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Site-specific electronic structure of Pr in Pr,,Ba,_,Cu3;0,_5
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We report on resonant x-ray powder-diffraction measurements in the vicinity of the &bosorption edge
of Pr;.,Ba,_,CuwO;_ 5. The Pr site occupation has been accurately determine@9% of the Pr is on the Ba
site. From an analysis of the energy dependence of selected Bragg reflections, the site-specific oxidation state
of Pr has been obtained. These results are discussed in the context of models describing the suppression of
superconductivity by Pr, and they indicate that Pr onRte is responsible fof . suppression.
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. INTRODUCTION obtained on the Pt edge of Pr,,Ba,_,Cu0;_ 5 show
that the Pr valence is intermediate, localizing the same num-

The suppression of superconductivity by the substitutiorher of holed” as are transferred from the chains to the
of Y by Pr in YBaCuO;_s (Ref. 1) has attracted great planes'®'® These x-ray results only support the hole local-
interest since the discovery of tiRBa,Cu;0;_, series R jzation models if one assumes an insignificant amount of Pr
=Y or rare-earth?® which exhibits superconducting transi- on the Ba site. Therefore, it is evident that knowledge of the
tion temperatures of ;~91 K. When Pr replaces Y to form Pr/Ba site occupation and the corresponding valence state of
the solid solution Y_,PrBaCu0; 5, T, rapidly de- Pr on both sites would allow one to distinguish between
creases with increasing Pr concentration and superconductidifferent models. Unfortunately, standard x-ray and neutron-
ity is suppressed belo1 K for y~0.5. Two other lanthanide diffraction techniques cannot resolve this issue, due to the
ions also show exceptional behavior, namely, Tb and Ce,
which only partially substitute for ¥.Tb has been found to
be trivalent; not suppressing.,® and Ce to be in its 4
oxidation staté, suppressing . (Ref. 3 in a similar fashion
as Pr. Note that we use here the concept of valence as it is
determined in the x-ray absorption near-edge structure
(XANES) spectra of thelL; edges of CeQ® where the
ground state is not tetravalenv£3.5¢e), and the formal
oxidation state is by definition 4. There is no difference
between the 3 oxidation state and the trivalent state.

To explain the suppression of superconductivity by Pr in
doubly layered cuprate superconductors, several scenarios
have been put forwafd'? hole filling, magnetic pair break-
ing, hole localization, and effects based (etravalenk Pr
ions occupying the Ba sitgsee Fig. 1 for the crystal struc-
ture). The recent observation of superconductivity in single
crystals grown by the traveling-solvent floating-zone
method® has been used in support of models in which dis-
order plays an important role if. suppression. Support for
models based on tetravalent Pr at the Ba site is provided by
a recent high-energy x-ray Compton scattering experirtfent.
However, such a scenario contradicts the interpretation of
transport measurements &(Ba; ,R,),Cu0;_ s (R=Nd
and Py.'® These latter measurements find similar reductions
in T, for similar amounts of Nd and Pr at the Ba site, indi-
cating that both ions are incorporated in the trivalent oxida-
tion state. In addition, soft x-ray-absorption measurements at
the oxygenK edge find a significant number of holes in an
oxygen-Pr bound stafd.Our recent x-ray-absorption results FIG. 1. Crystal structure 0RBa,Cu;0;_ 5.
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very similar x-ray scattering factors and neutron-scattering 5000 4———4————+————F———f—-——

T
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lengths of Pr and Ba. On the other hand, spectroscopic tech i
nigues are usually not site sensitive. One may resolve the  4p00L
issue, however, with the combination of spectroscopy and L
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20004

X-ray intensity

. . . . > L B
diffraction provided by resonant x-ray scattering. Z s000. o T
Here we present resonant x-ray powder-diffraction mea- § i ] ; ; — 1
surements at the Rr; edge of Py, ,Ba_,CusO;_ 5. From i ; 1
2000 1

these results, the site occupation of Pr is obtained. In addi-§
tion, from the energy dependence of selected reflections, the* i 1
site-specific valence of Pr is extracted, indicating that the Pr 1000 ' -
valence at theR site is significantly different from trivalent. J!l R Hj“m LTS
o

