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Normal-state transport properties of YBa,CuzO;_,/PrBa,Cuz0O;_, superlattices
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This work measures the resistivity and Hall coefficigqt for a series of YBaCu;O;_, /PrBaCu;0;_y
(YBCO/PBCOQ superlattices. The Hall coefficielR, 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 uniVérsgapendence in all
superlattices, i.e., CQI|=aT2+C 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 depressiof,af the YBCO/PBCO superlattice.
[S0163-18297)05034-0

I. INTRODUCTION Thus, the current study on the normal-state resistivity and
Hall effect in a series of YBCO/PBCO superlattices is ex-

Since superconducting properties of the highsuper- pected to reveal valuable information regarding the transport
conductors heavily depend on the layer structure, layer byroperties of YBCO/PBCO superlattices. The present work
layer growth of superconducting superlattices is expected taims to determine whether the charge density of the YBCO/
allow us to prepare samples with a new crystal structurd®BCO superlattice is modified with variations in the layer
which does not otherwise naturally exist. Experimental techthickness.
nigues to prepare epitaxial highs superconducting films
have been established and the initial artificial construction of Il. EXPERIMENT
YBaZCLhO7_{/DyBa2Cu307_y superlattice was reported by . . o
Trisconeet al* Artificially grown superlattices of other types ~ Superconducting YBCO/PBCO superlattices wigrsitu
of materials have also attracted a wide inteféstAn  grown onto a rotated SrTigd001) substrate in a rf magne-
interesting structure is a superlattice consisting of supertron sputtering system. A computer controlled the YBCO
conducting YBaCu;O,_, (YBCO) and semiconducting and PBCO sputtering guns and the .shutters aIFernativer.
PrBa,Cu;0;_, (PBCO. Two materials, YBCO and PBCO YBCO and PBCO layers were alternatively deposited onto a
oxide compounds, are isomorphic and have the advantage & TiO3(001) substrate until the desired thickness of a super-
a small lattice mismatch, so that artificial growth of YBCO/ lattice was reached. As is well known, a buffer PBCO layer
PBCO superlattices have attracted great interest. The highnproves the lattice matching between the MQQD sub-
quality of epitaxial growth has been confirmed, in additionstrate and the YBCO fill. A PBCO buffer layer 960
the YBCO layers remain superconducting down to the thick-A thick was hence grown onto the SrTi®01) substrate,
ness of 12 &° As is well known, the critical temperature for prior to the growth of YBCO/PBCO superlattices. On top of
YBCO/PBCO superlattices decreases with a decrease in ttibe buffer, a stack consisting ofcells YBCOMm cells PBCO
thickness of individual YBCO layers or an increase in theis deposited\ times alternatively with the total thickness of
individual PBCO layers. However, the origin of tAg de-  YBCO layers~960 A, where a unit-cell thickness 12 A.
pression in the YBCO/PBCO superlattices remains unclearThe superlattice crystal structure was initially investigated by
It is also not known how the variations of the carrier concen-the x-ray diffraction. Figure 1 depicts the x-ray-diffraction
tration affect theT, depression. Current investigations are spectra in the region near th@01) peak for the YBCO/
attempting to understand such effetts. PBCO (96 A/60 A), (96 A/48 A), and (60 A/48A) super-

On the other hand, Chieet al.” reported a relationship lattices. In the 6-26 x-ray scans for the samples on
between Hall cat, and T?, revealing considerable regulari- SrTiO3(001) only the (0Q)(L=1-7) diffraction peaks
ties in this phenomenon. Concurrent to Chtral’s obser-  were observed, indicating a strongaxis orientation. As Fig.
vation, Andersofiproposed the clue to perceive the normal-1 depicts, the satellite peaks on both sides of the main peak
state Hall anomaly by distinguishing between the relaxatior{001) confirm that a periodic structure in the superlattices has
rates for the carrier motion normal to the Fermi-surface andeen achieved. The modulation wavelengith=D,+ D,
parallel to it. The theory especially predicts the behavior ofwhere D, and D, denote the thickness of the YBCO and
the Hall angle when in-plane impurities are introduced. Con{PBCO layers, respectively, can be calculated from the sepa-
sequently Chiert al. have confirmed this prediction by car- ration of two successive peaks &ndi+ 1) using the equa-
rying out experiments on Zn-doped crystals of YBCO. tion D=(N\/2)[1/(sind—sind )], where \ represents the
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FIG. 1. #-26 x-ray-diffraction pattern of YBCO/PBCQ96 ~
A/60 A), (96 A/a8 A), and(60 A/48 A) superlattices. The satellite 9 10|
peaks are indicated by star symbols. "g
<
N
x-ray wavelength X=1.542 A). Thus, combining a precise N,
calibration of deposition rate with x-ray-diffraction measure- 1072 ]
ments, allows us to prepare a YBCO/PBCO superlattice with
a desired thickness modulation. For the transport measure- 00000} B OO
ments, films were photolithographically patterned to a 103 ARae s U
2-mme-long by 100zm-wide bridge containing two Hall ter- T T . .
minals. Six gold dots were then evaporated onto the contact 100 150 200 250 300
areas to allow simultaneous measurements of the resistive T (K)
and Hall signals using standard dc techniques. Hall voltages
were taken in oppose fields parallel to thexis up to 5 T FIG. 2. (a) Resistivities as function of temperature for a PBCO
and at a dc current density 6 10* Alcm2. film and a YBCO film.(b) The Hall coefficients as a function of

