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Structural, transport, and magnetic properties of PrBa,_,Sr,Cu;0;_5
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Structural, electrical transport, and magnetic properties of polycrystalline samples of PBBEU;O;_
were investigated. The solid solubility limit for Sr in PrBgSr,Cu;0;_ s was found to be about 0.8 and the
orthorhombic-to-tetragonal phase transition occurred=a0.2. With Sr doping, the electrical resistivity re-
duced abruptly, especially at low temperatures. Forxth® sample (20 K)/p(300 K)~ 10%, for thex=0.8
sample, p(20 K)/p(300 K)~100, while for x=1, p(20 K)/p(300 K)~3. In contrast to the aforementioned
change, the antiferromagnetic ordering temperafiye@nd the effective magnetic moment of Pr ions showed
no obvious change indicating their insensitivity to Sr doping. The results are discussed considering the Sr
doping induced variation of hybridization between Pr ions and, f the CuQ planes.
[S0163-182697)01938-3

Although great effort has been made towards the underf.-superconductor thin films, and can greatly increase the
standing of the mechanism of the quenching effect of Pdopant solid solubility limit. This has been clearly shown
doping on superconductivity in YBCO and also the anoma-in the preparation of Y_,CeBa,Cu;0;, Y1_4Th,Ba,Cu;0;
lously high antiferromagnetiCAF) ordering temperature of thin films which cannot be obtained as single-phased
Pr ions, it is still an open questidnSeveral models have samples in bulk forni.By increasing the dopant amount we
been proposed, such as hole filling, hybridization, pair breakean study the transport and magnetic properties of
ing, and mixed valence. It seems that hybridization betwee®rBg,_,Sr,Cu;0,_s in a wide range. Tagt al. have studied
Pr ions and the ¢ state of the Cu@plane plays a very the magnetic properties of Pr@aSr,Cus0, single crystals.
important role in the Pr-doping effect. As the hybridization is Surprisingly, no antiferromagnetic Pr ordering was found,
related to the distance between the Pr ions and oxygen in theven for thex=0 sample, which is in contradiction with
CuG, plane, a change of this distance will lead to a variationother reports on magnetic properties of Pi8a&0;. No
of hybridization and thus a change of the Pr doping effectpther results, to our knowledge, have been found in the lit-
therefore, we can study the nature of hybridization.erature on the study of PrBa,SrCu;O, . In this paper, we
PrBaCu0,, as the ending member of,Y,Pr,BaCu0;, carried out the investigation of the structural, transport, and
seems to be a good system for this study. The transport propaagnetic properties of PrBa,Sr,Cu;O;_ .
erty of PrBaCu;O, shows semiconductorlike behavidrand Polycrystalline samples of PrBa,SrCu0;_ 5 were
the Pr ions order antiferromagnetically at 17 K which is ancarefully prepared by the solid state reaction method which
order higher than that of(R) of other RBa,Cu;0; (R is described in detail elsewhel®The sintering temperature
=rare-earth element§® Lai et al. studied the variation of was increased with a Sr doping amount increase. Some
structure and antiferromagnetic Pr ordering in thesamples were annealed at 400 °C for 12 h in flowing oxygen
TI(Ba; —Sr,) ,PrCu0,_ s system(1212 phasewhich is an  in order to compare them with the results of others. For the
isostructure of PrB&£u;0O;. Upon Sr doping, the distance preparation of thin films 011200 yttrium-stabilized zirconia
between the Pr ions and oxygen in the Guilanes increases (YSZ) substrate, the pulsed laser ablation method was used.
although the lattice constants decrease, and both transpdrhe structure analysis was performed by powder x-ray dif-
properties andl(Pr) change a Idt.Considering the simi- fraction (XRD) using a Rigaku D/max-RB x-ray powder dif-
larity between the 1212 and 123 structures, it is reasonable foactometer with CuK , radiation. For thex=0, 0.6 powder
believe that Sr doping at Ba sites will also lead to the in-samples, the data were collected through step scan with
crease of the Pr-O bond length in PsBgaSr,Cus0;. In fact,  0.02°/step from 5°-110°. At each point, the data were col-
PrBa_,CaCu0; has been studied for the polycrystalline lected for 10 sec to ensure the intensity. Based on these data,
samples, but the solid solubility limit is too low~0.4).  we carried out a Rietveld analysis. The fit is very good as the
Even so, the transport and magnetic properties show aR factor approaches 3.18 and 3.80, respectively, for the two
abrupt changé.Therefore if the solid solubility limit of the samples. The electrical resistivip(T) of the samples was
dopant is raised, a much greater change in transport andeasured using the four probe method. Indium was used for
magnetic properties may occur and even the appearance thfe electrical contact. The data was taken within the tempera-
superconductivity. Pulsed laser ablatifPLA) method is a ture range of 300—20 K which was achieved by means of a
very powerful tool in the fabrication of high- closed He refrigeratofAir Produc). Vacuum grease was
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employed to improve the thermal contact between the
sample and the cold head of the refrigerator. The measure
current was chosen to eliminate the self-heating effect. The
dc magnetization for the samples was measured using a su- x=0.8
perconducting quantum interference de\is®UID) magne-
tometer (Quantum Design within the temperature range
4.2—-300 K under the magnetic field 1 kOe. The antiferro-
magnetic ordering temperaturéy was determined from
dM/dT curves. .