Il. EXPERIMENTS 80 90 100 110 120 130
26 (%)

The Py,.,Ba, ,Cu0,_s sample has been previously
used in an x-ray-absorption study, and details on the sample FIG. 2. X-ray-diffraction pattern, Rietveld fit, and residuals of
preparation can be found in Ref. 17. The resonant powderPr +,Ba& ,CusO;_ 5, taken with an image plate at B2 of Hasylab.
diffraction data were collected at the Hasylab B2 beamline in
Hamburg, Germany, using two rectangular{(80-cm) im-  portional to the mass absorption facjorfor an ion occupy-
age plates that simultaneously covered therange 10— ing a single site in the structure of interest can be obtained
135°. Halfway between the source and sample, a Pt-coatdftom XANES experiments. The electronic ground-state
collimating mirror was inserted into the beam path to reducevave-functiony;y of intermediate valence Pr in an oxide can
the peak width, especially at high diffraction angles. A de-be expressed as
tailed description of this setup can be found in Ref. 33. The
finely ground sample was glued externally onto a 1-mm cap- Pg=A|4") +BJ4f" L), 2
illary to reduce sample absorption of the 6-keV x rays. For ... _ 4 (andn=0 for C&, where 4" and 4"1L de-

energy and intensity calibrations, a 0.3-mm-diameter capil-__ . . ) . .
jary filled with Si powder was inserted into the sample Cap_scnbe the localized multielectron configuratiéh and L

illary, with a horizontal offset of 2 mm. The horizontal beam dheenztoeesﬁ%légn?gg ::éeé 1;22 d\ﬁle?c??jiﬁetrheenr; ?é;ﬁtrlzsr?rlﬁﬁg to
size was set to 14 mm, such that the beam simultaneous} ' 9

. ANES spectrgsee Fig. 3 and thus inf’ (E) andf”(E). In
struck 8 mm of sample and 4 mm of Si, separated by a gap X .
2 mm. This scheme allowed a direct intensity normalizationOrder to obtain the scattering factors for Pr from XANES,

of the diffraction pattern, a conversion from the pixels posi—gﬂethvggu;geh:r\:g ttr?eal??asirirt]:;?S:r:gi;rzztt?:g?hgarc\}\%rs dfsorthF:ar
tion on the image plate to2angles and an accuraite situ \ '

incident photon energy calibration. The energy dependen\falences and the contributions of multiple scattering to the

transmission was measured by reducing the beam size to. ear .edge, site select!ve x-ray abso_rptlon spectra must be
. . identical for the two sites. It is not likely that this is fully

X0.1mm. The entire x-ray path to the image plate was o . . :

: . . correct. However, the approximation of identical scattering

evacuated in order to reduce absorption and scattering by alir.

The important absorption correction in this geometry is out- | ‘ | | | , |
lined in the appendix. T

2.0+
lll. RESULTS

Diffraction patterns were collected for 28 different ener- 1501
gies in the vicinity of the PL; absorption edge at 5964 eV. i
A diffraction pattern taken at 5962 eV is shown in Fig. 2. For g
the refinement of the resonant powder-diffraction data, accuz { 4 L
rate values of the x-ray atomic scattering factors are required™ i
The atomic scattering factor for an atohcan be written as

FA(Q.E)=Tfoa(Q) + fA(E) +ifA(E) )

Herefya(Q) is the scattering wave-vector dependent atomic
form factor, andf ,(E) andf,(E) are, respectively, the real

and imaginary parts of the anomalous correction to the scat: 5940 5950 5960 5970 5980 5990 6000 6010
tering factor. Due to the fact that the Ba edge(5989 e\

and the PIL; edge(5964 eV} both lie in the energy range of
interest, the anomalous correction factors for both ions are FIG. 3. X-ray-absorption near-edge struct(XANES) of the Pr
required for the analysis of the diffraction patterns. In prin-L, edge in Py, ,Ba,_,Cu;Oq o7 (filled circles and in formally tet-
ciple, the imaginary part of the scattering factor that is pro-ravalent Pr in Pr@(open circley taken at ambient temperature.

energy (eV)
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2600+ e ] and [206] reflections. We note that in YB&W0O;_ 5 (not

2200 £ 7 shown), this anisotropic line broadening is absent. In the fit,
13 E a single Lorentzian linewidth was assumed for all the reflec-

18001 tions, and the Gaussian contribution was varied individually.