temperature for a PBCO film and a YBCO film.

lil. RESULTS AND DISCUSSION A) superlattice calculated by considering different film thick-
A. The resistivity and Hall number ness. Curve B was calculated by the form&& p(l/wd),
with d equal to the total thickness of YBCO layers while
curve A was obtained witld equal to the total thickness of

of the resistivity,p, and the Hall coefficient},, for PBCO YBCO ;
> . Hy D and PBCO layers. Notably, superlattices can be con-
(1500-A-thick and YBCO (1500-A-thick thin films. The sidered as independent resistors connected in parallel. The

resistivity of PBCO film is~1x10 2 € cm at 300 K and o
increases with a decreasing temperature. The Hall coeﬁ{-eSIStIVIty’ pst. can be expressed-ds
cient, Ry, remains positive and its magnitude increases
monotonically with decreased temperature. The Hall coeffi-
cient of PBCO thin films exceeds that of YBCO thin films by wherepygco is the resistivity of YBCO layersppgcois the
a factor of about 100 at 300 K. All data are consistent withresistivity of PBCO layerg], is the total thickness of YBCO
reported results’ layers, d, the total thickness of PBCO layers, and
By using the formulaR=p(I/wd), we calculated the re- d=d;+d,. The dashed linYBCO/PBCO(36 A/60 A) su-
sistivity of superlattices witldl equal to the total thickness of perlatticd was obtained by Eq.1) with d equal to the total
YBCO layers, whereR is the resistancd, is the lengthw is  thickness of YBCO and PBCO layers; whilggco and
the width of the resistivity pattern. FiguresaB and 3b)  ppgco are equal to the resistivity of YBCO and PBCO thin
presentp(T) as a function of temperature for a series of films. Curve B correlates well with Eq1) only if the total
YBCO/PBCO superlattices with various thickness of YBCOthickness of YBCO layers is considered. The results confirm
or PBCO layers. The resistivity of PBCO layers is muchthat the transport current primarily flows along the YBCO
larger than that of YBCO layers, hence the transport currenfayers in superlattices. A small discrepancy in the resistivity
primarily flows along YBCO layers. The resistivity increasesdata is available because some scattering from the interfaces
systematically in YBCO/PBCO superlattices with a fixed between YBCO layers and PBCO layers was not considered,
thickness of YBCO layers and increased thickness of PBC@ending to cause the measured resistivity to be higher than
[Fig. 3@]. On the other hand, the resistivity decreases irthat of the calculated data for YBCO/PBC@6 A/60 A)
superlattices with a fixed thickness of PBCO layers and insuperlattice. Although the charge transfer between YBCO
creased thickness of YBCO layefiBig. 3(b)]. The inset of layers and PBCO layels'® and other effect4 presented a
Fig. 3@ shows the resistivity of a YBCO/PBC@6 A/60 difficulty in estimating the resistivity, Hall coefficient, and

Figures Za) and 2b) depict the temperature dependence

d/ps =d1/pygcotda/ppecos 1
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FIG. 3. Temperature dependence of the resistivity for a YBCO FIG. 4. Temperature dep(_endgnce of Hall_coefflment N & Series
. ) X . of YBCO/PBCO superlattices: () dygco=60-36 A with
film and a series of YBCO/PBCO superlattices. The insetapf d —60 A and(b) d —24-96 A withd —36 A
shows resistivity of a YBCO/PBC@6 A/60 A) superlattice cal- — F2¢° PBCO YBCO :
culated with different total thickness. CurBewas calculated by the
formulaR= p(I/wd), with d equals to the total thickness of YBCO
layers while curveA was obtained from the same formula with
equal to the total thickness of YBCO and PBCO layé&sis the
resistancel, is the lengthw is the width, and the thickness of the
resistivity pattern.