Figure 1 shows the XRD patterns of PgBaSK,Cus0;_ 5 —— N L_A.L__Jl. A ‘. ~_A
samples. It can be seen that the samples are single phased
within x<<0.6, but a minor impurity phase appears in the
=0.8 sample. So we can deduce that the solid solubility limit x=0.6
is about 0.8 for Sr in PrBa ,Sr,Cu0;_5 which is a little
bit higher than reported by Tat al. on single crystals of
PrBa_,Sr,Cl,0,.° Moreover the  orthorhombic-to-
tetragonal(O-T) phase transition occurred at about 0.2,
which can be seen from the splitting of the peak around 46°.
This is comparable to that in the PrBgCgCu;O;_ 5 sys- |
tem, where the orthorhombic-to-tetragonal phase transition
occurred atx=0.2." But considering the oxygen deficiency
of our sample prepared in air, the O-T phase transition x=0.2
should occur at a higher doping level for the fully oxygen-
ated sampléfor example, prepared in oxygehecause oxy-
gen deficiency also reduces the orthorhombicity. This has

been demonstrated by the increase of peak splitting at 46°
after oxygen annealing of the samples. As the ion radius of
Sr* is smaller than that of B&, Sr doping will lead to the |

contraction of unit cell and locally the increase of the dis-
tance between Pr ions and Cu@anes. This has been dem-
onstrated in the TI(Ba,Sr),PrCup0,_s systenf Our
Rietveld analysis for th&=0, 0.6 samples shows that upon
doping, lattice constants,c decrease from 0.39038, 1.16835
nm to 0.38827, 1.16269 nm, while the Pr-O distance in-
creases from 0.23650 to 0.23768 nm. Both the0, 0.6

samples are in the tetragonal phase as they have been treated

at 400° in the air. It has been shown that the orthorhombicity

of PrBgCu0O; is very small compared with that of
YBa,Cu;0O;. So it is easy to become tetragonal when treated
in the air. It has been shown that oxygen content has little
influence on the bond length of the rare-earth element and
oxygen in the Cu@ planel! The increase of the Pr-O dis-
tance upon Sr doping comes from the decrease of the chemi-

x=0
cal pressure on Cuplanes of Sr compared with Ba. With
Sr doping, the nearest neighb@®N) of Sr will come closer
to Sr, while the next-nearest neight®NN) will come less ._,___J.___.JL._M " A

close to Sr, i.e., the atoms in the unit cell do not move uni- 10 20 30 40 50 60 70

formly. This results in the increase of the bond length of 20 (deg.)

Pr-O (the CuQ plane is the NN of Sr and Pr is the NNN of

Sn). Our result shows that the Pr-O bond length indeed in- FIG. 1. X-ray-diffraction patterns for=0, 0.1, 0.2, 0.6, and 0.8

creases with Sr doping. In order to raise the doping amoungamples of PrBa ,SrCu0;_ 5. The dots in the XRD pattern of

we prepared the PrBaSrgdy, thin films. Figure 2 shows the thex=0.8 sample shows the impurity phase.