1 The full width at half maximum of th¢220] reflection is at

0.0782)°, approximately half that of thg026] and the[206]

\ o W reflections, which have the same width, 0.(53. In gen-

‘ O oA SO .8 eral, the reflections of typa#k are broader than those of

97 97.5 98 985 99  99.5 100 100.5 type h=k, indicating microstrains along the and b axes

2009 that are anticorrelated along thi&10] direction. A similar

situation has been fouftiin La,NiO,. Strains in connection

with the tetragonal to orthorhombic phase transition in

YBa,Cus0;_ 5 has been studied in detail in Refs. 27 and 28.
In order to quantitatively describe this reflection-specific

. . : ._line broadening, a model is adopted, which is very similar
factors for Pr on both sites leads only to minor maccurame%o that use®®® to describe the orthorhombic strain in

in the Rietveld refinement, since the maximum difference aNiO, and the stran in the high, cuprate

between the scattering factors for tri- and tetravalent Pr i . 7 . .
much smaller than that between Ba and Pr at their resq. 2>%2" 1-xC&CU0g. 5. In this model, the linewidth is in-
rpreted as a distribution af spacings. The relevant vari-

nances. As discussed below, the restriction to energies belo : . . . :
the PrlL, edge(5926-5964 eV leads to negligible differ- able for an mterpretatlon.of the ghffractlpn pattern is the
ences between the scattering factors of the two valence stat guared inverse of the Iatt|ce_ spacing, which is a fun_ctlon of
and therefore provides ideal conditions for the site- ezmean values of the lattice constants. The variance of
occupation determination. Another difficulty for the extrac- L/dn.k can be expressed as
tion of fA(E) from the XANES data is the close proximity of

the BaL, and the PIL; edges; they are separated by only 25

eV (see Fig. 3 Therefore, for Pr we have used thg(E) 02(1/dﬁk|):2 > S;
from the XANES in the pre-edge and white line regions. For [

the energy region where the Ha edge contaminates the \pereq, corresponds to the lattice constantsh, andc and
absorption datafp(E) has been calculateab initio with the || o) anglese, B, andy, andS; is a covariance matrix.
FEFF progrant”**The f5,(E) values for Ba have also been Assuming that the distributions of lattice spacing fluctuations
calculatedab initio. The calculated p(E) is expected to be are Gaussian, the broadening produced by the sample and the
reliable above the PL; edge (in the extended x-ray- broadening from the instrumental resolution add in quadra-
absorption fine-structure regiprand the calculatedg(E) ture to produce the square of the observed peak width

will also be reasonably accurate. Furthermore, thelBa Therefore][ for the hkl reflection can be given by a modified
edge is quite weak. The real paffs(E) andf; (E) are then  Cagliotti expression as

obtained by the Kramers-Kronig transformation

1400 +

x-ray intensity

1000 —

FIG. 4. The[026], [206], and[220] reflections of the x-ray-
diffraction pattern showing the different linewidths of the reflec-
tions.

a(11d3) I(Ld2,)

ﬁai (96(1

4

I'?(26)=(U+T)tarf #+Vtang+W (5)
2 >dw'w'f"(E) ;
"(E)=— with
PE=TP ) o G
whereP indicates the Cauchy principle part of the integral in T=81In 2[dﬁk|02(1/dﬁk|)], (6)

the complexw plane. We have used the computer code

DIFFKK (Ref. 24 to obtainf’(E) from f”(E) for Prand Ba whereU, V, and W correspond to parameters defining the

in the vicinity of the two edges. instrumental resolution function. The fact that thid reflec-
The refinement of the powder x-ray-diffraction patterntions withh#k are broader than those with=k implies that

was performed with Fullprof; which allows a simultaneous S;;, S,,, and S,; (=S;,) are the dominant terms in the

refinement of several patterns taken at different energies, apvariance matrix. This transforms Eg) to

well as the explicit input of the scattering factors, including

anomalous correction factors. All together, five patterns be-

tween 5926 and 5964 eV were used, just below the Pr o i 4h* 4k* 4h2%k?

