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Hole filling and interlayer coupling in Bi,Sr,Ca;_,Pr,Cu,0, single crystals
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Effects of Pr doping on the superconductivity and Gu@erlayer coupling of the Bi2212 system were
studied carefully for BiSr,Ca _,Pr,Cu,0, (x=0-0.78) single crystald. was suppressed gradually upon Pr
substitution, which cannot be explained in Abrikosov-Gor’kov pair-breaking theory. Instead, the variations of
T. with Pr content, for both as-grown and air-annealed crystals, can be well described by a universal parabolic
relation T, /T —=1-82.60—0.16Y. The carrier concentration was proved to decrease linearly wish
which confirms that hole filling is the main reason fbf suppression. The superconducting volume faction
also decreases with Pr content and is proportional-tg8%?. This behavior was attributed to the loss of local
superconductivity and weakening of Cuterlayer coupling due to Pr substitution. The second peak in the
magnetization curves of B$r,Ca ,Pr,Cu,0, crystalsBg, was found to decrease with Pr content and is
described byBg= ®,/(sy)? with the anisotropy factoy= y,/(1— Ax) in terms of the dimensional crossover
from three-dimensional3D) flux lines to 2D pancake vortices. The increaseyafith x further demonstrates
the destruction of Cu@interlayer coupling by Pr substitutiopS0163-182@9)02710-1

[. INTRODUCTION tem and so the degree of interlayer coupling. Previous results
showed that oxygen content or | intercalation would decrease
It is well known that the carrier concentration is the mostthe anisotropy of Bi2212 single crystd®?’i.e., strengthen
important parameter of higli; superconductors, which de- the interlayer coupling. Since Ca is located in the center of
termines both the normal state and superconducting statbe CuQ bilayer, the Pr substitution is expected to destroy
properties. For the 85 K superconductor,®83CaCyO, the local superconductivity of Cu(block and so strongly
(Bi2212), there have been extensive studies on the cationiaffects the interlayer coupling. However, no direct experi-
substitution of Ca by the rare-eartR) elements or Y(Refs.  mental results can be found for the lack of Pr-doped Bi2212
1-14 to change the carrier density and to probe the undersingle crystals.
lying mechanism of superconductivity. Experiments have in- For Pr-doped Bi2212 system, there have been some stud-
dicated that Y or rare-earth elements can substitute for Ca ii¢s on the structure, resistivity, Hall effect, and magnetic
Bi2212 and the doped structure does not change fundameausceptibility, but all were performed on the polycrystallinity
tally, while a transition from superconductor to insulator oc-samples:”*~**To obtain the intrinsic physical properties of
curs with progressive substitution of the rare-earth elementhe Pr-doped Bi-2212 system, especially the Pr-doping effect
It was thought that hole filling rather than Abrikosov- on the CuQ interlayer coupling and anisotropy, study
Gor’kov pair-breaking mechanism is responsible for The of a single crystal is necessary, which has been absent in
decrease in th&-doped Bi2212 systef>In this field, Pr  the literature. Recently we have successfully grown
substitution for Ca is an interesting problem, also becaus&i,Sr,Ca ,Pr,Cu,0, single crystals from Bi-rich mel€ In
the mechanism of unusud@l, suppression due to Pr doping this paper, we study Pr-doping effects on the superconduc-
in the R, _,Pr,Ba,Cus0;_ 5 system is still uncleal® tivity and the interlayer coupling of Bsr,Ca,_,Pr,Cu,0,
The interlayer coupling between Cy@yers in highT,  single crystals.

materials is usually weak but plays a crucial role in the su-

perconductivity and vortex dynami&%BiZSrzCaCL;zOy is a Il EXPERIMENT
representative highly anisotropic oxide with a very large an- '
isotropic ratio y of more than 1007*® which means the Bi,Sr,Ca, _ ,Pr,C,0, single crystals were grown by a di-