XRD patterns of the target and thin film. It can be seen that

there are some impurity phases in the target, while the XRD»(20 K)/p(300 K)~10*. For the x=1 thin film,

pattern of the thin film shows the-axis aligned 123 phase. p(20 K)/p(300 K)~3 was reached. Metallic conductivity or

For further doping, more work is needed to optimize theeven superconductivity can be expected for further doping.

fabrication. Upon doping the low-temperature resistivity changes more
The variation of electrical resistivity with temperaturd”  abruptly than that of the room-temperature resistivity. This

for PrBa,_,Sr,Cu;0;_ s is shown in Fig. 3. An abrupt change can be understood considering the transport mechanism at

occurred upon Sr doping. For the=0.8 sample, low temperature$’ i.e., variable range hoppin/RH) p

p(20 K)/p(300 K)~100, while for the x=0 sample, ~po exp(To/T)¥* wherep,, T, are sample related param-

intensity




FIG. 2. XRD patterns of PrBaSr@0; for target(a) and thin

film (b). An asterisk i

eters. Thus at low temperatures, ekpn)Y* will show a
remarkable change as a result of the doping induced vari
tion of Ty. The sensitivity of the low-temperature resistivity
is also reflected in the scatter of the low-temperature resi
tivity data published in literaturé?>=>This may be related
to the different oxygen content and interconnection betwee

ndicates the impurity phases.
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20 (deg.) being due to the atomic disorder effect and structural

chang€, and may also be related to impurity phases and
grain connections.

Figure 4 shows the result of dc magnetization for the oxy-
gen annealed samples. The antiferromagnetic ordering tem-
peratureTy of Pr ions was determined by the midpoint of the

pturn indM/dT curves(Fig. 5). For the undoped sample,

the Ty value is consistent with the published results obtained
Jrom the samples prepared in oxyge?~**Surprisingly, Ty
does not show an obvious change with Sr doping, in contrast

fo the variation of structure and transport properties. At

grains. Thus we may expect a lower low-temperature resigresent, the detailed mechanism of the antiferromagnetic or-
tivity for a high-quality samplehigh oxygen content and dering of Pr ions is not very clear. It is commonly believed

good connection between grajnkopez-Moralest al. stud-

that the superexchange interaction between Pr ions via oxy-

ied the effect of oxygen content on the electrical transpor@€N atoms in the Cufplanes is responsible for the anoma-

properties of PrBgLCu;0;_5 and found that the~T curve
shifts upward with decreasing oxygen cont&hso oxygen
content variation has the same influence on both low-
temperature resistivity and room-temperature resistivity. In
the literature, the resistivity at room temperature are consis-
tent while the resistivity at low-temperature scatters. The

scatter of low-temperature resistivity is most likely a result Tagquann®®" . x=02,
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FIG. 3. Temperature dependence of electrical resistipifypr
PrBg_,Sr,Cu;0,_ s with x=0 (M), 0.1(O), 0.6 (A), 0.8(¢), and
1.0 (V) (thin film).

FIG.

5. Variation of dM/dT with
PrBa_,Sr,CusO;_5.

5 10 15 20 25 30
Temperature (K)

temperature for



9156 Y. G. ZHAO et al. 56

lously highTy of the Prions. The hybridization between the 10* , : , , ,

Pr 4f and O 2 states is also crucial to the quenching effect 10°E "0 a8 ]
of Pr doping on the superconductivity of YBCO. The present 10° —o—x=01 155545/ ;
results indicated that th&y of the Pr ions is not as sensitive P A x00 5;515’

as transport properties to the hybridization. Yaal. have
shown that theT of the Pr ions does not show apparent
variation upon Ca doping in PrBa,CaCu,0O; within 0<
x=<0.2. Further doping leads to a reductionTaf.” For the

_.
> <2

—
[
[
T

Resistivity (€ cm)
2

1212 phase materials such as TIngSrX)ZI?rCLkO7_ s and 10°% vy VYV ]
Pr(Ba _,Sr),Cu,NbOs_ [the one-dimensionallD) CuO 10° ".'” . . . '

chain in PrBa_,Sr,Cu;0;_5 has been replaced by a TIO 0.20 025 030 035 040 045 050
chain and a NbO plane, respectively, in these two ™ K™

sample$®1® the T\ (Pr) is very sensitive to Sr doping. This . o s
is in constrast to the PrBa,S,Cu0;, system studied BFIG'S ?: OEIectncaII resistivity p  versus T for
here. This shows the role of the 1D CuO chain in determin- ' >2-x>k-tD7-5 SAMPIES.