edge. The first pattern to be refined was that at the lowest o (M) =Sus + Sz s + 25 zpr- (D

energy(5926.6 eV, and in order to obtain a good description

of the peak shapes, an anisotropic line-broadening modéin identicall” for the[206] and[026] reflections, and sharp

was introduced. Figure 4 shows a selected region of theeflections forh=k indicate thatS;;=S,,= —S;,. Because

5926.6 eV diffraction pattern including th626], [206], and  the orthorhombicity of our sample aE3.8607A, b

[220] reflections, together with a fit to Voigt functions. It is =3.9297 A) is small, Eq(7) reduces tar?=(4S,,/a%(h*

evident that thg220] reflection is narrower than thié@26] +k*—2h%k?). The microstrain is therefore very similar to
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that found®*in La,_,SrNiO,, except for the fact that the L ianananane
sample is slightly orthorhombic, whereas,N&O, has a te- ; — s
tragonal long-range structure. This leads to a microstrain pa- -10L 1
rameters = yS;;= 0.8, which is significantly smaller than the i ]
value of 4 found®*°in La,_,SrNiO,.

The strain can be directly related to structural changes in
R(Ba,_,R;)Cu0;_5, as have been found, for example, for
R=Eu andR’ =La, Eu, and PF! The substitution of Ba by
smallerR ions not only leads to a contraction along the
direction, but also strongly affects thee and b axes. For
increasingx,a decreases and increases untik=0.12, ap-
proximately where the structural phase transition to tetrago-
nal occurs. This is a strong indication th&t substitution
leads to disorder in the chains, in agreement with a soft
x-ray-absorption stud$? The fact that the length of the di-
agonal in thea,b plane is almost identical in the orthorhom- A
bic and tetragonal phases, in spite of significant changas in 12 '
and b, has implications for the behavior of the anisotropic "
strain, which must be large alof00] and[010] and small
along the[110] direction. This demonstrates that a small
amount of Pr on the Ba site leads to disorder of the oxygen in
the chains, reducing the orthorhombicity and introducing the
[100] and[01Q] strains.

To refine the degree of Pr occupation on the Ba site, all 6
structural parameters were fixed to the values obtained from
the refinement of the pattern taken at 5926.6 eV. The simul-

. . . . . 4 = e e I A B
taneous reﬂ_nement of five diffraction patterns ta\_ken at dif- 5930 5950 5970
ferent energies allows a very accurate determination of the Pr energy (V)
site occupation, since it is the only parameter that is sensitive
to the energy dependent changes in the scattering. We obtain FIG. 5. Anomalous corrections to the scattering factor of Pr in
a value ofx=0.06+0.02, which compares well with the the 3+ and 4+ oxidation states and of Ba, extracted from either
starting composition af=0.05 of the preparation procedure. absorption data or obtained from FEFF calculations and Kramers-
We note that in analyzing five different diffraction patterns Kronig transformations. Upper pai): real parts of the anomalous
across the Pk, edge x remains constant at 0.06. This value correction factor. Lower pafb): imaginary parts of the anomalous
is in agreement with that estimated from polarized neutrorforrection factor.
diffraction** however, is more directly obtained and ex- calculated values from FEFF and the corresponding values
pected to be more accurate. from the Kramers-Kronig transformation for the anomalous

