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Neutron diffraction studies of Nd,_,Pr,Ba,Cu;0,_5: Evidence for hole localization
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Sintered samples of Nd,Pr,BaCu;O;_ s with x=0, 0.05, 0.10, 0.15, 0.20, and 0.30 have been studied by
neutron diffraction, x-ray diffraction, and resistivity measurements. Sample stoichiometry was carefully
checked. Atomic distances within the unit cell and the oxygen content were shown to be almost independent of
Pr doping. Bond valence suntBVSs) were calculated from the neutron diffraction data assuming either a
constant valence or a mixed valence for Cu and Pr ions. The planar Cu2 valence is independent of Pr doping
and the chain Cul valence is roughly constant, while the hole concentration in the planes and chains decrease
with increasing Pr doping for both BVS calculation methods. All together, this indicates that hole localization
on the NdPr) site is a main reason for the decrease of the hole concentration in the planes. A consistent relation
between the hole concentration in the planes calculated from the constant valence method and the depression
of the critical temperature is also obtained, both for Pr-doped Nd-123 and(R-Y¥23 studied previously.
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I. INTRODUCTION Here T.(0) is the maximum possible value ., y andx
represent hole generation by Ca ions and hole filling by Pr,
It is well known that replacing yttrium in YB&Zu;O;_5  respectively« is the optimal hole concentration agis the
(Y-123) by different rare earth elements usually does noffraction of a hole filled by each Pr ion. In EL), B is the
affect superconductivity except for Pr. However, substitutiondeviation of the valence of Pr from3. Later alternative
of Pr for Rin RBa,Cu,O,, (R=rare earthleads to a rapid mechanisms have been advanéétbwever, Eq(1) remains
decrease of the superconducting transition temperalyre, a useful empirical summary of the changeTgfwith doping
and superconductivity is lost for substitution levelslarger ~ concentration in different 123 superconductors, and has been
than a critical levelx., which depends on th& ion. x,  used frequently.
~0.67 and 0.32 was observed for Pr-doped Y- and Nd-123, With Pr as a doping element of concentration limited to
respectively: Different qualitative modefs® have been pro- the dilute region of Eq(1), it is found thatg is close to
posed to describe the suppression of superconductivity by Pt,>*°"*?indicating that Pr has a valence close 4@ and
like hole filling, hole localization, hybridization of Pr with causes hole filling or localization. Doping with equal
the electrons in the Culplane, and magnetic pair breaking amounts of Pr and Ca on rare earth site is illustrative. The
due to the Pr magnetic moment. The recent observation giarabolic term in Eq(1), representing charge variation, is
superconductivity in samples of Prgau;0; synthesized by then  suppressed, andT. is linear in doping
pulsed laser deposition or by the floating-zone metfiédr-  concentratiort’**This is in similarity with the correspond-
ther complicates the understanding of the role played by Ping doping of TH*-C&" in Nd-123}* and indicates that a
in the suppression df .. Inhomogeneous sample properties characteristic impurity effect can be isolated by charge neu-
found in these samples, and the possibility of Ba on Piral dopings. Other results suggesting a larger Pr valence at
site®~8 raises the question how details of the stoichiometrylow concentrations include the observation that features in
may affect sample properties also for dilute solutions of Pr irthe x-ray absorption spectra of(R1)-123 ascribed to P¥
123 samples. displayed a decreasing intensity with increasing Pr
The highT, cuprate superconductors appear to have oncentratiort? and the finding that the variation of the av-
common, approximately parabolic dependenceTpfupon  erage Cu@ plane distance with an average ionic radius at
hole concentration in the planes, T, rises from zero at low Pr doping concentrations in {Ref. 16 and Nd-basetd
aboutpy,~0.05 to a maximumJ  naxat p~0.16 and then samples could be better described witfi‘Pthan with P?*
falls to zero at aboup,,,~0.27° Another useful approach to ions.
empirically describeT, in high-T, superconductors was A clue to reconciliation between these observations and
found by Neumeieret al. in Y;_,_,Pr,CaBaCu0,_,.°  abundant results in the literature of & Prstate comes from
They suggested thak, could be described by a parabolic the observation that most of these latter reports have studied
hole doping term and a linear term originally assumed to b&amples with Pr concentratior®0.2. In fact, several results
due to magnetic pair breaking: suggest a valence shift at about this concentration. That is, in
Nd(Pr-123 the strong initial depression of the Hall number
with doping was found to flatten out and to become roughly
T(X,Y)=T(0)—A(a— Bx+Yy)?>—BX, constant above about=0.1517 In alloy systems where there
are marked changes in bond lengths with doping, character-
istic changes in structural parameters can be observed, such
0=x=<0.2 and G<y=<0.2. (1) asin Gd_,Pr,BaCu;0;_ s where thec-axis length first de-

0163-1829/2004/69)/01450310)/$22.50 69 014503-1 ©2004 The American Physical Society



