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Effects of Pr ion on the superconducting properties in Y, _,Pr,Ba,Cu ;0 ;_ s single crystals

Yi Zhuo,* Jae-Hyuk Choi, Mun-Seog Kim, Jin-Nam Park, Myoung-Kwang Bae, and Sung-lk Lee
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Y 1_4Pr,Ba,Cu;0+_ s single crystals withx = 0.1, 0.2, and 0.3 were grown by the flux method. The
temperature dependence of the magnetization with the external magnetic field parallel tcatie was
measured with a superconducting quantum interference device magnetometer. In the thermodynamically re-
versible region, the magnetization was analyzed and the various thermodynamic parameters were obtained. The
upper critical field slopelH.,/dT nearT,, the zero temperature upper critical figtt},(0), and thesuper-
conducting transition temperatufe decreased monotonically with increasing Pr concentration. Other param-
eters such as the Ginzburg-Landau parameténe penetration depth,,(0), and thecoherence length,,(0)
increased with Pr content. The effects of Pr ion on the superconducting properties are discussed.
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[. INTRODUCTION dimensions of 1.5 1.5x 0.05 mn? were obtained. All of the
crystals were annealed in oxygen at 400 °C for a week. The
It is well known that superconductivity is strongly sup- magnetic properties of the single crystals were measured
pressed by the substitution of Pr for Y in YBAu;O,_s  with a superconducting quantum interference device
(YBCO).}™® The Y;_,Pr,Ba,Cu;0,_s system is isostruc- (SQUID) magnetometer. The measurements in the zero-
tural with YBCO, butT, decreases monotonically with in- field-cooled and field-cooled conditions were repeated at
creasingx. T, reaches zero at~0.56° This depression rate various magnetic fields parallel to tleaxis. To obtain the
is strongly compared with that induced by the substitution ofintrinsic M(T), the normal-state background was appropri-
other rare-earth elemen®&(except Ce, Thfor Y of YBCO, ately subtracted from the observed magnetization values in
where T, does not change. Several suggestions, such dfe high-temperature region of 150 KT=< 250 K.
magnetic pair breaking, hole localization, or hole
glf“nT%_123%?13?385,63%52235?2 t;‘; ?:gé?]l;mtsr;ﬁ ;T‘:pgl;zfs'on IIl. RESULTS AND DISCUSSION
pression, intense attention has been called to the issue of the Figure 1 shows the temperature dependence of magneti-
valence state of Pr in Y_,Pr,Ba,Cu3;05_5, but consider- zation atH = 10 Oe for single crystals with 0sIx<0.3.
able controversy still persists overit"*~ The superconducting transition temperatufg decreases
In order to understand the suppressionTef systematic  with increasingx as expected. The transition widths of these
studies of the microscopic physical quantities are quite necsingle crystals are relatively narrow compared to those of the
essary. Until now, the effect of Pr on the thermodynamicpolycrystalline compound, which indicates the synthesis of
parameters such as the Ginzburg-Landau parameténe  high-quality crystals.
coherence lengtlj, and the magnetic field penetration depth  Figure 2 shows the temperature dependence of the revers-
\ have not been studied in detail. These quantities reflect thible magnetization for magnetic fields parallel to thaxis.
intrinsic characteristics of the superconductor. For the same external field, the diamagnetism belqvade-
A single-crystal sample is the best candidate to studyreases with increasing Pr concentration, which indicates the
the microscopic mechanisms of superconductivity, although
the small size of the sample often makes the experiment
very delicate. In this paper, we have prepared 0

analyzed the reversible magnetization using the Hao-Clem

model and have obtained a series of superconducting param- -160
1)(.18’19

Y ;_4PryBa,Cu;0-_ s single crystals withx = 0.1, 0.2, and g o ]
0.3(called YPr-0.1, YPr-0.2, and YPr-0.3, respectiyend & -40 7 ¢ ]
measured the temperature dependence of magnetization in = .80 e 4
various magnetic fields applied along theaxis. We have % 120 g E
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Il. EXPERIMENTS ' T (K)