CuG, interlayer coupling of Bi2212 is very weak. For its rectional solidification method with the starting composition
high anisotropy and weak interlayer coupling, Bi2212 singleof 2.4Bi:2.0Sr: (1 xs)Ca:(Xs)Pr:2.0Cu, where the nominal
crystals show anomalous magnetization behavior between Z8r contents werg,=0-0.6 and excess gD; was included
and 40 K'-?*which is considered as a manifestation of theto act as a flux for the crystal growth. B, SrCQ,, CaCQ,
dimensional crossover from three-dimensior(@D) flux Pr;0;1, and CuO(all purity =99%) were used as the raw
lines to 2D pancake vorticés®® The position of the materials. The actual Pr content of as-grown crystals were
anomaly, or the so-called second peak, directly relates tdetermined to bex=0-0.78 by energy-dispersive x-ray
anisotropy factor byB,p=®,/(sy)?,% with ®, being the analysis using a scanning electron microscéftereoscan
flux quantum ands being the interspacing between CuO 440, Leica. Details for crystal growth have been described
bilayers. This provides a way to obtajnof the Bi2212 sys- elsewheré® Pure-phase and high-oriented crystals with di-
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FIG. 1. Typical x-ray 00 diffraction of Bi,Sr,Ca, _,Pr,Cu,0,

i + + i
single crystals withx—0.11 and 0.78. dii of Pr** and Pf" are 1.126 and 0.96 A, respectively,

while that of C&" is 1.12 A. Based on the large range of
) variation in thec-axis length, from 30.849 to 30.235 A for
mensions around:32x 0.03 mnt have been selected for the x=0 to 0.78, it seems that the Pr exists in the Bi2212 phase
present work. , _ between 3 and 4+ valence states. Third, under Pr doping,
X-ray-_d|ffract|on datf_:l were collected using a rota_\tlng' an additional band crosses the Fermi level, grabbing holes
anode diffractometerRigaku, D/Max-yA) with graphite  fom the CuOpds band®® This attractive interaction, in
monochromatized Cia radiation. The dc magnetic suscep- fact, would result in the decrease of the separation between
t|b|||_ty x(T) ant_:i magnetlzatlorM_(H) measurements were  cyo, layers.
carried out with a p-metal-shielded Quantum Design  Aj the selected crystals had been annealed in air at
MPMS, superconducting quantum interference device magsgg °C for 60 h to improve the superconductivity. X-ray dif-
netometer downa 5 K in applied magnetic field film 1 Gt0 fraction showed there is no phase decomposition in these
10 kG. air-annealed crystals, which is an outstanding characteristic
for Bi2212 single crystals annealed at temperatures higher
Il RESULTS AND DISCUSSIONS than 400 °C*® The changes ot-axis length with the Pr
content for annealed crystals were also shown in Fig. 2.
Figure 1 shows the typical x-ray D@iffraction patterns While the trend ofc-axis variation is same for as-grown and
of Bi,Sr,Ca _,Pr,Cuw,0O, single crystals forx=0.11 and annealed crystals, all the crystals shrink theiaxes after
0.78. All the Pr-doped Bi2212x=0-0.78) single crystals annealing in air at 360 °C. This is due to the increase of
have similar x-ray-diffraction patterns as those shown in Figoxygen content after annealing crystals in air. In fact, the
1, which indicates that the doped crystals possess the pure

Bi2212 phase. The x-rag-scan rocking curves of main re- T ——— T
flection OO were also conducted to confirm that these crys- oF ? '
tals are highly oriented. Detailed characterizations on the [
structure of BjSr,Ca, _,Pr,C,0, single crystals have been 100
reported elsewher®. 00k

The variations ofc-axis length with Pr content for as- =
grown crystals are shown in Fig. 2. Theaxis length de- g 300F 1
creases monotonically with the increase of Pr content. Such a g [ H=5G/ c-axis 1
decrease irc-axis value may be due to one or more of the é’/E 400 | 3
following reasons. First, the oxygen content in the system = —=—x=0.11 as-grown
increases with Pr content for higher valence cation substitu- -500 —o—x=0.11 annealed
tion. The decrease ig-axis length due to the increase of _ —*—x=028 as-grown |
oxygen content has been reported fosBjCaCy0, (Refs. -600 | o *=028 annealed -
30-32 or rare-earth ion substitution at the Ca Sité* Chen 0 20 a0 e s0 T Too 1o 1w

et al. had also reported the linear increase of oxygen and the
linear decrease of the-axis length with doping concentra-
tion for BiSr,Ca ,PrCw,0, polycrystaliine sample¥. FIG. 3. Zero-field-cooled dc magnetic susceptibiligy(T) of
Second, there exist some“Prions in the system, the ionic Bi,Sr,Ca ,Pr,Cu,0, (x=0.11 and 0.28single crystals before and
size of which is smaller than that of &aion. As far as the  after air annealing at 360 °C. The measurements were carried out at
ionic sizes are concerned, the eightfold-coordinated ionic raa field d 5 G parallel to thec axis of each crystal.

