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Normal-state transport properties of YBa2Cu3O72y /PrBa2Cu3O72y superlattices
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This work measures the resistivity and Hall coefficientRH for a series of YBa2Cu3O72y /PrBa2Cu3O72y

~YBCO/PBCO! superlattices. The Hall coefficientRH systematically varies with different thicknesses of
YBCO or PBCO layers. The Hall number decreases with a decreasing thickness of YBCO layers or increasing
thickness of PBCO layers. We investigate the temperature dependence of the Hall angle in YBCO/PBCO
superlattices as well. The cotangent Hall angle is also observed to follow a universalT2 dependence in all
superlattices, i.e., cotuH5aT21C where botha and C change with the layer thickness. From the results
presented herein, we believe that the reduction in carrier density, caused by the magnetic scattering effects and
hole filling which occur near the interface, leads to the depression ofTc in the YBCO/PBCO superlattice.
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I. INTRODUCTION

Since superconducting properties of the high-Tc super-
conductors heavily depend on the layer structure, layer
layer growth of superconducting superlattices is expecte
allow us to prepare samples with a new crystal struct
which does not otherwise naturally exist. Experimental te
niques to prepare epitaxial high-Tc superconducting films
have been established and the initial artificial construction
YBa2Cu3O72y /DyBa2Cu3O72y superlattice was reported b
Trisconeet al.1 Artificially grown superlattices of other type
of materials have also attracted a wide interest.2,3 An
interesting structure is a superlattice consisting of sup
conducting YBa2Cu3O72y ~YBCO! and semiconducting
PrBa2Cu3O72y ~PBCO!. Two materials, YBCO and PBCO
oxide compounds, are isomorphic and have the advantag
a small lattice mismatch, so that artificial growth of YBCO
PBCO superlattices have attracted great interest. The
quality of epitaxial growth has been confirmed, in additi
the YBCO layers remain superconducting down to the thi
ness of 12 Å.4,5 As is well known, the critical temperature fo
YBCO/PBCO superlattices decreases with a decrease in
thickness of individual YBCO layers or an increase in t
individual PBCO layers. However, the origin of theTc de-
pression in the YBCO/PBCO superlattices remains uncl
It is also not known how the variations of the carrier conce
tration affect theTc depression. Current investigations a
attempting to understand such effects.6

On the other hand, Chienet al.7 reported a relationship
between Hall cotuH andT2, revealing considerable regular
ties in this phenomenon. Concurrent to Chienet al.’s obser-
vation, Anderson8 proposed the clue to perceive the norm
state Hall anomaly by distinguishing between the relaxat
rates for the carrier motion normal to the Fermi-surface a
parallel to it. The theory especially predicts the behavior
the Hall angle when in-plane impurities are introduced. C
sequently Chienet al. have confirmed this prediction by ca
rying out experiments on Zn-doped crystals of YBCO.
560163-1829/97/56~10!/6231~6!/$10.00
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Thus, the current study on the normal-state resistivity a
Hall effect in a series of YBCO/PBCO superlattices is e
pected to reveal valuable information regarding the transp
properties of YBCO/PBCO superlattices. The present w
aims to determine whether the charge density of the YBC
PBCO superlattice is modified with variations in the lay
thickness.