S. R. GHORBANI, M. ANDERSSON, AND ORAPP PHYSICAL REVIEW B69, 014503 (2004

creased up to abowt~0.2, and then increased slowly for methods. Starting materials were high purity g,
largerx,*in qualitative agreement with the variation of ionic BaCO;, CuO, and PyO,;. The samples were pressed into
rad||. in the sequence Pr<Gd®*<Pr*. The resistivity pellets and calcinated at 900, 920, and 920 °C in air with
StUd'ei by Tgmkoww"zq suggested a change of Pr valencejnermediate grindings. They were then annealed in flowing
from 4" to 3" at aboutx=0.2 in Ho,_Pr,B&;CU;0;- ;. oxygen at 460 °C for three days and the temperature was
A third approach to understanding the role of doping andi 1y decreased to room temperature at a rate of 12 °C/h.

changes ofT ;. is calculations of bond valence su®VSs). ; ) ; g
In this method the valence of an atom is taken to be distribs The samples were characterized by x-ray powder diffrac

uted between its bonds as further described below. This ap}_l]qn ()i‘:jcl:::j)éi:hec:n?;apitstﬁ]msﬁvlie:g_driea(t;icc))rr?(\a/vditlhnSai g:'g'r?r'
proach has been widely used for high-superconductors, a9 9 g

e.g., in studies off; as a function of hole density in the |nt.ernal stqndard, and t?g phot.ographs were evaliuated In-a
planesV_,, calculated from BVS valences for the planar m|crod.en5|tor'neter'syste This IS asensm\_/e technlque.flor.
atoms2 A striking example is the closely similar relation detection of impurity phases with an estimated sensitivity
T.=T.(p) obtained with the hole density from BVSs or level of a few percent of crystalline impurities. The X_RD
from other methods, showing that BVS calculations in 123r€sults for Pr-doped Nd-123 samples displayed a single-
compounds can be quantitatively precidelt should be Phase orthorhombic structure at all doping levels.
noted however, that the BVS method is a semiempirical The electrical resistivity was measured with a standard dc
method. Its main advantage is therefore as a sensitive tool f@ur-probe method. Electrical leads were attached to the
give trends rather than absolute values for changing valencé@mples by silver paint and heat treated at 300 °C in flowing
in a set of related alloys. oxygen for half an hour, which gave contact resistances of
Neutron diffraction is useful in order to understand theorder 1-2().
role of Pr doping on structural and superconducting proper- Neutron diffraction measurements were performed at the
ties of R-123 systems. Previous studies in Pr-doped 123 comSwedish research reactB2 in Studsvik. This instrument is
pounds can be briefly summarized as follows. IfiP¥-123,  equipped with a double monochromator consisting of the
Neumeieret al?? found that the distance between the planar(220) surfaces of two copper crystals, which gave a wave-
Cu and apex oxygen positions increased with increasing Rength 1.470 A. The neutron flux at the sample position was
concentration and also that the distance between oxyz%en afbout 2< 10° cm2s~ L. The powdered samples were placed
oms in nearby planes in general increased. Kraetel: in 6 mm diameter vanadium tubes, and data were collected
showed that a substantial fraction of the Pr ions entered thﬁ/ith 35 3He detectors which scanned & gange of 4.00°—
Nd sites in Nd B8y g5 xPrCUs0;- 5. The results for the 132.92° in steps of 0.08%. Structure refinements were per-

doping dependence of the Cu@lane distance in Ca-Pr- f . ; ;
< ormed with the Rietveld methd8 using the FullProf soft-
doped Nd- and Y-123, quoted aboe,’were also based on ware and the orthorhombic space grdmmm Refinements

neL_:_t;lon <'j|ffra:cctt;10n. i is to further clarify th | were performed both with anisotropic and isotropic displace-
ip € ami203 h etpfsentpgger IStho l‘_’{ ”erﬁc atrl_fy € 10 ment parameters at the chain oxygen sites, while isotropic
(1)23r mdaf thOS RS In('zt'e rom et af eaecl'zn:g@[’i’lg parameters were used at all other atomic sites. For structure
and from th&-axis Iattice parameter o @El-123; refinement most atomic positions were considered to be fully
a charge filling picture is incomplete. The strong value8 of occupied, with the exception of the chain oxygen O1, and the
of Eq. (1) found for Pr-doped 123 samples also show thabS position along thea-axis direction, in order to register

Te(x) cannot be explained only by charge filling. What is the o ‘v en disorder and to determine the oxygen concentra-
nature of the additional depression Bf? We have studied tioz. ¥ ¥o

th(ijs question by lneutron . diﬁra((:jtior;] of Particular attention has been paid to the atomic occupancy
Nd, _xPrBa,Cls0; 5. Sample preparation and character- o, e Ng and Ba sites. The samples withk 0 and 0.30

ization, and the measurement techniques are described e : : : : :
’ . ) : . re examined in a scanning electron microscope equipped
Sec. Il, and details of the BVS calculations are given in Sec J pe Squipp