T (K)
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TABLE I. The fitting parametersT,.. @& and b for

100 - T T Bi,Sr.Ca _,Pr,Cw,0, single crystals before and after annealing.
as-grown
804 annealed | Parameter As-grown Annealed
I ] T max (K) 81 88
60 ] a 0.206 0.210
) b 0.016 0.019
=t
40 .
[ IN(Teo/Te) =V (1/2+ a)—W(1/2), ©)]
20| ] whereW is the digamma function and is the pair-breaking
parameter. In AG theoryi . decreases linearly with the con-
0 centration of magnetic ion&) for small values of, with a

0.8 slope proportional to the magnitude of the exchange integral,
a parameter characterizing the strength and sign of the ex-
change interaction between a paramagnetic impurity and a
FIG. 4. Pr content dependence of superconducting transitiomonduction electron. While at a large valuexpthe decrease
temperaturd for Bi,Sr,Ca Pr,Cw,0, single crystals before and in T is more rapid. For present results, it is clear thatThe
after air-annealing at 360 °C. The lines are the fitting to formulasuppression withx qualitatively deviates from the AG pair-
T/ Trma=1-82.6(@ax+b)? with parametersT 5, &, andb shown  preaking law, which means the magnetic nature of the Pr

in Table I. ions does not play an important role in the mechanisrifi of
suppression. Previous results on Y or rare-earth doped
changes ot value withx can be well fitted linearly as Bi2212 polycrystalline samples also deny the application of
the AG mechanismt! The alternative explanation may be the
c=30.903-0.86& (A) (D) hole-filling effect due to the higher valence substitution of Pr

ions for Ca ions.
As high-T. superconductors are usually considered to be
_ ionic, charges can be assigned to each of the constituent
c=30.852-0.82% (A) @) cations(metal iong and aniongoxygen ion$. Thus, for the

for annealed crystals, respectively. In these two relations, thBr-doped Bi2212 system, the number of holes per copper

smaller constant term of annealed crystals directly relates t8tom would chemically be given as

the larger oxygen concentration. And the slower ratec of n~n- — 0.5x (4

value decreasing witk for annealed crystals means that the T

oxygen contents are rich after annealing and constricts thehere n; is a constant of the oxygen and strontium defi-

additional increase of oxygen content due to the increase afiency dependent. On the other hand, a well-known universal

Pr content. parabolic curve for describing the relation betweenand
Figure 3 shows the typical temperature dependence of thearrier densityn is®’*8

zero-field-cooled dc susceptibility for S8Br,Ca _,Pr,Cu,0,

crystals measured at a fielgﬁG );;aralg 'fo fﬁeé a>)<(is.uzThye Te/Tmax=1-82.6n-0.16° )

superconducting transition temperatdiecan be determined  Thjs relation is valid for a wide class of highs materials,

as the onset transition of diamagnetic. Figure 4 gives th@ggardless of the nature of the dopants. However, one cannot

relation betweerl, and the Pr content for crystals before get a reasonable curve by combining EGb.and (5) to fit

and after annealing. Th&; of as-grown crystals are rather {he present experimental data. Therefore, it is necessary to

low and a little divergent, which were improved greatly after rg|aten to x from experimental results. Supposés propor-

annealing the crystals in air. With the increase of Pr contenfiona to x, then the relationship betweeh, andx can be
for annealed crystals]. increases slightly at first, after gescribed as

reaching a maximum at=0.11, and then drops gradually.
Superconductivity is completely suppressed when the Pr To/Tma=1—82.6ax+b)?, (6)
content reaches 0.45 and 0.60 for crystals as-grown and air-

annealed, respectively. This is reasonable because the Ox\é/‘v_herea andb are constants. As shown in Fig. 4, B fits