II. EXPERIMENT

Superconducting YBCO/PBCO superlattices werein situ
grown onto a rotated SrTiO3~001! substrate in a rf magne
tron sputtering system. A computer controlled the YBC
and PBCO sputtering guns and the shutters alternativ
YBCO and PBCO layers were alternatively deposited ont
SrTiO3~001! substrate until the desired thickness of a sup
lattice was reached. As is well known, a buffer PBCO lay
improves the lattice matching between the MgO~001! sub-
strate and the YBCO film.9 A PBCO buffer layer 960
Å thick was hence grown onto the SrTiO3~001! substrate,
prior to the growth of YBCO/PBCO superlattices. On top
the buffer, a stack consisting ofn cells YBCO/m cells PBCO
is depositedN times alternatively with the total thickness o
YBCO layers'960 Å, where a unit-cell thickness'12 Å.
The superlattice crystal structure was initially investigated
the x-ray diffraction. Figure 1 depicts the x-ray-diffractio
spectra in the region near the~001! peak for the YBCO/
PBCO ~96 Å/60 Å!, ~96 Å/48 Å!, and ~60 Å/48Å! super-
lattices. In the u-2u x-ray scans for the samples o
SrTiO3~001! only the (00L)(L51 –7) diffraction peaks
were observed, indicating a strongc-axis orientation. As Fig.
1 depicts, the satellite peaks on both sides of the main p
~001! confirm that a periodic structure in the superlattices h
been achieved. The modulation wavelength,D5D11D2,
where D1 and D2 denote the thickness of the YBCO an
PBCO layers, respectively, can be calculated from the se
ration of two successive peaks (i and i 11) using the equa-
tion D5(l/2)@1/(sinui2sinui11)#, where l represents the
6231 © 1997 The American Physical Society
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x-ray wavelength (l51.542 Å!. Thus, combining a precis
calibration of deposition rate with x-ray-diffraction measur
ments, allows us to prepare a YBCO/PBCO superlattice w
a desired thickness modulation. For the transport meas
ments, films were photolithographically patterned to
2-mm-long by 100-mm-wide bridge containing two Hall ter
minals. Six gold dots were then evaporated onto the con
areas to allow simultaneous measurements of the resi
and Hall signals using standard dc techniques. Hall volta
were taken in oppose fields parallel to thec axis up to 5 T
and at a dc current density ofJ;104 A/cm2.

III. RESULTS AND DISCUSSION

A. The resistivity and Hall number

Figures 2~a! and 2~b! depict the temperature dependen
of the resistivity,r, and the Hall coefficient,RH , for PBCO
~1500-Å-thick! and YBCO ~1500-Å-thick! thin films. The
resistivity of PBCO film is;131022 V cm at 300 K and
increases with a decreasing temperature. The Hall co
cient, RH , remains positive and its magnitude increas
monotonically with decreased temperature. The Hall coe
cient of PBCO thin films exceeds that of YBCO thin films b
a factor of about 100 at 300 K. All data are consistent w
reported results.10

By using the formulaR5r( l /wd), we calculated the re
sistivity of superlattices withd equal to the total thickness o
YBCO layers, whereR is the resistance,l is the length,w is
the width of the resistivity pattern. Figures 3~a! and 3~b!
presentr(T) as a function of temperature for a series
YBCO/PBCO superlattices with various thickness of YBC
or PBCO layers. The resistivity of PBCO layers is mu
larger than that of YBCO layers, hence the transport curr
primarily flows along YBCO layers. The resistivity increas
systematically in YBCO/PBCO superlattices with a fix
thickness of YBCO layers and increased thickness of PB
@Fig. 3~a!#. On the other hand, the resistivity decreases
superlattices with a fixed thickness of PBCO layers and
creased thickness of YBCO layers@Fig. 3~b!#. The inset of
Fig. 3~a! shows the resistivity of a YBCO/PBCO~36 Å/60

FIG. 1. u-2u x-ray-diffraction pattern of YBCO/PBCO~96
Å/60 Å!, ~96 Å/48 Å!, and~60 Å/48 Å! superlattices. The satellite
peaks are indicated by star symbols.
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Å! superlattice calculated by considering different film thic
ness. Curve B was calculated by the formulaR5r( l /wd),
with d equal to the total thickness of YBCO layers whi
curve A was obtained withd equal to the total thickness o
YBCO and PBCO layers. Notably, superlattices can be c
sidered as independent resistors connected in parallel.
resistivity,rSL , can be expressed as11

d/rSL5d1 /rYBCO1d2 /rPBCO, ~1!