In principle, resonant diffraction offers the advantage ofcorrections to the scattering factors. For the éxidation
combining spectroscopic information with the site selectivitystate of Pr, the FEFF calculation is inaccurate, and we were
of diffraction. Therefore, by measuring the energy dependenforced to extract the anomalous corrections from the,PrO
x-ray intensity of selected Bragg reflections in the vicinity of XANES spectra(see Fig. 3 The resu|tingf"3@+ ,f;;ra+ and
the edgg(XANES region), information on the site-selective f;,4+ ,f'F/W are shown in Fig. 5. For the calculation of the
electronic structure qf Pr can be obtained. However, cjue t?027] and [207] reflections, the atomic form factor for tri-
the small concentration of only=0.06 Pr on the Ba site, 4nq tetravalent Pr has been taken from Ref. 34. The energy
and the fact that the contribution from tiesite is indepen-  gependence of the averagf@l7] and [207] reflections is
dent of thehkl I’eﬂeCtIOI’l, the Pr valence on the Ba site Couldshown in F|g 6. The site-selective Pr valence has then been
not be extracted from the powder data with the insufficientobtained by fitting these data to the structure factor, using
statistics available. For the Pr at tResite, on the other hand, f,=(1—a)fpgs:+afpa+, in analogy to a valence determi-
the situation is different. There exist reflections of typenation from XANES spectra. The fit of the parameter
[hk7] for which the contribution from Pr on the Ba site which is also shown in Fig. 6, results in an oxidation state for
(1/2,1/2+z) is insignificant [proportional to cos(zlz)= Pr at theR site of v=3+ a=3.27+0.08, in agreement with
—0.08 forz=0.1809, and as we have seen, only 6% of Pr the value for the global average oxidation state of Pr in this
occupies this site. This makes a determination of the valenceamplé’ of 3.23+0.01e. The average of two reflections is
of Pr on theR site possible. used in order to improve statistics.

To describe the energy dependence of reflections of type
[hk7], we used the anomalous scattering factors from the IV. DISCUSSION
3+ and 4+ oxidation states of Pr. For the trivalent case, From the Pr site occupation=0.06(2) of the Ba site, and
which exhibits a single resonance, we have used@thimitio  assuming Pr" replaces B&", a maximum number of holes

' (&)
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0.25-+——r—t——+——t—rrtrr—rrfr—— the absence of Pr on the Ba site. The size mismatch between

- 1 the smaller Pr and larger Ba ions is significant and is very
likely to be responsible for the anticorrelated microstrain
along thea and b directions, either directly or via oxygen
ions occupying the antichain sites. However, a proposal that
a small localized structural distortion on the Ba site promotes
the hole localization at th® site is unlikely, particularly
because the # electrons form bandSwhich are not ex-
pected to be disturbed by a few percent of disorder. There-
fore, the small Pr disorder on the Ba site and the suppression
of superconductivity by Pr on the site due to hole localiza-
tion can be viewed as two independent physical effects.

It is interesting to note that in the casextlependent .

suppression in Y_,Pr,BaCu;0;_5, T, is already below 1
K for x~0.5. Because the number of localized holes per Pr
and the number of expected holes coincides Xerl, the

0.20+
0.15+

0.10+

integrated x-ray intensity (arb. units)

i [2071+[027] ] oxidation state of Pr is expected to be approximately twice as
0,05l b large in the vicinity ofx=0.5 compared tax=1, which
5930 5950 5970 5990 would be of the order of 3.5. Since Ce and Pr similarly

suppresd ., and since Ce is known to be in the-4oxida-

tion state’ indications are that there is an additional physical
FIG. 6. Energy dependence of the integrated average intensit?ff_eCt of T_C suppression for low Pr concentrations, such as

of the[207] and[027] reflections in the vicinity of the Pl ; edge. pair breaking.

The line corresponds to a fit, determining the Pr site-selective va-

lence at theR site. V. CONCLUSIONS

energy (eV)