. o . ur experimental results well for both as-grown and annealed
gen content and so the carrier concentration is higher in an-

nealed crystals than in as-grown ones. Next, we analyze trf()arystals. The fitting parameters are given in Table I. Com-

possible mechanism fof; suppression induced by the Pr Ining Eqs.(5) and(6), we have

doping. _ n=0.144-0.206 @)
Abrikosov and Gor’kov¥® (AG) have pointed out that the

presence of magnetic impurities in a superconductor break®r as-grown crystals and

the time-reversal symmetry that causes a strong suppression _

of T.. In the BCS limit, the reduced transition temperature n=0.179-0.21 ®)

(T./Tg), in the presence of a paramagnetic impurity, isfor annealed crystals, respectively. Comparing these two re-

given by the relation lations to Eq.(4), it can be seen that the Cy@yers in this

for as-grown crystals and
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) jacent CuQ bilayers in Pr-doped Bi2212. The region in the vicinity
0.0 . . . . . 0.6 of Pr ions is normal-like due to the Pr substitution and the coupling
between Cu@bilayers being weakened.

FIG. 5. Changes of the magnitude of the diamagnetic at 5 K .
with the Pr concentration for BSr,Ca, _,Pr,Cu,0, annealed crys- To further study the effect of Pr doping on the GuO

tals. The line is the fiting curve using,(5 K)=xmo(1— 8x%) interlayer coupling of Bi2212, the second peak in magneti-
with parameters, o= 628.9 cn¥/mol and 3= 3.69. zation curves were studied for annealed crystals. Figure 7
shows the typical temperature dependence of magnetization

particular Pr doping benefit from less than half of the chemi-CUrves for BiSpCa ,Pr,CLL0, (x=0.17) annealed crystals
cal doping. This may be due to the increase of oxygen Conunder_ a field parallel to th«=T axis. After the crystal was
tent accompanied with Pr substitution. Anyway, E@.and zero-field cooled to an experimental temperature, the magne-
(8) indicate that the substitution of Pr for Ca in the tization was measured with increasing field. A second peak
Bi,Sr,Ca,_,PrCU,0, system effectively reduces the hole in magnetization curve occurs at fieBl;~340 G, which is
concentration on Cuflayers to the underdoped state, i.e., nearly temperature dependent. This anomaly appears in the
the contribution toT, suppression mainly comes from the temperature regions of 20-35 K, 20-30 K, 17.5-25 K, and
hole-filling effect. Therefore, for the annealed crystals, thel5-17.5 K for crystalx=0, 0.11, 0.17, and 0.28, respec-
x=0 one is in the carrier overdoping region, the 0.11 one tively. And no second peak can be observed for crystals with
is around the optimal doping, and tke-0.11 ones locate in  x>0.28. The second peak fiel;, increases weakly with
the underdoping region. Moreover, the small difference bedecreasing temperature, which is consistent with previous
tween Eqs(7) and(8) further confirms that the oxygen con- reports on Bi2212 crystals:?* but decreases dramatically
tent increases for each crystal after annealing, which is conwith the increase of Pr content. Figure 8 shows the magne-
sistent with the changes irraxis length. tization curves for BiSr,Ca, _,Pr,Cu,0, annealed crystals at
As shown in Fig. 3, the superconducting volume faction20 K for x=0, 0.11, 0.17, and 17.5 K fax=0.28, which
of Bi,Sr,Ca _Pr,Cu,0, single crystals also decreases with ensures that the reduced temperaflif€; for each crystal is
increasing Pr concentration. Figure 5 gives the changes afery close to each other. Although the superconductivity of
xm(5 K), the magnitude of the diamagnetic at low tempera-these four crystals changes from overdoping to optimal dop-
ture 5 K, with the Pr content for annealed crystals. The de-
crease of diamagnetic magnitude withmay relate to the
destruction of Cu@interlayer coupling induced by substitut-
ing Pr for Ca. In the Pr-doped Bi2212 system, the local su-
perconductivity is lost in the vicinity of randomly distributed
Pr ions. Then effective superconducting area shrinks strongly
due to Pr substitution, as shown in Fig. 6. The average su-
perconducting area in one layer destroyed by a Pr ion is
proportional to doping levet. Considering two Cu@layers
above and below the Pr ion, the effective superconducting
volume is expected to be proportional to-Bx?, B is a
proportional coefficient. Therefore, thg,(5 K) can be de-
scribed as