whererYBCO is the resistivity of YBCO layers,rPBCO is the
resistivity of PBCO layers,d1 is the total thickness of YBCO
layers, d2 the total thickness of PBCO layers, an
d5d11d2. The dashed line@YBCO/PBCO~36 Å/60 Å! su-
perlattice# was obtained by Eq.~1! with d equal to the total
thickness of YBCO and PBCO layers; whilerYBCO and
rPBCO are equal to the resistivity of YBCO and PBCO th
films. Curve B correlates well with Eq.~1! only if the total
thickness of YBCO layers is considered. The results confi
that the transport current primarily flows along the YBC
layers in superlattices. A small discrepancy in the resistiv
data is available because some scattering from the interf
between YBCO layers and PBCO layers was not conside
tending to cause the measured resistivity to be higher t
that of the calculated data for YBCO/PBCO~36 Å/60 Å!
superlattice. Although the charge transfer between YB
layers and PBCO layers12,13 and other effects14 presented a
difficulty in estimating the resistivity, Hall coefficient, an

FIG. 2. ~a! Resistivities as function of temperature for a PBC
film and a YBCO film.~b! The Hall coefficients as a function o
temperature for a PBCO film and a YBCO film.
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Hall number quantitatively when the thickness of YBCO la
ers alone is considered; to the first-order approximation,
resistivity, Hall coefficient, and carrier concentration we
assessed merely considering the total thickness of YB
layers in the current work.

FIG. 3. Temperature dependence of the resistivity for a YB
film and a series of YBCO/PBCO superlattices. The inset of~a!
shows resistivity of a YBCO/PBCO~36 Å/60 Å! superlattice cal-
culated with different total thickness. CurveB was calculated by the
formulaR5r( l /wd), with d equals to the total thickness of YBCO
layers while curveA was obtained from the same formula withd
equal to the total thickness of YBCO and PBCO layers.R is the
resistance,l is the length,w is the width, andd the thickness of the
resistivity pattern.
e

O

Table I displays the resistivityr, resistivity ratio
r(200 K)/r(100 K), Hall coefficient RH , Hall number
nH ,Tc~50%!, and mean free pathl , for a series of YBCO/
PBCO superlattices. Those transport parameters were ca
lated by taking account of the total thickness of YBCO la
ers. The resistivities reveal a systematic change w
variations in the layer thickness. The overall resistivity of t
superlattices surpasses that of a YBCO~1650-Å-thick! thin
film.

Figures 4~a! and 4~b! depict the Hall coefficient as a func
tion of temperature for a series of YBCO/PBCO superl

FIG. 4. Temperature dependence of Hall coefficient in a se
of YBCO/PBCO superlattices: ~a! dYBCO560–36 Å with
dPBCO560 Å and~b! dPBCO524–96 Å withdYBCO536 Å.
y, Hall
TABLE I. Measured electronic parameters for various YBCO/PBCO superlattices and YBCO films. The values of resistivit
coefficient and Hall number are calculated by taking only the thickness of YBCO layers.

r ~200 K! r ~200 K! RH ~100 K! RH ~200 K! nH ~100 K! nH ~200 K! dnH /dT Tc ~50%! l ~100 K!

Samples (mV cm! r ~100 K! (1023 cm3/c) (1023 cm3/c) ~1/cell! ~1/cell! (1023/cell K) ~K! ~Å!

YBCO film 213.65 2.09 1.931 1.107 0.565 0.977 4.760.1 89.69 56.3
~96 Å/60 Å! 256.14 1.82 1.770 0.963 0.611 1.123 5.160.3 85.83 39.3
~60 Å/60 Å! 439.00 1.71 2.705 1.595 0.399 0.677 2.960.1 84.09 28.3
~48 Å/60 Å! 421.07 1.59 3.315 1.825 0.326 0.594 3.060.1 80.91 31.5
~36 Å/60 Å! 673.80 1.62 3.418 1.927 0.317 0.561 2.860.1 78.83 20.5
~36 Å/24 Å! 296.76 1.72 2.905 1.622 0.372 0.666 3.360.1 83.81 44.1
~36 Å/48 Å! 460.47 1.64 3.222 1.845 0.335 0.585 2.960.1 79.69 29.9
~36 Å/60 Å! 673.79 1.62 3.417 1.927 0.317 0.561 2.860.1 78.83 20.5
~36 Å/72 Å! 634.46 1.54 4.445 2.612 0.243 0.414 2.260.2 73.96 24.6
~36 Å/96 AA! 665.27 1.59 4.813 2.968 0.225 0.364 1.960.2 68.68 25.5