of n=0.12 per unit cell can be filled. This is at least a factor We have performed resonant x-ray powder-diffraction
of 2 too small, when compared to the number of holes transmeasurements in the vicinity of the Bg absorption edge.
ferred from chains to planes when going from the undoped—he Pr site occupation has been accurately determined to be
RBa,Cu0g to doped RBa,Cuy0,.181° Therefore, merely 6=2% of Pr on the Ba site. The observed strain along the
from the occupancy of Pr on the Ba site, models that clainf100] and[010] directions can be directly related to oxygen
that tetravalent Pr on the Ba site suppressemeiconduc- disorder in the chains, introduced by the small fraction of Pr
tivity due to hole filling* can be excluded. In addition, the ion in the Ba site. From an analysis of the energy depen-
fact that only light rare-earth elements up to Ge., with ~ dence of selected Bragg reflections, the site-specific oxida-
large ionic radii substitute for Ba(which is larger than tion state of Pr at th® site has been determined to be 3.27
PF), is a clear indication for trivalent Pr at the Ba site. ~ =0.08 e, corresponding to a valence of 321203 e. These
The finding that the Pr occupation on the Ba site agreegesults support models that are based on the hybridization of
with the expected chemical stochiometry demonstrates thatf and 2o orbitals, leading to hole localization at the (R
transport studies on carefully prepared samples, with varyingite) and subsequently to the suppression of superconductiv-
Pr and Nd doping on the Ba site, can give valuable informaity and to the unusual magnetic properties of this strongly
tion on the effect oR substitution onT,.'®> These measure- correlated electron system.
ments thus strongly indicate that bd&ions have the same
valence state when located at the Ba site and that they are ACKNOWLEDGMENTS
therefore both trivalent. The model that trivalent Pr ions at
the Ba sites suppress superconductivity due to pair We would like to thank B. D. Pattersai?S|) for proof-
breakind? is unlikely, since Eu (Ba ,Pr)Cu0;_s (Ref.  reading the manuscript. The work at Ames Laboratory, lowa
31) is still superconducting fox=0.3, but superconductivity State University, was supported by the United States Depart-
is already lost for x=0.06 in our sample of ment of Energy under Contract No. W-7405-ENG-82.
Pr, . «Ba_,CusO;5. Moreover, Pr on the Ba site has a sin-
glet ground state due to the low site symmetry, in contrast to APPENDIX
Nd, which has a magnetic doubléframers ion and does
have a distinct smaller effect on superconductivity. As our Here, we formulate the absorption correction applicable to
results directly indicate that Pr localizes holes at hsite, ~ the hollow cylinder geometry. The intensity26, u(E)] is
they also strongly support models based on hole localizatioforrected using a function that depends on the energy depen-
due to hybridization of the # orbitals with the oxygen g dent absorption coefficient of the materialE) and the scat-
states. tering angle 2, through the relation
It is very difficult to understand the questionable occur-
rence of superconductivity in crystals of PgBakO,_ 5,3
where it is argued that superconductivity is restored due to lexd 20, (E)|=A[20,u(E)]I°(26,E). (A1)
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c) d)
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FIG. 7. (a)—(d) Sketches of the geometry of a hollow cylinder for the absorption correction, as explained in the text.

Based on the result from cylindrical geometfythe function Rsina=p sine,

RsinB=p sin(180°- 26— ¢),

27 (R
A0 | [ “expt - ul(s,- s + (53~ A5 o dp ey R 2pRCOS o),

(A2)

_ , s2=p?+R?+2pRcog 260+ ¢+ ). (A3)
can be derived for the hollow cylinder geometry. Here
s,(¢,p,R) andAs,(¢,p,r,R) correspond to the path of the For the additional parameterss, and As, in the hollow
incoming beam into both cylinders and through the innercylinder geometry, four cases need to be consid¢ses
hollow cylinder, respectively, ands,(¢,p,20,R) and Figs. 1a@—(d)]: The x-ray path does not pass the inner cyl-
As,(¢,p,20,1,R) to the diffracted path going out of both inder (As;=0,As,=0), the incoming beam passes the inner
cylinders and through the inner cylinder, respectively. Thecylinder [As;=2(r?— p?sir? ¢)*2 As,=0], the scattered
differencesS,—AS,; and S,—AS, are the paths of the in- beam passes the inner cylindefAs;=0,As,=2(r?
coming and the diffracted beams through the material, re= p?sir? 8)?] both, and the incoming and the scattered
spectively.R andr represent the outer and the inner radii of beam pass the inner cylinddiAs,=2(r%—p?sir? )2,
the cylinders,p the radial location of the x-ray scattering As,=2(r2— p?sir? B)*2].
point, and(180 —¢) the angle betweep and the incoming The functionA[ 26, u(E) ] was numerically evaluated ac-
beam direction. The scattering geometries for the hollow cylcording to Eq.(A2) and normalized to the measured trans-
inders are sketched in Fig. 7. Following Ref. 35, the parammission A[180° u(E)], with r=0.5mm. The diffraction
eters satisfy the following relations: patterns have then been corrected according to(&d).
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