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Neutron diffraction and ac magnetic susceptibility measurements were performed to study the effects of La
doping on the structural and magnetic properties of polycrystallitBapr La,) ,Cus07., . Structural studies
using high-resolution neutron diffraction and Rietveld analysis indicate that La doping triggers the occupation
of O on the antichain sites which reduces the degree of orthorhombicity in the system. Tetragonal symmetry
was observed in the 29% La-doped compound. Magnetic orderings of the Pr ions as well as the Cu ions were
evident in the susceptibility. The Pr spin ordering was confirmed by the neutron magnetic diffraction data.
Significant reductions in the ordering temperature of Pr were found upon increased La doping, while the spin
configuration remained. No obvious changes were observed in the ordering temperature of Cu.

[. INTRODUCTION ing incorporated into the Ba sites, on the crystal symmetry,
on the Pr spin ordering, and on the Cu spin ordering. As
Among the superconducting oxideRRBa,Cu;0;_,  divalent Ba was partially replaced by trivalent La, excess O
(R123,R=rare earth), the unique electronic and magneticentered the antichain sites, resulting in a structural change
properties of theR=Pr compound have triggered intense from an orthorhombicPmmm symmetry to a tetragonal
study over the past decade. Currently, the hybridization beP4/mmmsymmetry. TheT\ of Pr was significantly reduced,
tween the Pr-4 orbital and the neighboring Of2, orbital in ~ while the spin structure remained. No obvious changes of the
the CuQ layers is believed to be the most significant mecha-Cu spin ordering were observed.
nism governing™ the general behavior of Pr123. Still, the
mechanisms for the absence of superconductivitgnd the
high antiferromagnetic ordering temperatuiig & 17 K) of Il. EXPERIMENTAL DETAILS

the_ Pr spin% ' remain puzzling. Re_ce_ntly, observatiohs’ Four oxygenated La-doped Pr123 polycrystalline samples
of inhomogeneous superconductivity in Pr123 have beer_1 reﬁaving nominal compositions Ma; ,La,),C0; . with
ported. Arguments for the appearance of superconductlvny(:O_L 0.15, 0.2, and 0.3, were prepared by the standard
have pointed _in the direction that Rr ions are incorporqte@)ond_state reaction technique. For each compound, high-
into the Ba sites and that the O sites are fully occupledpurity BaCQ, Pr0,;, La,0s and CuO powders were well
Apparently, BaO layers may also play an important role af-mixed in stoichiometric ratios, and then calcined in floating
fecting the general properties of the systems. The addition oAr gas at 940 °C for 24 h, using a heating rate of 300 °C/h.
excesR into the Ba sites often results in oxygen defects onThe calcined powder was pressed into pellets and sintered in
the antichain site§'® A complex structural change has floating Ar gas, to avoid the formation of magnetic PrBa0
been observéd in Nd, , Ba,_Cus07.,,, Where excess Nd at 900 °C for 24 h, followed by cooling to room temperature
was introduced into the Ba sites. Superconductivity was alsat a cooling rate of 60 °C/h. The resultant powder was oxy-
found® to be depressed when Pr was introduced into the Bgenated by annealing in floating,@as at 400 °C for 24 h,
sites in systems such as (## ,Pr),Cu;0;,y. A 50% and then naturally furnace cooled to room temperature.
replacement of the Ba by Sr in TIB_ArCu0; significantly  X-ray-diffraction measurements were then used to character-
alters the ground-state spin structure of the Cu iSrdem-  ize the samples, pellet by pellet. No obvious difference was
onstrating that the BaO layers also actively participate in théound in the diffraction patterns taken from different portions
coupling between the Cu spins. of the sample.

In this paper, we report results from studies made on the Crystal structures of the compounds were determined by
crystal structure and the magnetic properties of a series afomplete structural analysis using high-resolution neutron-
four polycrystalline PBa ,La),Cu0;7., where non- diffraction measurements and the Rietveld refinement
magnetic La ions were incorporated into the Ba sites, usingnethod?® These measurements were performed on BT-1,.
ac magnetic susceptibility and neutron-diffraction measurethe 32-detector powder diffractometer at the NIST Center for
ments. We concentrated on the effects resulting from La beNeutron Research. For these measurements, the samples
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were loaded into cylindrical vanadium cans, which produced

T I 1 1 1
no measurable neutron diffraction peaks. A(&Ll) mono- Pr(Bay 7i1ay.3),Cu305,6

A=1.5402A =
chromator crystal was used to select a wavelength\ of 3000} 157-20" -7
=1.5401 A for the incident neutrons. Angular collimators Room temp. ™
with horizontal divergences of 1520, and 7 full width at Pd/mmm

500

half maximum(FWHM) acceptance were employed for the

in-pile, monochromatic, and diffracted beams, respectively.
The effects of La doping on the magnetic ordering of the