M (emu/g)

Xm(5 K):Xmo(l_lgxz)v 9

where 0 is a constant. Equatio(®) fits the experimental
results well with the fitting parametepg,,=628.9 cni/mol
and =3.69. Thus, the loss of local superconductivity in  FIG. 7. Magnetization curved!(H) for Bi,Sr,Ca _,Pr,Cu,0,
CuG, bilayers will dramatically weaken the interlayer cou- (x=0.17) annealed crystals at temperatures 17.5, 20, 23, and 25 K.
pling of the Bi2212 system. The second peak;, for each curve was indicated by arrows.

-16

0 200 400 600 800
H(G)
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FIG. 8. Magnetization curved!(H) for Bi,Sr,.Ca PLCWLO,  factor y with the Pr content for BBr,Ca Pr,Cu,0, annealed
annealed crystals at 20 K for=0, 0.11, 0.17, and 17.5 K fox  crystals. The solid line and dash line are fits to formilg,
=0.28. The second ped, for each crystal was indicated by ar- =@ (1—Ax)%/(sy,)2 and y= y,/(1—AX), respectively.
rows. The small discontinuity in th#1(H) curve for thex=0.11
crystal is an artificial result induced by the increase in the rate of ®
field sweeping. Bo=— > (1—AX)2. (12)

" (sy0)°

ing and then to underdoping with increasimds, decreases

monotonically with increase of the Pr content, as shown Ir‘\Equation(lz) fits the experimental data well, see the solid

Fig. 9. A R .
As for the Bi2212 system, the origin of the second peak is!me in Fig. 9. Also shown in Fig. 9 are the changesyofiith

generally explained as the dimensional crossover from 35 and fitting data to Eq(11) with parametersy,=94.0 and

vortex lines to 2D pancake vortices, namely, decoupling ofA‘:2'39' These re_sults demonstrgte that t_he Pr doping surely
. . . . . weakens the CuQinterlayer coupling and increases the an-
vortices in each Cu@bilayer. And the dimensional cross-

over field can be written 43 isotropy of the Bi2212 system.

IV. CONCLUSIONS
Bop=Po/(57)%, (10

Effect of Pr doping on the superconductivity and GuO
interlayer coupling of the Bi2212 system was studied care-

whered, is the flux quantums is the interspacing between fully for Bi;SpCa _,PrCu0, (x=0-0.78) single crystals.
two CuQ, blocks, andy=X\./\,p is the anisotropy param- T_he T, variations with Pr content, for thh as-grown and
eter, where\,;, and A, are the in-plane and out-of-plane alr-anngaled c_rystals, can be well described by a umversal
superconducting penetration depths, respectively. From thearabolic relationT¢/Ta—1-82.6(1—0.16)". The carrier
relation betweerB,p, and y, one can see thag should in- cor_lcentratl_onn was prove'd' to .decrease' linearly with
crease with increasing Pr content. On the basis of the Josepihich confirms that hole filling is the main reason for the
son coupled block model and considering the loss of locafuPpression ofc. The superconducting volume faction also
superconductivity induced by ion substitution, Taeigal3® ~ decreases with Pr content and is proportional te A,

have found the relationship between the anisotropy param¥hich was well described as the loss of local superconduc-
eter and the ion concentration substituted intivity of CuO, bilayers due to the Pr substitution. The second

Y,_PrBa,Cu,0;_s system is peak in magnetization curve8g,, was found to decrease
with Pr content and described B§p=<I>0/(s;/)2 and anisot-
ropy factor y=1vy,/(1—AX) in terms of the dimensional
crossover from 3D flux lines to 2D pancake vortices. This

¥="70/(1-AX), (1) result demonstrates the destruction of Gutxerlayer cou-
pling by the Pr substitution, which relates to the loss of local
superconductivity in each Cyilayer.

where y, is a constant and is a proportional coefficient.
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