ing the anomalous AF ordering of Pr ions. It has been show%O the electrical resistivity at room temperature changes with

that dolp7)|ng in the 1D CuO chain strongly affects the g, jo,ing much more slowly than that at low temperatures.
Tn(Pr),”" while doping at the Cu@plane site shows N0 |, £ig 6 "we show the electrical resistivity jnversusT ~ 14
effect onTy(Pr).*"** So the Ty(Pr) is determined by the fo the PrBa_,Sr,Cu0,_ s samples. We also tried the elec-
unit cell as a whole. Our result does not support the result ofic4| resistivity Inp versusT~ % (i.e., 2D variable range
Tai etal. on the susceptibility measurement of hopping conductivity and it gives similar curves. This
PrBa_,SKCus0; single crystaf in that they did not find the  means that we can not distinguish between 2D and 3D VRH.
slope change of related to Prions AF ordering even in the |t has already been pointed out that it is hard to distinguish
PrBa,Cu0O; sample which is in contradiction with other re- petween ar—4 and aT— 13 dependence of Ip (VRH in 3D
porFs which have been well estapllstfe]l?.Usm_g the Curie- ¢ in 2D) for PrBaCw,0O,, unless the temperature range ex-
Weiss law x=xo+C/(T—6) to fit the experimental data, tends over at least one order of magnitude which is not sat-
where ¢ is the paramagnetic Curie-Weiss temperatwi@is  isfied in this compound® For the critical temperature below
a sum of temperature-independent terms, @reNu2e/3ks  which the VRH law is satisfied, values of 150 and 100 K
(meft is the effective magnetic moment of paramagnetic ionshave been reported, respectivéhy> This discrepancy may
kg is the Boltzmann constant, aldiis the concentration of be related to the sample difference. Our result shows that this
paramagnetic ions we can deduce the effective magnetic temperature increases with Sr doping and almost reaches
moment u.¢ for x=0,0.2,0.6 samples to be 264, room temperature for the=1 sample. In the experiment we
2.58up, 2.59ug, respectively. No obvious change pfs  noticed that a small temperature difference between the
occurred. It has also been shown that the effective magnetisample and the temperature sensor is present at low tempera-
moment of the Pr ions is independentofind has an aver- ture. Currently most people use the 3D VRH model to ex-
age value of 2.fig in the Y;_,Pr,Ba,Cu0q system'® The plain the transport properties of Prf&as0; and related ma-
magnetic moment of Pr ions lies between that of the freaerials. Here we also use the 3D VRH model to analyze our
PrP" (3.58ug) and Pf" (2.54ug) ions. This has been ex- result, and the 2D VRH model will not change the result
plained considering the crystal field effd@FE) on the P¥*  qualitatively. By fitting the curves in Fig. 6, we obtain&g
ions?>?! Notice that the starting point of the upturn in Fig. 5 and then takintf N(0)=10?%cm? eV, 8=20 and assuming
increases with Sr doping and also the amplitude of the upturghat N(0) does not change with doping, we obtained the
decreases with Sr doping. This needs further study. localized radiusd and its reciprocal. Thd, value for the
The variation of electrical transport and magnetic properx=0 sample is about # 10° K, which is very close to the
ties of PrBa_,Sr,Cus0;_ s with Sr doping can be explained 1.8x 10° K result reported by Fishest al?® Figure 7 shows
considering the Sr doping induced variation of hybridization

between the Pr ions and,pof the CuQ planes. As the 14 : : : : : : 10
distance between the Pr ions and Gyilanes increases, the 12| =

hybridization between them decreases. Thus the localization -1 \ 18
length of the carriergholeg,which have been localized due Lo}

to hybridization, increases with Sr doping, so an abrupt fg 08l _w_ 1/ \ 16 _
change occurs in the electrical transport property. At low £ —eo— d . g
temperatures, the transport behavior is dominated by the I 06 1435
VRH mechanisnt?> p(T)=p, exp(To/T)¥* where T, = 04]