Single crystals were grown by the flux methddirst, the
polycrystalline precursors of ]_Y—xpr?(BaZCLJ_307—6 were FIG. 1. Temperature dependence of the magnetization with an
prepared. The precursors were mixed with an excess @fxternal magnetic field dfi= 10 Oe(zero-field coolingH]|c) for
BaCO; and CuO powder. Finally, the crystals with typical Y ,_,Pr,Ba,Cus0;_, with x = 0.1, 0.2, and 0.3.
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suppression of superconductivity from the Pr ion. In addi-

[ T T T T I T T T T | T T T T i
tion, the crossover of magnetization is observed aR1K oFf YR
below T, for all samples. This phenomenon, due to vortex L x=0.1 ggsw 1
fluctuation, was also observed in YBCO and Hg-based o 4r ngxno -
superconducto?®~2° This is more obvious for highly aniso- E C Xxgégo" z 2: ]
tropic Bi- or Tl-based oxide superconductéf$®2’ s 8 :‘ngngf N

For the highT. superconductors, there exists a broad in- ¥ 12 % 0%° v 5T | ]
termediate magnetic field regiom(;<H=<H,,) in which o N
most magnetic properties were investigated. In this region, -16 W R R
the conventionally accepted London model is not valid be- 75 80 85 90
cause it ignores the core energy contribution to the ]
magnetizatiof®3°Hao and Clerf? take in account this en- 0Ff — 5]
ergy into the total free energy and calculate a reversible mag- [ x=02 Xngggﬁﬁgas ]
netization in the entire field region betwekh; andH.,. o 4r XXX§§§33° -

In the Hao-Clem model, the dimensionless magnetization s . nggngf,’cp o2 3
—47M'=—47M/\2H(T) is expressed a3 € rEoh o0 o at|

o v 5T 4
-12 'Eoo -
1 & _16 T R T IR S T T N S S :
_ r—_ _ 2

4mM’ =5 —=(F=2B%) ¢, 65 70 75 80

T 11 rrr]

Kfigﬁ[l—fil ( 2 1) 0 ;
= n —+ —_ 4
2 | 2 Bré 3 2 ]
2 2 2 2 lE-: -4 .
11 N f2 f2(2+3Bk&;) ¥ 7 E
2+Bk&?  (2+Bréd)?| 2x(2+Biéd) 6] ]
- ) SN IR I R
f., 52 56 60 64 68
+———F— K f2+2Bk)Y
2K§UKl(foogv)( 0[§v( ) 2] T(K)
BKval[fv(fi+ZBK)1/2] FIG. 2. Temperature dependence of the reversible magneti-
- , (1) zation 47M(T) with applied field parallel to thec axis for
(f2+2Bx)? Y 1 Pr,Ba,CusO
*® 1-xTIxPaxUzJ7—5-

whereK,(x) is a modified Bessel function afth order, and
&, and f,, are two variational parameters representing the
effective core radius of a vortex and the depression of th@erature range 52 K<T< 55 K in addition to the general
order parameter due to overlapping of vortices, respectivelyincrease with temperature for all three samples. &(E) of
The two variational parametefs and &, are approximately YPr-0.3 in the temperature range 52<KT < 55 K shows the
written as typical behavior of type-Il superconducta¥swhile the gen-
eral increase ok(T) with temperature is due to the influence
4 of the positional fluctuation of the vortices which the Hao-
, (2)  Clem model does not consider®
For YPr-0.1, thex(T) value is nearly constant at the tem-
perature region of 75 KsT< 80 K. The average value of

B
fizl—[—
K

&2 B\2B B\4 k(T), K4y, is 79 in this temperature range. In the same way,
— =[1—2(1—— — 1+(—) , (3 Kay IS 88 at the temperature region 66 KT< 72 K for
gvo K K YPr-0.2 and is 101 at the temperature region 5ZK< 58
K for YPr-0.3. The Ginzburg-Landau parameteincreases
for the cases ofk>10 with k¢, = 2. with x.