I In Sec. IV th | d | f A with an energy dispersive spectrometeDS). No impurities
- In Sec. 1V the results and analyses from resistivity mea,qre gpserved. The analyses indicated a constant ratio be-
surements, neutron diffraction, and BVS calculations are d

ibed. In Sec. V th _ | di 4 and bri ?lt'ween the Ba and Cu contents on the different spots investi-
scribed. In Sec. V the main results are discussed and brie é’ated and consistent results between the two samples stud-
summarized. It is found that in addition to the hole filling at

| . s d dd . ied. There is no evidence from EDS for Pr and Nd on a Ba
ow Pr concentration[T¢ is depressed due to a CoNtinuoUS gjte However, it should be mentioned that in the analyses of
decrease oV_p,. The structural result suggest that holes lo-

; . AR the x=0.30 sample, the relative Nd and Pr content slightl
calize on the N¢Pr) site. The similarity of these results and P gnty

lculati tor th v diff P12 varied although their sum was constant.
calculations for the structurally different(¥r)-123 system, In the Rietveld refinements, the Nd and Pr occupation
with general results fop,,, at T.=0 suggest that hole lo-

A ) factors on the Nd sitenyg(Nd) andnp(Nd), were refined
calization is a common mechansm for depressiomoin it the condition that there was no vacancy on the Nd site,
Pr-dopedR-123.

i.e., nng(Nd)+np(Nd)=1. The possibility of Pr occupancy
on the Ba site was also investigat€édas well as the Nd
occupancy on the Ba site in a similar scheme, forxked
sample.

Samples of N¢g_,Pr,Ba,Cu;0;_ 5, with x=0, 0.05, 0.10, For easy reference to structural notations a unit cell is
0.15, 0.20, and 0.30, were prepared by standard solid-stagown in Fig. 1. Figures(a) and 2b) show typical neutron

Il. SAMPLE CHARACTERIZATION AND EXPERIMENTAL
TECHNIQUES
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FIG. 1. The crystal structure and atomic notations of
NdBa&Cu;O;_ 5. Buckling angles are defined hy, and ¢3. )
diffraction results of Ng_,Pr,BaCu;O;_5 for x=0 and 10000 JRAREARARRRL MM RARRMLERALERAS
0.30, respectively, displaying single-phase compodfds. - 1
w 8000 F : ]
Ill. BOND VALENCE SUM (BVS) CALCULATIONS E 3 1
o j=] 6000 8 -
The bond-valence sums of atonis calculated from the 4 [ ]
empirically found relation between the bond strength and i 3
bond length, ~ 4000 = i ]
u 2000 | -
Vi=2> §=2 exd(Lo—L;;)/0.37, @ g i 1
. ! g o 1t IUITIL RUMINGEE RSN IO R R B
wheres; is the valence of an individual bond, and the sum is [ 1ok ae o ]
over all neighborg.?® L, is the length of a bond of a unit e e T
valence, and;; is the actual bond length between atoims 0 20 40 60 8 100 120 140
andj. L, was taken to be 1.600, 1.679, 1.70, and 2.154 A for
Cut*, cu*t, cu*t,20%0 and Pf*,'2 respectively. For the 26 (deg)

other atoms., was taken from Ref. 31. FIG. 2. Neutron diffraction results for Nd,Pr,BaCu0;_s

It was pointed out that the copper bond valence 8% yith (a) x=0.0 and(b) x=0.30. The position of the indexed lines

and the oxygen bond-valence suméof andVogz) are not  ang the differences between observed and calculated intensities are
independent variabl€d,and one should consider shown below the main panels.

V,.=6—Vcyo—Vor—Vos,
B cuz Toz 708 (33  Mixed valencegMVs) into account?*3 The BVS for oxy-
V_p=2+Vew—Vor—Vos. gen was calculated by allowing &u, C/#*, CU**, PP,
] o and Pf* valences. This gave somewhat higher valences than
whereV, is the preference for distribution of holes on oxy- ¢, the CV method. In the MV method; in Eq. (2) for the
gen sites relative to copper sites, ad, is the hole density ., 5 pond was obtained bg(Cu):s(JCu+3)r+s(Cu+2)

in the CuQ planes. _ ; —\ _
The_hole density in the chain¥/_., was also calculated z(zl:s(zj)u)lvg(hCuiZ)Yius(?:uj?)r(l\icru; 2\;\,“2 ndr :f\(;rCu\_/cll{
according to Further, s(Pr)=s(Pr"%r+s(Pr*3)(1—r) with r=Vp—3
4) for P—O. The bond valence between oxygen and rare earth
position in, e.g., N@Pn-123 is then s(R)=s(Nd)X nyq
No1 andngs are the occupancy numbers of the two possiblet+ s(Pr)X np,, wherenyy andnp, are the occupancies of Nd
oxygen sites in the chain layer. and Pr at the rare earth position, respectively. With respect to
Two methods were used in the oxygen BVS calculationsthe clear results that Pr is 4 valent at low doping concentra-
The first one is a constant valen68V) method? In this  tions with an apparent shift te-3 abovex=0.15 we give
method, TalloA’ and Cavaet al>? used only C&* and Pf*  preference to the CV method. However, both methods were
in calculating the oxygen BVS. The second method takesised as a check on the BVS calculations.