at
O
-

s
on
h
g

co
-
in

P
ol
to

e

-
ss
he
n

om
er

O
the

f
d

r-
fer
le

hat

n
ent
ray-
eve
ds.
fer
ous
O/
ures
-
O

ch

of

e of
in

y-

ey

s

s

O/

6234 56L. M. WANG, H. C. YANG, AND H. E. HORNG
tices, respectively, (dYBCO560–36 Å/dPBCO560 Å) and
(dYBCO536 Å/dPBCO524–96 Å). These figures reveal th
Hall coefficientRH increases when the thickness of YBC
layers decreases. From Fig. 4~b!, RH increases as the thick
ness of PBCO layers is increased, i.e.,RH roughly depends
on the ratio,dYBCO/dPBCO. The superconducting propertie
of Y 12xPrxBa2Cu3Oy has attracted considerable attenti
and experimentation15–19 to perceive the role of rare-eart
atom in high-Tc superconductors. Magnetic pair breakin
hole filling, or hole localization15–19 are believed to be the
major mechanism responsible for depressing the super
ductivity. The mechanism forTc depression, however, re
mains unclear for the YBCO/PBCO system. Systematic
vestigations of the Hall effect in Y12xPrxBa2Cu3Oy alloys
has been reported by Matsudaet al.19 They have observed
that RH increases when Y is progressively substituted by
These findings suggest that Pr is able to give rise to h
filling effects in YBCO. Such a mechanism seems likely
be responsible for the observed increase inRH in the present
superlattices. Notably, a lower carrier density in the sup
lattices is consistent with higher resistivity data.

Figures 5~a! and 5~b! plot the variations in the Hall num
ber nH(T) as a function of temperature and layer thickne
A systematic change in the Hall number with variation in t
layer thickness can be observed. This observation appare
suggests the possibility of doping that may result rising fr
the substitution of PBCO layers for YBCO layers. Howev

FIG. 5. Temperature dependence of Hall number in a serie
superlattices:~a! dYBCO560–36 Å with dPBCO560 Å and ~b!
dPBCO524–96 Å withdYBCO536 Å.
,
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the current observation of the Hall effect in YBCO/PBC
superlattices cannot be expected to fully complement of
observations for Y12xPrxBa2Cu3Oy alloys. This is evident
from the difference in values ofnH(T) curve can be ob-
served for two superlattices samples:~60 Å/60 Å! and ~48
Å/48 Å!, both of which have the samedYBCO/dPBCO ratio of
1:1 as shown in Fig. 6. Wood13 reported theoretical study o
the superconductivity in YBCO and PBCO alloys an
layered films. He assessed theTc suppression in both
Y 12xPrxBa2Cu3Oy alloys as well as in YBCO/PBCO supe
lattices by a hole-filling mechanism with the charge trans
occurring near the interface, resulting in a variation in ho
concentration in the superlattices. Our findings indicate t
the critical temperatureTc for the superlattice is significantly
higher than that in the corresponding Y12xPrxBa2Cu3Oy al-
loys. Therefore the possibility of strong layer interdiffusio
in our samples could be ruled out. This is also consist
with the presence of the satellite peaks as shown in the x-
diffraction spectra. Therefore, there is no reason to beli
that the hole filling occurs over the superlattice perio
However, according to Wood’s results, the charge trans
apparently occurs possibly near the interface only. Numer
investigations on the transport properties of the YBC
PBCO superlattices are available. Several theoretical pict
have been proposed to explain theTc depression in superlat
tices:~1! the proximity effect between the YBCO and PBC
layer,20 ~2! the hole-filling mechanism,13 and the localization
effect,21 ~3! the decoupling of the superconductors, whi
include the finite-size effect in layered superconductors22 and
the frustrated JosephsonXY model,23 etc. All these models
introduce theTc behavior and cause the common feature
the Tc variation in superlattices.