Equation (1) is used to analyze the experimental data. The thermodynamic critical fieltH (T) can be derived
First of all, a set of datg47M;, H;](i=1,2,...) ischosen directly from the above analysis. Figure 4 shows
at each fixed temperature from the reversible region. The-47M’' = —47M/\2H(T) versus H'=H/\2H(T) of
detailed description of this procedure has been given in Ref¢he experimental data and theoretical curve. The experimen-
8,12. The Ginzburg-Landau parametg(T) and thermody- tal data[-47M;, H;] at various temperatures collapses onto
namic critical fields can be evaluated from the theoretical universal curve with single-valuedl Rather good agree-
analysis. Figure 3 shows the temperature dependence of theent is obtained between the experimental data and theoret-
Ginzburg-Landau parametek(T). The «(T) decreases ical predictions. Insets in Fig. 4 show the temperature depen-
weakly with increasing temperature far= 0.3 in the tem- dence ofH.(T) compared with the BCS restft
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FIG. 3. Temperature dependence of the Ginzburg-Landau FIG. 4. Magnetization vs applied field scaled kgH(T) for

parameter  «(T) from theoretical for

Y 1_4PrBa,Cuz05_5.

analysis

H (T)_ T ({ T)
HL(0) 1.736 1—_|_—c 1-0.273 1—_|_—c

T 2
—0.0945( 1- T—C) }

From this analysisH.(0) = 0.78 T with T, = 86.6 K is
obtained for YPr-0.1. For YPr-0.2, and YPr- OE,:(O) is
0.57 T withT, = 77.8 K and 0.31 T withT, = 64.1 K,

(4)

Y 1_«Pr,Ba,Cu;05_5s. Solid line represents theoretical curve. In-
set: Temperature dependence of thermodynamic critical field
H.(T) obtained from the Hao-Clem model. Solid lines represent the
BCS temperature dependencettf(T).

limit and 103 T in the clean limitH.,(0) is 80 T(84 T), 48

T (51 T) in the dirty (clean limit for YPr-0.2 and YPr-0.3,
respectively. Compared with the case of pure YBCO, these
parameters[ (dHc,/dT)7, Hc(0), Hcz(0), Tc] decrease
monotonically with increasing Pr concentratigable I).

The systematic changes of these superconducting parameters
are consistent with the results obtained from resistivity

respectively. Thes@ values are comparable with the super- measurement¥, which reflect the suppression of supercon-
conducting onset temperature determined from the low fiel@luctivity.

measurements.
According to the relatiorH .,(T)=v2xH(T), we find
that (dH.,/dT)y_is -1.64 T/K, -1.48 T/K, and -1.09 T/K for

YPr-0.1, YPr-0.2, and YPr-0.3, respectively. THg,(0) is
estimated from the equatith

dH,,
daT

K 1}((0) , (5)

c

HC2(O)=O.575% }TC

where «1(0)/x equals 1.20 in the dirty limit and 1.26 in
the clean limit® For YPr-0.1,H,(0) is 98 T in the dirty

The zero-temperature coherence Ieng;g(O) can be es-
timated from the expressiod,(0)= ¢0/27T§ab(0) without
considering the anisotropy in thab-plane®® The values
£.0(0) = 18.3A(17.9 A), 20.3 A(19.8 A), and 26.1 A25.5
A) in the dirty (clean limit are obtained for YPr-0.1, YPr-
0.2, and YPr-0.3, respectively.

The magnetic penetration depth,,(T) is calculated
through the relationy2H(T) = k ¢po/2\2(T).2° Figure 5
shows the penetration depth,,(T) and the theoretical
curves of BCS dirty and clean limits. From this analysis, we
obtain the zero-temperature magnetic penetration depth
Nap(0) = 1870 A(1650 A), 2300 A(2040 A), and 3340
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TABLE I. Thermodynamic parameters of YBCO, YPr-0.1, YPr-