V_.eh=Veur—Vo1XNo1—VosX Nos.
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. o doped samples vs hole doping. For Pr, negatiwedicates electron
FIG. 3. The electrical resistivityp vs temperatureT for  doping. For the Pr-doped samples, the obsefgdhas been cor-
Nd; _,Pr,Ba,Cu30;_ 5 with 0<x=0.30. Inset: The measurdd vs  rected for the linear term of Ec(1) by subtractingBx (x<0,B

hole doping for Pr-doped Nd-123. The solid curve is a fit to @g. =205 K). The solid curve is a fit of Eq1) with y=0 andB=0.
Data for Ca doping in Nd-123 samples have been taken from Ref.
IV. RESULTS AND ANALYSES 36.

A Resistivity measurements (dp/dT)agg k decreases. These observations are in agreement

The temperature dependencies of the resistigityjor the  with a schematic pictur@ for the variation of the density of
Nd; _,Pr,BaCu0;_ s samples are shown in Fig. 3. The states around the Fermi energy with doping concentration.
scale forp was obtained by taking into account the porosity With increasing Pr content the Fermi energy moves towards
of sintered samples with an estimated correction of the mashe localized part of the band at the tail of the density of
density of 1296 Pr doping results in a larger normal state states, and with further doping it enters the localized part and
resistivity, a lowerT, and a change from a metal-like to a causes the conductivity to strongly decrease. This change is
semiconductorlike behavior at low temperatures and higltonsistent with a decreasing hole concentration in the planes,
doping concentration. As shown in Fig. 4, the room temperawhich is described later. The linear changepify, « at low
ture resistivity,p,q0 , Of these samples increases almost lin-doping level is also in agreement with observations on
early with increasing doping level for<0.15 and increases Ca& "-doped Nd-123° as illustrated in Fig. 4 by the similar
faster for largeix. The results suggest a simple impurity ef- behavior on the hole-doped side.
fect for x<0.15, wheredp/dT is constant at room tempera- T, defined from the midpoint of the resistive transition is
ture, and a weakening metallic state at largewhere shown in the inset of Fig. 3. Equatiail) with y=0 was

fitted to these data, which gaBe=205 K in good agreement
. . . . . with B in related work!?*® When the linear term—Bx

24r a Pr | =—205 was subtracted from the observag of the Pr-
o o Ca doped samples, the resulting concentration dependentg of
20f . is paraboliclike up tox=0.15 as illustrated by the open
_ squares in Fig. 5. This parabola has the forpiK)=94.58
E —612(0.048-0.91x)? (K), confirming a Pr valence close to
g 161 o +4 (3.9 at low Pr concentrations. At larger Pr concentra-
~ tions there are deviations towards a slowgidependence on
g 1.2r 1 doping concentration supporting a limit for puré' Pidoping
< in Nd-123 of abouk~0.15. The position of the maximum of
osl o ) the parabola in Fig. 5 suggests that our pure Nd-123 has an
' . . . . . overdoping of holes of 4.8% per 123 unit cell.
-0.3 -0.2 -01 0.0 0.1
Pr Hole doping Ca B. Neutron diffraction
FIG. 4. The room temperature resistivityeo «, Vs hole doping The Rietveld refinements of the neutron diffraction pat-

x. Pr reducesX<0) and Ca increases®0) the number of holes. terns of the Ng—xppra_lzCUst—(s system mcludllng struc-
Data for Ca doping in Nd-123 samples have been taken from Refural parameters, atomic positiorss,along thec axis, occu-
36. The solid line is a guide to the eye. The error bar illustrates thgoation numbers,n, isotropic temperature factorsg;s,,
uncertainty, which is almost entirely due to errors in the geometricaRnisotropic temperature factorg;; , for the chain O1 posi-
form factors of the samples. tion, and oxygen contentd, are listed in Table |. TheR
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TABLE |. Structural parameters for Nd,Pr,Ba,Cu;O;_ 5. The relative position along the-axis, z, the occupation numbar, the
isotropic temperature factoBis,, and the oxygen deficiency, are given. For O1, anisotropic temperature factors were used on the form
exfd —(B11h?+ Bak?+ B34 2)]. The NdPr) site occupancies were refined with the constraint that the Nd site is fully occupied. The numbers
in the parentheses are the estimated standard deviation in the last digit.

