resistivities are analyzed in line with
dynamical scaling theory. The product of the dynamical exponent (ztt) and the exponent for the correla-
tion length (vtt) is extracted. This value is consistent with that expected by the scaling theory. Our re-
sults provide the first evidence of the Bose-glass-vortex-glass phase transition in high-T, Nd2-, -

Ce„Cu04 single-crystal thin films.

PACS numbers: 74.65.+n, 74.70.Mq, 74.75.+t

Recently two-dimensional (2D) disordered Bose sys-
tems have attracted considerable interest in connection
with the superconductor-insulator (SI) transition. It has
been claimed experimentally [1-5] that the systematic in-

troduction of disorder gives rise to the SI transition and
the transition provides the universal critical sheet resis-
tance R& near the value of h/(2e) =6.45 kQ. This sub-

ject has been developed as a new frontier in condensed-
matter physics in which novel and fundamental physical
phenomena occur. In particular, the occurrence of a new

type of phase transition near the superconductor-insulator
transition [6-10] is the focus of recent attention. The
scaling theories [11—14] have played a key role in under-

standing or predicting the new phenomena. The present
authors have investigated experimentally the disorder-
induced SI transition in the case of high-T, superconduc-
tor Ndz-„Ce, Cu04 single-crystal thin films [5]. The use
of high-T, Nd2 —,Ce, Cu04 thin films has an advantage
for our purpose, i.e. , the measurements are made by vary-

ing gradually the oxygen contamination in single-crystal
thin films by heat treatment without changing film thick-
ness. This has made it possible to investigate systemati-
cally the disorder-induced SI transition for high-T, . thin

films.
The magnetic field can also probe the details of the SI

transition. This Letter reports the experimental results
on the magnetic-field-induced SI transition using high-T,
oxide superconductor Nd2 Ce„Cu04 single-crystal thin
films. We have measured the temperature and magnet-
ic-field dependence of the resistivity of Nd2, Ce„Cu04
single-crystal thin films, which were prepared by the
molecular-beam-epitaxy (M BE) method. The experi-
mental results are analyzed with the dynamic scaling
theory proposed recently [12]. We show that the good
scaling occurs when the resistivities are plotted as a func-
tion of the scaling variable [co(8—8, )/T ' '] near the
SI transition for our samples. The magnetic-field-
induced transition is continuous and the critical sheet
magnetoresistance is estimated to be close to R& =8.5
k A. It should be also emphasized that the current-
voltage characteristics are Ohmic, which is in accord with

the theoretical prediction [12] that the new metallic state
exists in the middle of the SI transition. The dynamical
exponent (f)tt = ~lB

—B,~""where Qtt is a characteristic
frequency), introduced in the scaling theory, was ob-
tained to be zqvq =1.2+ 0.1.

It is well known that the high-T, oxide superconductor
Nd2 „Ce,Cu04 is peculiar among copper-based oxide
superconductors with perovskite structures [15]. The or-

dinary copper-oxide high-T, superconductors have CuO
networks with pyramid or octahedra type arrangements,
and, in addition, charge carriers in the normal state are
holes. While the Nd2 —,Ce„Cu04 system consists of
two-dimensional (2D) CuOz layers with no apical oxy-

gen, the Cu02 layers form an ideal 2D conducting sheet
as verified by the observations that the normal-state
transport properties of the single-crystal films show the

typical characteristics of weak localization associated
with two dimensionality [5,16-18].

Nd2 —,Ce„Cu04 single-crystal films were grown on a

SrTi03 (100) single crystal by the method of MBE using

Knudsen cell sources for Nd, Cu, and Ce. After deposi-
tion, the oxygen flow to the film surface was stopped im-

mediately and the substrate was cooled from 800 C to
room temperature in the background pressure of 10
Torr. The appearance of only (002n) peaks indicates
that the (001) plane is highly oriented parallel to the film

surface. In order to obtain thoroughly oxidized samples,
the films were heated up to 950'C in air and kept at that
temperature for 2 h. These oxidized films were reduced
in the background of Ar pressure of 0.4 Torr ranging
from 450 to 750 C for 20 min. This reduction in the
vacuum ambient plays a ro1e in reducing the oxygen con-
centration in Nd2 — Ce„Cu04 fi1ms, which is required for
the appearance of the superconductivity. The film thick-

ness, determined from a cross section of the films by the
electron microscope, was 1000 A within an accuracy of a

few percent. The temperature dependence of the resis-

tivity p(T) was measured by the standard four-terminal

method with evaporated gold electrodes. The current ter-
minals were covered with gold along the edge of the films

in order to e1iminate the ambiguity due to inhomogeneous
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FIG. I. Temperature dependence of resistivities (left-hand
scale) for Nd2 —„Ce,Cu04 single-crystal films at various stages
of disorder controlled by annealing process. Curves 3-G are
for x=0.18, and H is for x=0.16. The annealing conditions
were 8 at 450'C, B at 500'C, C at 550'C, D at 600'C, E at
650'C, F at 700'C, G at 750'C, and H at 750'C for 20 min

in a vacuum ambient. The right-hand scale refers to the sheet
resistance per Cu02 layer (see text).

current flow arising from strong anisotropy. The current
density was 10 A/cm throughout our measurement. The
temperature dependence of the resistivity, p(T), for the
Nd2 —,Ce„Cu04 film at various stages of oxygen reduc-
tion is shown in Fig. l.