0.2, and YPr-0.3 obtained from the Hao-Clem model analysis. 5000 SRR AE
YBCO YPr-0.1 YPr-0.2 YPr-0.3 ~ 4500 - x=01 3
OS/ E —_— BCS-C!ean'Ilmn .
K 57 (Ref. 10 79 88 101 R 3
Te (K) 94.1(Ref. 10 866 77.8  64.1 < . ]
H.(0) (T) 1.10(Ref. 10 078 057  0.31 3500 |- 3
(dHe2/dT)7, (T/K) —165(Ref. 10 —1.64 -1.48 —1.09 F ]
Hc,(0) (T) 112(Ref. 10 103 84 512 3000 Dl Lo L L
o8 80’ 48 72 74 76 78 80 82
E0(0) (A) 17.2(Ref. 10 179 198 258 6000 s
17.6 (Ref. 10 1832 20.@ 26.1° : DR A
Nap(0) (A) 1310(Ref. 39 1650 204F 298¢ 5500 | BXC:Zf o =
187¢ 2300 3340 < E s oy imi E
3§ 5000 i .
<;‘)Cl.ean.llnjlt. < 4500 F 3
Dirty limit. F ]
4000 3
A (2980 A) in the dirty (clean limit for YPr-0.1, YPr-0.2, 300 b L0ty
and YPr-0.3, respectively. The penetration depih(0) in- 66 68 70 72 74
creases with the Pr concentration.

From the above results, we notice that all three parameters 8000 T
[k, Aap(0), and &,,(0)] increase with the Pr content. The . ‘e03 ]
increment of\ 4p(0) with x in Y ; _,Pr,Ba,CuzO5_ s is con- __ 7000 s e 7
sistent with the results of the Seamanal. muon-spin- < [ —— BOS-Dify kmit ]
relaxation measurementsut is contrary to that of the Peng S 6000 | 3
et al. magnetization measuremenriti the Penget al. mag- < F ]
netization measurements, the samples were polycrystalline 5000 —/ -
and not aligned. For this reason, the derived penetration C ]
depth represented the angular-averaged value. In their analy- 4000 Pl b b L]
sis,H,(T) was taken as the value where the measured mag- 50 52 54 56 58 60
netization deviated from the high-field straight line. These T (K)

Hc(T) curves neafT, were used to estimate the various
thermodynamic parameters. But, as Haal. pointed outt®
the determination oH.,(T) from linear extrapolation of the
M vs T curve is not appropriate in applied magnetic fiettls
far below H.,(T). So, the deduced ,,(0) may deviate
largely from the real value.

One way to explain the increase of penetration depth is by IV. CONCLUSION

its relationship with the charge ca_rrier dens_ity. It is k_nown We measured the high-field magnetization for
tha;c theﬁero-temperature penetration depth is propornonal o L Pr,Ba,Cus0, 5 (x = 0.1, 0.2, and 0)Bsingle crystals
(m3p/n) ™= for the clean superconductor, whem,, is the  \yith applied fields along the-axis. By applying the Hao-
effective mass of the Cooper pair in tad plane, andh is  Clem model, we studied the effects of the Pr doping on the
the superconducting carrier densifyA decrease oh could  thermodynamic parameters. The obvious change of the pa-
directly result in the increase of the penetration depth if theameters was observed. The results show that the upper criti-
m3, is not sensitive tx. It was reported from the Hall-effect cal field H.,(0) decreases with Pr concentration, while the
measurements that tha decreases with increasing Pr parameters, such as A,,(0), andé,,(0), increase with Pr
concentratiort*3® In addition, the deduced results from the doping. Based on the change li,(0), the mixed-valence
normal state magnetic susceptibility also show that the Pgtate of Prion is most likely responsible for the suppression
valence is greater thaf3.° The substitution of Pr with this ©Of superconductivity in ¥ _,Pr,Ba,Cuz07_.

valence for trivalent Y may bring extra electrons to fill holes
in the CuG, planes, i.e., the decrease of which could ACKNOWLEDGMENTS

cause the increase of the penetration and the depression of This research was conducted with financial support from
superconductivity. This is consistent with our result. Cer-the Ministry of Science and Technology and Agency of De-
tainly, the change of the penetration depth alone is not a soliense and Development of Korea, and the Korean Science
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FIG. 5. Temperature dependence of the penetration depth
Nap(T) obtained from the theoretical fitting. Solid and dashed lines
represent the BCS clean and dirty limits, respectively.
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