X (%) 0 5 10 15 20 30
a(A) 3.86282) 3.86172) 3.86022) 3.85842) 3.86022) 3.85792)
b (A) 3.91342) 3.91452) 3.91602) 3.91562) 3.91882) 3.91832)
c(A) 11.752%7) 11.74539) 11.74348) 11.73427) 11.73687) 11.73247)
vV (R) 177.662) 177.552) 177.522) 177.282) 177.582) 177.352)
Nd Biso(A?) 0.235) 0.31(6) 0.226) 0.267) 0.366) 0.307)

n 1 0.9514) 0.9024) 0.8514) 0.8024) 0.7014)
Pr n 0 0.0496) 0.0986) 0.1496) 0.1986) 0.2996)
Ba z 0.18153) 0.18173) 0.18133) 0.18113) 0.18113) 0.18093)
Biso(A?) 0.376) 0.437) 0.346) 0.41(6) 0.40(6) 0.436)
cu(1) Biso(A?) 0.75(6) 0.837) 0.697) 0.737) 0.727) 0.757)
cu@2) z 0.34932) 0.34952) 0.34932) 0.34932) 0.34972) 0.34942)
Biso(A?) 0.434) 0.404) 0.444) 0.404) 0.444) 0.494)
0(2) z 0.37093) 0.37164) 0.37193) 0.37163) 0.37253) 0.37283)
Biso(A?) 0.637) 0.818) 0.698) 0.728) 0.798) 0.7898)
0(3) z 0.37164) 0.37174) 0.37214) 0.37234) 0.37264) 0.37264)
Biso(A?) 0.667) 0.697) 0.7077) 0.707) 0.777) 0.767)
0(4) z 0.15793) 0.15783) 0.15803) 0.15803) 0.15803) 0.15833)
Biso(A?) 0.827) 0.698) 0.708) 0.677) 0.667) 0.667)
o(1) B 0.0485) 0.0596) 0.0466) 0.0476) 0.0566) 0.0506)
B2 0.0064) 0.0175) 0.0074) 0.0084) 0.0094) 0.0084)
Bas 0.00235) 0.00216) 0.00226) 0.00256) 0.00266) 0.00196)
n 0.9505) 0.9687) 0.9526) 0.9746) 0.9676) 0.9606)
o(5) n 0.0585) 0.0676) 0.0486) 0.0465) 0.0646) 0.0625)
P —0.006 -0.035 —0.000 -0.020 —0.031 -0.022
Y 2.35 2.31 2.16 2.17 2.19 2.14
Ry (%) 7.93 9.13 8.87 8.50 8.52 9.20
Rup (%) 8.86 9.61 9.34 9.30 9.41 9.46
Rexpt (%) 5.77 6.32 6.35 6.30 6.35 6.47
Reragy (%) 2.24 2.68 2.65 2.62 2.50 2.79

values andy factor, giving different measures of the quality ~ We briefly summarize our findings indicating the expected
of fits, are small and indicate a good quality of the analysessample stoichiometry. No impurity phases have been de-

The results for Pr and Nd occupation on Nd sites showedected in our sensitive x-ray experiments, or in the EDS
that the Pr/Nd ratio was close to nominal values &  analyses, indicating the correct overall composition for the
samples. This is not expected if some Nd and/or some P23 samples. No evidence is found from the Rietveld refine-
would have entered the Ba site. This result in Table | isments of Pr entering the Ba site or, for the 0 sample, for
strong support that our samples have the stoichiometry of thed on the Ba site. This is further supported by the refine-
Nd; _,Pr,BaCu0O;_ s formula. Since it has been suggestedments on the Nd site, which showed a Pr/Nd ratio close to
that Pr substitution on Ba site causes the destruction ahe nominal one for all samples. Finally, the EDS analyses
superconductivity, we further investigated this issue by re- indicated that the Ba/Cu ratios in the 123 phases of two
finements including the Ba-site occupafyWithin two  samples was constant over the investigated sample area, in
standard deviations in the result fop(Ba), there was no agreement with the other structural investigations.
indication from our refinements that Pr occupies the Ba sites. As seen in Table | all lattice parameters vary slightly with
For thex=0 sample, replacingp(Ba) by ny4(Ba) and al- doping with the largest change of thexis lattice parameter.
lowing nyg(Nd) to vary freely, the results similarly showed This is in contrast to Pr-doped Y-123where the largest
no evidence of Nd on the Ba site. It can furthermore be noted¢hanges are in the- andb-axis parameters. The orthorhom-
that from studies of NghBa g5 «PrCusO;_ 5 it was in-  bic distortion, defined ad(—a)/(b+a), increases with dop-
ferred that Pr behaves similarly to other rare earths on the Bimg in Nd(Pn-123 in contrast to Y_,PrBa,Cu;0;_ 5.%% As
site?® The contention of a depression ©f due to Pr on the can be seen in Table |, theaxis lattice parameter increases
Ba site therefore does not seem well supported. and thea-axis parameter slightly decreases uxt00.15 and
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FIG. 6. Cul-O4 distance for Nd,Pr,BaCu;O;_s; (®) and Doping, x

Y1-xPrB&CUG0;—;, (M) (left scalg. Cu2-O4 distance for g 7. NPp-02, NdPP-03, 02-02, and 03-03 distances vs

Nd;xPrBa,Cus0;— 5, (O) and Y, ,Pr,Ba;Cus0;—5, (L) (right Pr doping contenk for Nd; _,Pr,BaCu;O;_ 5.

scalg. Data for Y based samples have been taken from Ref. 22.