The residual resistivity was 75 p 0 cm for sample H
(x =0.16). This value is small compared with those of
bulk single crystals [17,191. This is due to the fact that it

is easier to reduce oxygen impurities in films than in bulk
samples. These vacuum-annealed films, with optimum
reduction, are characterized by a sharp superconducting
transition with T, (p=0) =15 K and a transition width of
less than 0.9 K. It should be emphasized that the data of
sample H (kFl =20 at T=18 K) agree fairly well with

the theory by Aslamazov and Larkin [20], indicating that
2D fluctuations are relevant for this less disordered sam-

ple [21].
The magnetic field was applied perpendicularly to the

film surface for sample F in Fig. l. The resistivity was
measured as a function of temperature in detail in the vi-

cinity of magnetic fields inducing the SI transition. Fig-
ure 2 shows the observed resistivity of sample F (kFI
=2.2 at T=18 K) as a function of temperature under

magnetic fields ranging from 2.0 to 5.0 T. We see, from
the data of Fig. 2, that superconductivity is appreciably
suppressed by applying magnetic fields and approaches

FIG. 2. Temperature dependence of resistivities for line F in

Fig. 1 in magnetic fields ranging from 2.0 to 5.0 T. The mag-
netic fields are 2.0, 2.4, 2.6, 2.8, 2.9, 3.0, 3.1, 3.2, 3.4, 3.6, 4.0,
and 5.0 T in order of increasing resistivity. The magnetic fields

are applied perpendicularly to the film surface.

the insulating phase continuously. The scaling theory
[12] predicts that resistivity scales as

h co(8
(1)

4

under magnetic field 8, where ca is a nonuniversal con-
stant and 8, is the critical magnetic field characterizing
the SI transition. zz and vp are the dynamical critical
exponent and the static critical exponent for supercon-
ducting correlation length ga, respectively. The defini-
tions are given by ga —(8 —8, ) " and Qa-gg"
where Oq is a characteristic frequency. Near the transi-
tion, one expects a diverging length ga, which sets the
length scale characterizing the system. By increasing
magnetic fields, a remarkable possibility arises, namely,
vortices should be delocalized and undergo a Bose con-
densation at some critical field 8, [12]. This condensa-
tion also requires the appearance of the Bose glass phase
(paired electrons are localized).

Now let us analyze our experimental data using the
scaling form of Eq. (1). First, we determine the critical
magnetic field B„where vortices undergo a Bose conden-
sation. By diA'erentiating the data given in Fig. 2 with
respect to temperature, we have obtained, from the condi-
tion (dp/dT)i 7K 0, the value of 8, =2.9 T. This criti-
cal magnetic field B, is given by the arrow in Fig. 3. This
transition yields the critical sheet magnetoresistance of
R& =8.5 kQ. This value was estimated by extrapolating
the resistance at (dp/dT)g-g =0 at the lowest tempera-
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ture. Note that the sheet resistance R& per Cu02 layer
was obtained using the relation R~ =p/d, where d
(=6.03 A) is the lattice spacing between CuOz layers.
This relation is reasonable from the confirmation of 2D
weak localization for our sample [5]. Second, in order to
determine the value of the critical exponent zqvq from
experimental data, we use the differential form of the
scaling function of Eq. (1), which is given by

dp 0 —1/zgvqf (0)
dB gg, 4e

(2)

We have plotted in Fig. 4 the data for (dp/dB)a =tr as a
function of the inverse of temperature I /T using logarith-
mic scales. The solid lines show the power law with

3 4
B (Tesla)

FIG. 3. Values of the slopes (dp/dT)T=) 7x are plotted as a

function of magnetic field. The critical magnetic field 8, =2.9
T is determined from the point where the slope becomes zero.

FIG. 5. Scaling dependence of the resistivities as a function

of the scaling variable [ea(B —B,)/T '] where the values

8, =2.9 T and zzvz =1.2 are used. The symbols correspond to
various applied magnetic fields given in Fig. 2.

zqv8=1. 2+ 0.1. It should be emphasized that this value
is consistent with the predicted theoretical constraint
zBvg ~ 1.

Figure 5 shows the scaling dependence of the resistivi-
ties as a function of the scaling variable [cp(8 8 )/
T ""'] using the value for the critical magnetic field

B, =2.9 T and the exponent zqvq =1.2. The data in Fig.
5 represent the resistivities p(T, B) as a function of scal-

ing variable [co(B—8, )/T' ""].lt can clearly be seen

that all of the data fall on one of two universal curves.
All resistivities in the insulating side (upper curve in Fig.
5) have the form of the conductance exp[ —(To/T) '

indicating that the variable-range hopping is a dominant
process for the transport [22]. This form is in fairly good
agreement with the prediction by Fisher [12]. We plot in

Fig. 6 the characteristic temperature To as a function of
8 —B, on a logarithmic scale. The plotted data show

]o 2
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FIG. 4. Logarithmic plot of (dp/dB)a=a as a function of
I /T The product of the . exponents (za vs) is extracted as
zqvq =1.2 ~ 0. 1 from the slope.

FIG. 6. The characteristic temperature To as a function of
8 —8, on a logarithmic scale. The exponent zgva is found to be

1.2+ O. l from the relation Terx: (B—B,) . In the regime
B & 5 T, zqvg is close to the mean-field value of 0.5. We have

determined the exponent in the critical regime.
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clearly the power law and we have the relation Tp
cc(8 —8,)" ' with zqvtr =1.2+ 0.1. It is remarkable
that this estimated value agrees well with the value
zqvq =1.2+ 0. 1 obtained from the analysis from the data
given in Fig. 4. This agreement indicates the consistency
of our analysis based on the dynamic scaling theory [12].
To summarize, we have reported the first observation of
the field-induced SI transition for high-T, material. Ob-
served resistivities near the field-tuned SI transition pro-
vide the evidence of the Bose-glass-vortex-glass phase
transition as well as the validity of the dynamic scaling
theory describing this transition.
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