Table | displays the resistivityp, resistivity ratio
p(200 K)/p(100 K), Hall coefficient Ry, Hall number
ny,T:(50%), and mean free path for a series of YBCO/
PBCO superlattices. Those transport parameters were calcu-
lated by taking account of the total thickness of YBCO lay-
ers. The resistivities reveal a systematic change with
Hall number quantitatively when the thickness of YBCO lay- variations in the layer thickness. The overall resistivity of the
ers alone is considered; to the first-order approximation, theuperlattices surpasses that of a YBCIB50-A-thicK thin
resistivity, Hall coefficient, and carrier concentration werefilm.
assessed merely considering the total thickness of YBCO Figures 4a) and 4b) depict the Hall coefficient as a func-
layers in the current work. tion of temperature for a series of YBCO/PBCO superlat-

TABLE |. Measured electronic parameters for various YBCO/PBCO superlattices and YBCO films. The values of resistivity, Hall
coefficient and Hall number are calculated by taking only the thickness of YBCO layers.

p (200K) p (200K Ry (100K} Ry (200K) ny (100K ny (200K dng/dT T, (50% | (100 K)

Samples LQcm  p (100K (10 3cmi/c) (10 3cmPlc)  (L/cell (cel) (10 3/cell K) (K) A)

YBCO film 213.65 2.09 1.931 1.107 0.565 0.977 471 89.69 56.3
(96 A/60 A) 256.14 1.82 1.770 0.963 0.611 1.123 503 85.83 39.3
(60 A/60 A) 439.00 1.71 2.705 1.595 0.399 0.677 201 84.09 28.3
(48 A/60 A) 421.07 1.59 3.315 1.825 0.326 0.594 801 80.91 31.5
(36 A/60 A) 673.80 1.62 3.418 1.927 0.317 0.561 @1 78.83 20.5
(36 Ar24 A 296.76 1.72 2.905 1.622 0.372 0.666 831 83.81 441
(36 A/48 A) 460.47 1.64 3.222 1.845 0.335 0.585 2@1 79.69 29.9
(36 Ai60 A) 673.79 1.62 3.417 1.927 0.317 0.561 2@1 78.83 20.5
(36 AiT2 A 634.46 1.54 4.445 2.612 0.243 0.414 202 73.96 24.6
(36 A/96 AA)  665.27 1.59 4.813 2.968 0.225 0.364 1@2 68.68 25.5
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< M ***;QQQ o8 the current observation of the Hall effect in YBCO/PBCO
£ ) ***;:% 4 DDDSv' ) superlattices cannot be expected to fully complement of the
IR Dmge‘iv" observations for Y_,Pr,Ba,Cu;O, alloys. This is evident
ﬁw;ﬂ" from the difference in values ofiy(T) curve can be ob-
(b) served for two superlattices sampl¢60 A/60 A) and (48
0 Aia8 A), both of which have the santigco/dpgco ratio of
' ' ' T 1:1 as shown in Fig. 6. Wodtireported theoretical study of
100 200 300