) ) ] becomes smaller than a critical value of about 6399ere

is constant at highex. On the _other hand, in (Pr)-123 the ¢ buckling anglesp, and @5 are defined as in Fig. 1.

a-axis lattice parameter increased faster than thepmaissenet al° observed a clear scaling betweBnand

b-axis-parametet: _ . buckling angle,e,, with both quantities displaying a maxi-
The_ Cul-0O4 and Cu2-04 distances have been cor_mderqﬂum at the same oxygen content- 8, for different doping

to be important for the charge transfer between chains angl,e|sx while T, increased and, decreased for increasing

planes. Figure 6 shows a comparison of these distances fQr they concluded that the observation of a maximum in the

\Ij\;\doplead Nd1123 vnt; .pulsgsggg rﬁsults.folr(P{)-lzs. buckling at the maximum off, vs 7— 6, indicates that a

o4 en T replaces Tmbl X 'dthe aglc; oaxﬁgen oMy ctural response competes with superconductivity when

remains gtatlonary_a € ) and the Uz istance o composition was changed to incredse We found that
decreases slightly while the Cul-O4 distance is almos{he buckling angle of the CuO planes for
constant. As can be seen in Fig. 6, these distances chan . PrBa,Cu0, , increases with increasing Pr concen-

$orep ;troggl)(/) and h'mh the (é)ppo;:ctfe dtlrecn_on d'm tration up tox~0.15. At largerx-values deviations are ob-
1-xE kB&LLY7 -5, WNICH SUGGESIS a dierent carmer dis- o 6q(Fig. 8). We also note that the highest occurs for

tr;but!ondpctetween _plal\rl;s) ?erg chains. Smﬁllefr va(rj|at|$]ns Mhe pure sample with the smallest buckling angle, which is in
atomic distances in - are generally found when agreement with previous resufts:*2

comparing with corresponding calculations foXPr) 123 Some results of the neutron diffraction experiments are

from data in Ref. 2.2' . briefly summarized. Structural distortions with Pr substitu-
Small chapges in the dop_lng dependence of structural P&on in Nd,_PrBa,Cu0, 5 are small. The position of the
rameters which are suggestive of éPwaIence at lQW con- apical oxygen atom does not depend on the Pr doping con-
Cﬁntratl?rr]]s E‘f’lr; be dlsggr;%dz aI;z{;n)(Rlonélzg.z Iggure ZI centration. The atomic distances betweer{ftdand oxygen
Shows the distances WNeh-Lz, -3, De-be, and — 5i0mg decrease with increasing Pr doping concentration, and

doegégzsves twhﬁhp:n(i(:s;g?ncon;sné;atggg‘g t?risrs ?;]Séarrfuecsh the buckling angles of the planes increase up~d.15. The
8 P occupation of O1,ng,, and O5,nys are constant within

smaller ionic radius for Bf than for N&*, but not expected
for PP which has an ionic radius slightly larger than 0.01. Overall, the oxygen content was roughly constant.

Nd®*.%8 Similarly, there is a contraction of theaxis lattice
parameter with doping at smatlin Table I, reflecting the
smaller P#*, which flattens out at=0.15, consistent with a Bond valence sums were calculated with the constant va-
change of valence towards®Pr lence and mixed valence methods described in Sec. Ill. With
The large differences between the results for Pr doping irthe CV method we considered a Pr valenteé atx<0.15
Y- and Nd-123 are noteworthy. In Ref. 22 the measurementand +3 for x>0.15 using different lengthk, for these two
on doped samples were limitedxe=0.2, and Pr is therefore valences in Eq(2). In the mixed valence method different
likely 3 valent. In part these differences can therefore bevalences for Ci+1, +2, and+3) and Pr(+3 and+4) were
understood from ionic size factors. The ionic radius of'Pr used for the calculation of the oxygen BVS. The results for
is only 2% larger than for N, but 11% larger than for both BVS calculations are shown in Table II. Error estima-
Y3* %8 and a stronger doping dependence of structural pations are shown in several cases. Similar estimates were ob-
rameters in Y-123 can be expected. However, other differtained for the other compositions. Some trends for increasing
ences noticed above, such as the different doping depefr doping are the constant and near constant Cu2 and Cul
dence of the orthorhombic distortion, are not readilyvalences, the small decrease ¥f , and the decrease of
understood in this picture. plane and chain charge concentrations.
It has been shown that superconductivityRl23 com- In both calculation methods, the total hole concentration
pounds is lost when the buckling angle of the Gu@ane in the planes\V_, and chains,V_¢,, have similar doping