On the other hand, the linear temperature dependenc
the Hall number in the superconducting oxides, as shown
Figs. 5~a! and 5~b!, has not been completely perceived. Cla
hold et al.24 have observed that as the high-Tc behavior is
suppressed, the unusualT dependence ofnH is also sup-
pressed in the Co-doped and Ni-doped YBCO alloys. Th
also suggested that the strongT dependence ofnH could be
intrinsic to the high-Tc oxides as well. Table I lists the slope
(dnH /dT) of thenH vs T curve, as obtained by linear fitting

of

FIG. 6. Temperature dependence of Hall number for YBC
PBCO ~60 Å/60 Å! and ~48 Å/48 Å! superlattices.
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56 6235NORMAL-STATE TRANSPORT PROPERTIES OF . . .
between 100 and 220 K are also presented.dnH /dT is lower
for the superlattices with thinner YBCO layers or thick
PBCO layers.

B. The normal-state Hall angle

According to Anderson’s theory,8 the transverse~‘‘Hall’’ !
relaxation rate 1/tH is determined by scattering between sp
excitations, and varies asT2. The scattering from magneti
cally active impurities introduces additional terms in t
transport scattering rate, 1/t tr and Hall relaxation rate 1/tH .
For the transverse scattering rate Anderson introduced

1/tH5T2/WS11/tM , ~2!

whereWS denotes the bandwidth of the spin excitations~the
spin-exchange energyJ in Anderson’s theory! and 1/tM is
the impurity contribution. For the thin films of YBCO an
YBCO/PBCO superlattices, the transport scattering rate 1t tr
is proportional to the resistivity, i.e.,sxx which is in turn
proportional tot tr , whereassxy is proportional totHt tr .
While, the Hall angleuH5tan21(sxy /sxx) involves 1/tH
only, Eq. ~2! implies

cotuH51/vctH5aT21C, ~3!

wherevc5eB/m* , m* being an effective mass andC the
impurity contribution.

To verify Eq. ~3!, we plotted cotuH vs T2 for a series of
YBCO/PBCO superlattices and a YBCO thin film in Fig
7~a! and 7~b!. For all samples investigated, the data poi
fall on a straight line in the temperature range below;220
K. Figures 7~a! and 7~b! depict cotuH vs T2 curves for
YBCO/PBCO superlattices with a constant PBCO thickn
of 60 Å @Fig. 7~a!# and a fixed constant YBCO thickness
36 Å @Fig. 7~b!#. By using the line fitted to Eq.~3!, we listed
the parametersa andC in Table II. Table II lists the values
of a that do not vary systematically with the variation
thickness of the YBCO or PBCO layer. However, the imp
rity contribution C tends to increase with an increasin
dPBCO or with a decreaseddYBCO value. Figure 8 plots the
variations in the parameterC as a function ofdYBCO as well
as dPBCO. The increase in the magnitude of the impur
contributionC corresponds to the observed enhancemen
the resistivity for the present samples. This demonstrates
scattering by the PBCO layers decreases bothtH andt tr .