the superconductivity in YBCO and PBCO alloys and
T (K) layered films. He assessed thie. suppression in both
Y 1 xPrBa,Cu;0, alloys as well as in YBCO/PBCO super-
FIG. 5. Temperature dependence of Hall number in a series ofattices by a hole-filling mechanism with the charge transfer
superlattices:(@) dysco=60-36 A with dpscc=60 A and (b)  occurring near the interface, resulting in a variation in hole
dpgco=24-96 A withdygco=36 A. concentration in the superlattices. Our findings indicate that
the critical temperatur&_ for the superlattice is significantly
tices, respectively, dygco=60-36 Aldpgc=60 A) and  higher than that in the corresponding Y,Pr,Ba,Cu;0, al-
(dygco=236 Aldpgco=24-96 A). These figures reveal that loys. Therefore the possibility of strong layer interdiffusion
Hall coefficientR, increases when the thickness of YBCO in our samples could be ruled out. This is also consistent
layers decreases. From Figb§i R, increases as the thick- with the presence of the satellite peaks as shown in the x-ray-
ness of PBCO layers is increased, iRy, roughly depends diffraction spectra. Therefore, there is no reason to believe
on the ratio,dygco/dpsco. The superconducting properties that the hole filling occurs over the superlattice periods.
of Y,_,Pr,BaCu0, has attracted considerable attentionHowever, according to Wood'’s results, the charge transfer
and experimentatidi~2° to perceive the role of rare-earth apparently occurs possibly near the interface only. Numerous
atom in highT,. superconductors. Magnetic pair breaking, investigations on the transport properties of the YBCO/
hole filling, or hole localizatiot?° are believed to be the PBCO superlattices are available. Several theoretical pictures
major mechanism responsible for depressing the supercotrave been proposed to explain thedepression in superlat-
ductivity. The mechanism foll, depression, however, re- tices:(1) the proximity effect between the YBCO and PBCO
mains unclear for the YBCO/PBCO system. Systematic inlayer? (2) the hole-filling mechanisnt and the localization
vestigations of the Hall effect in ¥ ,Pr,Ba,Cu,0, alloys effect’* (3) the decoupling of the superconductors, which
has been reported by Matsuét all® They have observed include the finite-size effect in layered superconduéfaaad
thatRy, increases when Y is progressively substituted by Prthe frustrated JosephsofiY model?® etc. All these models
These findings suggest that Pr is able to give rise to holeintroduce theT, behavior and cause the common feature of
filling effects in YBCO. Such a mechanism seems likely tothe T, variation in superlattices.

be responsible for the observed increas®inin the present On the other hand, the linear temperature dependence of
superlattices. Notably, a lower carrier density in the superthe Hall number in the superconducting oxides, as shown in
lattices is consistent with higher resistivity data. Figs. 8a) and 8b), has not been completely perceived. Clay-

Figures %a) and 5b) plot the variations in the Hall num- hold et al?* have observed that as the high-behavior is
bern,(T) as a function of temperature and layer thicknesssuppressed, the unusu@l dependence ohy is also sup-
A systematic change in the Hall number with variation in thepressed in the Co-doped and Ni-doped YBCO alloys. They
layer thickness can be observed. This observation apparentiso suggested that the strolglependence afiy could be
suggests the possibility of doping that may result rising fromintrinsic to the high¥; oxides as well. Table | lists the slopes
the substitution of PBCO layers for YBCO layers. However,(dny/dT) of theny vs T curve, as obtained by linear fitting
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between 100 and 220 K are also presenthy,/dT is lower
for the superlattices with thinner YBCO layers or thicker
PBCO layers.

B. The normal-state Hall angle

According to Anderson’s theofthe transversé‘Hall” )
relaxation rate M, is determined by scattering between spin
excitations, and varies a&. The scattering from magneti-
cally active impurities introduces additional terms in the
transport scattering rate, 7/and Hall relaxation rate %/, .
For the transverse scattering rate Anderson introduced

Ury=T2IWg+ /7y, 3]

whereWs denotes the bandwidth of the spin excitatidtie
spin-exchange energy in Anderson’s theoryand 1/, is
the impurity contribution. For the thin films of YBCO and
YBCO/PBCO superlattices, the transport scattering ratg 1/
is proportional to the resistivity, i.eqy, which is in turn
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proportional tor,, whereaso,, is proportional tory 7. v (36 £/96 X)

While, the Hall angle0H=tan*1(crxy/chX) involves 1/
only, Eq.(2) implies

-2
10 “cot 8

cotdy=llw.ry=aT?+C, ®)

where w,=eB/m*, m* being an effective mass ar@ the
impurity contribution.

To verify Eq. (3), we plotted cof, vs T? for a series of
YBCO/PBCO superlattices and a YBCO thin film in Figs.
7(a) and 7b). For all samples investigated, the data points
fall on a straight line in the temperature range belex220
K. Figures 7a) and 7b) depict coty vs T2 curves for
YBCO/PBCO superlattices with a constant PBCO thicknes
of 60 A [Fig. 7(a)] and a fixed constant YBCO thickness of
36 A [Fig. 7(b)]. By using the line fitted to E(3), we listed
the parameterg andC in Table Il. Table Il lists the values
of a that do not vary systematically with the variation in
thickness of the YBCO or PBCO layer. However, the impu-
rity contribution C tends to increase with an increasing