C. Bond valence sums
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FIG. 8. The buckling angles in the Cu-O plane vs doping,
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by Obertelli et al** For comparison, results fov_, esti-
mated from measurements 8fq, « for the same sampléé,
have been included in Table Il. It can be seen that these
results agree qualitatively with the BVS calculations with a
similar trend ofV_g, vs x. The actual values are more uncer-
tain. For the pure sample, the estimate\of; from Syq0 ¢
was 33% and 60% larger than obtained from CV and MV

methods, respectively.
As can be seen in Table Il, the Cu2 valence is constant. A

possible small increase in the BVSs for O2, and O3 for in-
creasingx, and the tendency for a weak decreaseVaf,
support that there is no hole localization on oxygen either.
BVSs for O4 and Ba are, within error bars, roughly constant.
The Cul-O4 distance is almost constéhig. 6). There is

thus no evidence of charge transfer between a chain and

plane. These results suggest that a likely reason for the de-
crease olV_y is the localization of holes on NB) sites. In
dependencies, decreasing with an increasing Pr concentrtpis process the valence on the (Rd site will increase
tion. However, the actual values for the MV method aresomewhat, in agreement with the results in Table II. This

should be distinguished from the model of the CV calcula-
tions, where a decrease of the Pr valence frothto +3 is

<0.65 using data from Ref. 32. It was again found that thedmposed ak=0.15 to describe the valence change. This va-
trends in BVSs were stable, while the actual values werdence change has, overall, a rather small effectvon, as

smaller for the MV calculations than for the CV results.

seen by the limited differences between BVS results in the

Another method to estimate the hole concentration in theCV and MV calculations, and by the fairly smooth results of
planes is the universal relation between the room tempera/_, as a function ofx, with no apparent discontinuity at

ture thermoelectric powe&,g, k andV_p,, which was found

=0.15.

TABLE II. Bond valence sum$BVS) for the different atoms in Nd ,Pr,Ba,Cu;0;_ 5 with the constant valence method., V., and
V. give the average hole density in the plane, chains, and preference for distribution of holes on oxygen sites, respectively. The numbers in
the parentheses are the estimated errors in the lastglidgfor comparison several BVS results calculated with the mixed val@vivg
method are also givei/.,(S) denotes an estimate obtained from the room temperature thermoelectric power.

X (%) 0 5 10 15 20 30
Nd 3.0379) 3.065 3.088 3.095 3.120 3.137
Ba 2.15211) 2.163 2.143 2.162 2.150 2.145
cul 2.2926) 2.356 2.283 2.331 2.345 2.295
cu2 2.1172) 2.114 2.112 2.118 2.102 2.110
o1 1.7501) 1.748 1.756 1.764 1.758 1.768
01 (MV) 1.7911) 1.798 1.795 1.810 1.806 1.811
02 2.01812) 2.032 2.035 2.043 2.039 2.049
02 (MV) 2.03513) 2.047 2.049 2.057 2.057 2.070
03 2.01314) 2.025 2.028 2.039 2.033 2.042
03 (MV) 2.02914) 2.039 2.041 2.051 2.050 2.062
04 1.9325) 1.934 1.936 1.942 1.933 1.938
04 (MV) 1.9636) 1.970 1.965 1.976 1.968 1.968
05 1.7812) 1.780 1.789 1.798 1.793 1.801
05 (MV) 1.8251) 1.834 1.831 1.847 1.842 1.845
Vi 0.08718) 0.05720) 0.04919) 0.03719) 0.03019) 0.01920)
Vo (MV) 0.05418) 0.028 0.022 0.010 —0.005 ~0.022
Vou(S) 0.131 0.121 0.116 0.109 0.103 0.093
Ve 0.5246) 0.528 0.517 0.508 0.503 0.488
Vg (MV) 0.4836) 0.476 0.477 0.460 0.453 0.446
v, —0.14818) -0.170 -0.175 —0.200 ~0.174 -0.201
vV, (MV) ~0.18018) ~0.199 -0.201 ~0.226 ~0.209 —0.242
T, (K) 92.2 84.3 72.8 59.7 57.7 21.9
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From Table Il it is further found thaV¥y; and Vgs in- 100 — T T
crease slightly with increasing Pr doping, whilg ; fluctu- —o—Nd(CV) ore+o  m
ates. In terms of Eq4), the decreasiny ¢, is thus domi- SO-I&%\\% A / |
nated by the increasing O1 and O5 BVSs. The fluctuations of -0 - Y(MV) §5 ér »
V1 €an be seen to correlate with the fluctuations in oxygen 60l oo—o/—q / i
chain occupancyng;, from Table I. This is expected from —_ iy
the bonding relations and illustrates the sensitivity of the X Q-0 o
BVS calculations. e 40 / 1
It is interesting to compare these results Yap, with Pr- O
doped Y-123. Neutron diffraction  results  for 20¢ cre
Y, «Pr,BaCu;0;_5atx=0, 0.2, 0.4, 0.6, and 1, have been :
published®” and we have made BVS calculations from these of o---m—o—n
data® Figure 9 showsT. vs V_ for Pr-doped Y- and Nd- o 55 5 5o