Xiong et al.25 reported on the temperature dependence
the Hall angle in oxygen-deficient and Pr-doped YBCO e
taxial films. They observed that in the YBa2Cu3O72y system
a increases monotonically withy, while the quantityC re-
mains nearly constant. In the PrxY12xBa2Cu3O7 series both
a and C increase withx. Thus, in conjunction with results
obtained for other systems, Xionget al. proposed that the
behavior of cotuH can be categorized into three groups:~1! a
varies butC remains constant, as in YBa2Cu3O72y ; ~2! C
varies buta remains constant, as observed for the Cu-s
doped YBa2Cu12xAxO72y system; and~3! both a and C
vary, as typified by PrxY12xBa2Cu3O72y . This categoriza-
tion presents a unique approach to analyzing the Hall ef
and offers a different way to understand the suppressio
superconductivity in these systems. Thus, Xianget al. con-
cluded that the changes ina andC are attributed from two
s
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distinct mechanisms for suppressing superconductiv
While an increasedC corresponds to a reduction in the ca
rier mobility, the variations ina reflect the variation in true
carrier density.25

In the YBCO/PBCO superlattices, the increased mag
tude ofC with an increase indPBCO indicates that the mag
netic impurity introduced by PBCO layers couples with t

FIG. 7. Temperature dependence of the Hall angle shown
cotuH vs T2 for a series of YBCO/PBCO superlattices with~a! a
constant PBCO thickness and~b! a constant YBCO thickness
cotuH is computed fromrxy andrxx measured on the sample.

TABLE II. The parametersa andC deduced from the tempera
ture dependence of Hall angle: cotuH5aT21C for a series of
YBCO/PBCO superlattices and a YBCO film.

Samples a(31022 K22) C

~120 Å/60 Å! 1.02960.020 72.44612.24
~96 Å/60 Å! 1.37460.039 78.48617.55
~60 Å/60 Å! 1.40460.022 100.72610.08
~48 Å/60 Å! 1.07960.026 108.09611.88
~36 Å/60 Å! 1.83060.016 116.7067.20
~36 Å/24 Å! 0.90360.026 77.25611.70
~36 Å/48 Å! 1.14460.022 109.41610.17
~36 Å/60 Å! 1.83060.016 116.7067.20
~36 Å/72 Å! 1.11060.024 125.53610.35
~36 Å/96 Å! 1.01760.017 129.5466.84
~YBCO! 1.15660.012 13.4566.07
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electronic states in the Cu-O2 planes, as observed for Zn
doped YBCO single crystals.7 The scattering of carriers b
the Pr magnetic moments would then reduce the carrier
bility. If such a mechanism exists, the depression inTc might
possibly be caused by the magnetic scattering which indu
the pair breaking. On the other hand, the slopea is suggested
to be controlled by the carrier density and by the excha
parameterJ as well. The slopea is the parameter most sen
sitive to carrier density. Nevertheless, this quantity ofa,
which varies but not systematically with variation indYBCO

FIG. 8. Variations in impurity concentrationC with variation in
dPBCO ~upper panel! anddYBCO ~lower panel! in the same samples
The dashed lines are guides to the eye.
O
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or dPBCO in YBCO/PBCO superlattices, is not consiste
with the variations in Hall number. Since botha andC vary
in YBCO/PBCO superlattices, the hole-filling near the inte
face and pair breaking are likely to be the significant orig
of the suppression of superconductivity in the YBCO/PBC
superlattice. The exact mechanism is, however, unclear
ing to the insufficient resolution ofa.

IV. CONCLUSION

In conclusion, we report that the average Hall coefficie
RH and Hall numbernH in YBCO/PBCO superlattices vary
systematically with variations in the thickness in the ind
vidual YBCO or PBCO layers.Tc,zero decrease sharply from
90 K for YBCO films to 57 K for YBCO/PBCO~36 Å/96 Å!
superlattice, corresponding to a higher resistivity and low
Hall number. The suppression of the Hall number in t
YBCO/PBCO superlattices might result from the char
transfer occurring near the interface only. Additionally, t
Hall angle follows cotuH5aT21C in all YBCO/PBCO su-
perlattices, where botha and C vary with variations in
YBCO and PBCO thickness. The simultaneous variations
a and C with different layer thicknesses in YBCO/PBCO
superlattices suggest that the reduction in carrier density
tributed to the magnetic scattering and charge transfer wh
occur near the interface, leads to the depression ofTc in the
YBCO/PBCO superlattice.
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