= BI[kgN(0)d®], N(0) is the density of states at the Fermi 0.2 12
level, d is the localization radius of states near the Fermi “lTeoe— — o—* =

level, kg is Boltzmann’s constant, ang is a humerical co- 0.0 00 03 04 0% 0  T0 1 12

efficient. Sr doping leads to the decreaseTgfand thus the
abrupt change of resistivity at low temperature. At higher
temperatures, the electrical transport behavior is dominated FIG. 7. Variation of the localization radiws$ and its reciprocal
by another mechanism which is less dependent on ddﬁing.l/d with Sr doping for the PrBa. ,Sr,Cu;0;_ s samples.

X
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the doping dependence ofd and 14 for T,. Generally speakingTy(Pr) is very sensitive to struc-
PrBg _,SrCuw0;- 5. By extrapolating, it can be seen that rg| variation, especially in the axis. For example]Ty

1/d will go to zero aroundk=1.1, which means thad di- changes very slowly with doping for Pr,CaBa,Cu0;_ s,
verges. This implies that PrBa,Sr,CusO; s will become a . qigtent with the minor structural variation, and doping is

rr}etalhor even a supeFrcondurﬁ:tor owing to the delocallzatuf)rjhst a dilution effect. For PrBa ,Ca.Cu0,_5 Ty decreases
of the carriers. For the magnetic property o much more quickly with doping than that for

PrBg_,Sr,Cus0;_5, the situation may be a little bit compli- .
cateaé The :3F gréering of Pr ions i)rq Prigu,0 showsg Pr,_,CaBaCu0;_;, together with remarkable structural
serieé of anomalies. For example, its 17T is ;bout WO variation. The role of structural variation in suppressing

. ' gan also be illustrated in PrBau;-,M,O7_5 (M

orders of magnitude higher than expected if one scales th i , ) ]
=27n,Co,Ni,Fe) systems, in whichy remains unchanged for

Ty of GdBaCu;0; (Ty=2.2 K) assuming either dipolar in-
teraction or Ruderman-Kittel-Kasuya-YosidRKKY) ex- £ doped PrBgCus0; and shows an abrupt change for Co,

change. For conventional AF, a few T of external magnetidVi and Fe doped samples. Very recently, Boothreydl.

field is expected to suppress ‘|E§ by a few degrees K, while found that the AF Ordering of Pr ions interacts with Cu sub-
Ty of PrBaCu,0; remains unchanged under the magneticlattices indicating the complicated mechanism of AF order-
field up to 9 T The dc susceptibility increases monotoni- ing of the Pr ions:*

cally with decreasing temperature beldw in PrBaCus0; In summary, we have studied the effect of Sr doping at Ba
instead of showing a peak at, in conventional AF. It is sites on structural, electrical transport, and magnetic proper-
commonly believed that superexchange interaction betweeties of PrBaCu,O;_ 5. An orthorhombic-to-tetragonal phase
Pr ions via oxygens in the Cy@lanes is responsible for the transition occurs at=0.2 and the solid solubility limit of Sr
anomalous highTy and related phenomena. The superex-was found to be 0.8. Electrical resistivity abruptly decreases
change interaction is a short-range interaction. This has bearpon Sr doping. In contrast, the magnetic property show no
shown inTy suppression due to dilution of Pr ions by doping obvious change. The results were explained considering the
at Pr sites. For PrBa,SrCu;0;_5, Sr doping lead to an  Sr doping induced variation of hybridization between Pr ions
increase of the Pr-O bond lengtihe oxygen sits in the CUO  and Q,, of the CuQ planes. Further doping may lead to
planeS and also a decrease of the Pr-Pr distance. The form%uch more Change and even the possib|e appearance of su-
factor decreas&y, while the latter may increasky. Sothe  perconductivity.

balance of the two factors may lead to the insensitivityf of

to doping. The bond angle of Pr-O-Pr, which decreases with This work was supported by the China R&D Center for
Sr doping, should also be considered. The insensitiviffof = Superconductivity. One of ugY.G.Z.) is thankful for the

to doping was also shown in PrBaCaCu,0;_5 with x  support of the Foundation for Young Scientists of Tsinghua
< 0.2, while further doping leads to an abrupt decrease obniversity.
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