123. The results from the MV calculations show a similar
trend as those from the CV method but are somewhat o

smaller. For both ca_lcullatlon mgthods and both alloy systems FiG. 9. T, vs V_y for Pr-doped Y-123(circles and Nd-123

the results are qualitatively similar with a strong decrease ofsquares for both BVS calculations. Typical error estimates of the
T, for decreasingv_,. For CV calculations, the preferred BVS calculations are shown by a bar for some data points. Corre-
method, T, for both Y- and Nd-based-123 falls to zero for sponding data for Y-based samples have been calculated from data
V_ in the interval 0.02-0.05, in fair agreement with the from Ref. 22.

lower limit pi, of the range of hole concentrations in the
planes,p, where superconductivity is observéds briefly

described in Sec. . trends of the BVS results were checked by using two models,

As mentioned. bond lenaths ch ften h .tthe CV and MV methods, and in addition by comparing with
. ) loned, bond Iengins changes oftén have OpposHE, . |ations made from published structural regéltor

signs in NdPr)-123 compared to ¥Pr-123 and are signifi- Y. PrLBaCLO

cantly smaller in magnitude for the Nd-based alloys. Hence 1|_tx X ?2 Lgt;]‘f' h depletion in th .

it is difficult to identify any particular bond length of special im \:,’[ait?:]m h r?i fnar%?j tk?p etlrontm Ie Cpﬁba?etlﬁ an
importance for the change @, with Pr doping in these two 'MPortant mechanism, and the structural resufts further sug-

alloy systems. BVS calculations, on the other hand, sensgeSt that this occurs by hole localization on the(Rui site.

changes in weighed sums of bond lengths in an alloy seried.he qualitative_ similarity between all four calculations sup-
Our results show that BVS calculations can identify, as ~ POrts the consistency of our BVS analyses.

such a crucial parameter in alloy systems with markedly dif- [n the literature on Pr-doped superconductors, proposi-
ferent doping effects on bond lengths. tions of depletion of mobile charge in the Cu@lane, and

The preference for holes to go to the oxygen ions in thdocalization, have been made before. Three recent examples
CuO, plane,V, , was linearly correlated by Talldhto the  are the following: Thampeét al*® concluded from studies of
maximum attainableT, in a particular system. From the electrical transport and magnetic properties thatis de-
BVS results(Table 1l), V, decreases with decreasiig. pressed in Pr-doped Eu-123 due to the hole localization.
The trends for both types of BVS calculations are similar toFrom analyses of resistivity results Tomkowitguggested a
that expected for optimally doped ceramic sampfedow-  hole trapping mechanism all the way to the critical concen-
ever, the slopeT./dV, is much largefabout twenty timegs  tration of x~0.6 in Ho,_,Pr,Ba,Cu;0;_s. From analyses
for Pr-doped Nd-123 than for several systems studied in Rebf the thermoelectric power in terms of different semiempir-
20. In contrast the data for,Y,Pr,Ba,Cu;0,_ ;22 indicate  ical models, we suggest¥dthat charge localization is an
thatV, remains essentially constant. important contribution to th& . depression in charge neu-
trally doped Nd(CgPr,)-123.

In the present paper we have used a generalized approach,
taking into account both hole filling and hole localization.

The problem of the depression ofT, in Hole filling takes place at low concentrations, and is arrested
Nd;_Pr,Ba,Cu;0,_ 5 has been studied by neutron diffrac- at the apparent valence shift of*Pr This is modeled in our
tion and BVS calculations on sintered samples. In this intenBVS calculations in the CV method by taking the Pr valence
sively debated field of study, concerns have been raised aldo be 4" up tox=0.15 and 3 for largerx. The range for
about sample stoichiometry in Pr-doped samples, and abotible localization is found from the calculations. The results
the reliability of semiempirical results from BVS calcula- show a progressive depletion of planar charge for increasing
tions. Particular attention has therefore been paid to theser concentration for both NBr)- and for Y(Pr)-123, over the
points. Structural investigations and characterization wereange fromx=0 up to close to the critical Pr concentration
made by x-ray diffraction, EDS analyses in a scanning elecx., whereT_ disappearsx, is about twice as large in(Pr)-
tron microscope, resistivity measurements, and Rietveld reas in NdPr-123. Yet our results foV_, at x. in the CV
finements of site occupancies. The results showed phase pureethod (0.02—0.0% agree qualitatively for both alloy sys-
samples of the expected stoichiometry. In particular, no evitems, and are also in agreement with previous resultg fior
dence was found of Ba on Nd sites, nor of Pr on Ba site. Thether alloy system&4’

V. DISCUSSION AND CONCLUSIONS
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