32?&% grzsvzlr:klchae d(;(;;erﬁl:fgvasé:%\f/SI[]UC?i-OEIg%fe 8 F;'gtjv;ne In the YBCO/PBCO superlattices, the increased magni-
P YBCO tude of C with an increase imlpgcg indicates that the mag-

as dpgco- The increase in the magnitude of the impurity ..~ - o X
contributionC corresponds to the observed enhancement orT]e“C impurity introduced by PBCO layers couples with the

the resistivity for the present samples. This demonstrates that TABLE II. The parametersr andC deduced from the tempera-

scatFerlng by the PBCO layers decreases bgtiand 7. ure dependence of Hall angle: égteaT?+C for a series of
Xiong et al*® reported on the temperature dependence ol,gco/pecoO superlattices and a YBCO film.

the Hall angle in oxygen-deficient and Pr-doped YBCO epi-

4 6 8 10
T2 (104 K2)

FIG. 7. Temperature dependence of the Hall angle shown as
gotaH vs T2 for a series of YBCO/PBCO superlattices with) a
constant PBCO thickness anth) a constant YBCO thickness.
cotfy is computed fronp,, andp,, measured on the sample.

distinct mechanisms for suppressing superconductivity.
While an increase® corresponds to a reduction in the car-
rier mobility, the variations inx reflect the variation in true
carrier density>

taxial films. They observed that in the YB@u;O;_, system  gamples a(X1072K™?) c

a increases monotonically witi, while the quantityC re-

mains nearly constant. In the P, _,Ba,Cu,O; series both (120 A/60 A 1.029+0.020 72.4412.24
« and C increase withx. Thus, in conjunction with results (96 A/60 A) 1.374+0.039 78.4817.55
obtained for other systems, Xioret al. proposed that the (60 A/60 A) 1.404£0.022 100.72:10.08
behavior of cofi, can be categorized into three groufs: (48 A/60 A) 1.079+0.026 108.09:11.88
varies butC remains constant, as in YB&u,0,_; (2) C (36 A/60 A) 1.830+0.016 116.76:7.20
varies buta remains constant, as observed for the Cu-sitg36 A/24 A) 0.903+0.026 77.2511.70
doped YBgCu, _,AO;_, system; and3) both « andC (36 A/48 A) 1.144+0.022 109.4%10.17
vary, as typified by PyY;_,BaCu;0;_, . This categoriza- (36 A/60 A) 1.830+0.016 116.76:7.20
tion presents a unique approach to analyzing the Hall effeazge A/72 A) 1.110-0.024 125.5310.35
and offers a different way to understand the suppression aBe A/96 A) 1.017+0.017 129.54 6.84
superconductivity in these systems. Thus, Xia@l. con-  (yBCO) 1.156+0.012 13.4% 6.07

cluded that the changes im andC are attributed from two
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electronic states in the Cu-Oplanes, as observed for Zn-
doped YBCO single crystalsThe scattering of carriers by
the Pr magnetic moments would then reduce the carrier m
bility. If such a mechanism exists, the depressiofi jnmight

possibly be caused by the magnetic scattering which induces

the pair breaking. On the other hand, the slefie suggested

L. M. WANG, H. C. YANG, AND H. E. HORNG

56

or dpgco in YBCO/PBCO superlattices, is not consistent
with the variations in Hall number. Since bathandC vary

in YBCO/PBCO superlattices, the hole-filling near the inter-
face and pair breaking are likely to be the significant origins
of the suppression of superconductivity in the YBCO/PBCO
superlattice. The exact mechanism is, however, unclear ow-
ing to the insufficient resolution af.

IV. CONCLUSION

In conclusion, we report that the average Hall coefficient
Ry and Hall numbeny in YBCO/PBCO superlattices vary
systematically with variations in the thickness in the indi-
vidual YBCO or PBCO layersT ,.r, decrease sharply from
90 K for YBCO films to 57 K for YBCO/PBCQ36 A/96 A)
superlattice, corresponding to a higher resistivity and lower
Hall number. The suppression of the Hall humber in the
YBCO/PBCO superlattices might result from the charge
transfer occurring near the interface only. Additionally, the
Hall angle follows cofly=aT?+C in all YBCO/PBCO su-
perlattices, where botlax and C vary with variations in
YBCO and PBCO thickness. The simultaneous variations in
a and C with different layer thicknesses in YBCO/PBCO
superlattices suggest that the reduction in carrier density, at-
tributed to the magnetic scattering and charge transfer which

Jceur near the interface, leads to the depression.oh the

YBCO/PBCO superlattice.
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