Pr and Cu ions were studied by measuring the ac magneti Ty EIng

susceptibility and the magnetic neutron-diffraction patterns. | SRttt A AR

The ac susceptibilities were measured on a conventional a o bbb Aottt

susceptometer, W_here the sample was subjected to a wet ‘(') TR T R v T TR PR Ty 1

driving ac magnetic field and the response of the system wa Scatteri le 26 (d

detected using two identical sensing coils connected in op cattering angle 20 (deg.)

position. For these measurements, samples were loaded into FIG. 1. Observed(crosses and fitted (solid lines high-

cylindrical plastic containers, and a pumpélde cryostat,  resojution neutron power-diffraction patterns collected at room tem-
operated between 1.8 and 400 K, was used to control thga atre. The short vertical lines shown below the pattern mark the
sample temperature. Magnetic neutron-diffraction experiza|culated positions of Bragg reflections for the proposed structure.
ments were also conducted at NIST using the BT-2 triple-

axis spectrometer, operated in double-axis mode. A pyrolytigetween the Cu ions along the axis) while leaving the
graphite P@02 monochromator was employed to select antichain sitesthe sites between the Cu ions along the
neutrons of\ =2.359 A, and a PG filter was placed after the axig) vacant. Using trivalent La ions to partially replace di-
monochromator position to suppress high-order wavelengtyalent Ba ions may tend to pull more O atoms into the sys-
contamination. Angular collimators used had' 680, and  tem, thus compensating for the additional charges arriving
40" FWHM acceptance. For these measurements, samplégm the L&*. O occupation on the antichain sites and a
were loaded into Cylindrical aluminum cans filled with he- Change Of Crysta”ine structure into mlmmm Symmetry
lium exchange gas to facilitate thermal conduction, and th?nay then be anticipated for the La-doped systems.

1000

Neutron counts
[\*]
3
T

sample temperature was controlled using a pumfide The diffraction patterns were analyzed using theas
cryostat, operated between 1.4 and 25 K. (general structure analysis systeprogram?® following the
Rietveld refinement method. Several models with different
IIl. RESULTS AND DISCUSSION symmetries were assumed during the preliminary analysis,

High-resolution neutron-diffraction patterns, covering aW'th special concgntratlon on the expedﬁe@mmm and
scattering-angle range from 3° to 168°, taken ‘at room tem. 4immm symmetries. All the structural and latice param-
perature were first collected to charactérize the samples aneéers ere alloweql to vary smultaneously, and refining pro-

. . cesses were carried out unf,,, the weightedR factor,
determine the detailed structural parameters. Temperatu

r ) - o .
dependences of the ac susceptibility, performed using Vanc_ﬁffered by less than one part in 1,000 within two successive

ous driving fields, were then measured to study the basigydes' Thex=0.1, .0'15’ and 0.2 compounds crystallized
X nto an orthorhombic symmetry of the space grdemm
magnetic response of the system and to search for magnefl

anomalies. Both the in-phase componept(T), and the Whereas the=0.3 compound crystallized into a tetragonal

out-of-phase componenty”(T), were measured simulta- symmetry of the space group4/mmm No mixing of the

neously. Neutron-diffraction patterns covering certain tem—tW0 structural phases was found in all four compounds. Fig-
Y P 9 ure 1 shows the observedrosses and fitted (solid lineg

perature regimes, where the susceptibility showed anomalle§atterns for thex=0.3 compound, with their differences
were then collected to search for magnetic signals. As n

structural change was observed within the temperature ré)-IOtted at 'the bottom indicating they agree very yveII. In the
gime studied, the magnetic signals were isolated from thénset to Fig. 1, the .(1061)(010) peak is p'lott'ed In an ex-
nuclear ones by employing the standard subtractio anded scale, showing that t{00) peak comm_ded with the
technique?* where the diffraction pattern taken at a tempera- 01Q) peak for tetragonal symmetry. The refined structural
ture well above the ordering temperature was subtractef2rameters gnd the selected bond lengihs for all four. com-
from the one taken well below. The uncertainties quoteopounds are listed in Table I, where the center of the unit cell

throughout this paper are statistical and represent one stal- def'?‘ed as at the Pr site. .
dard deviation. Refinements that allowed La to enter the Pr sites gave an

unacceptable negative occupancy factor for La, indicating
that no La atoms occupied the Pr sites. Poorer fits resulted
when Pr was allowed to enter the Ba sites or Ba to enter the
Structural analysfé has shown that fully oxygenated Pr sites, showing that La doping did not alter the periodicity
Y123 crystallizes into an orthorhombiemmmsymmetry.  of the Pr ions. We note, however, that the neutron-scattering
This orthorhombicity is caused by the formation of CuO-amplitudes for Pr and Ba differed by only 10%, which re-
chain layerqa-b planes, in which there are O ions between duces its ability to resolve Pr from Ba by neutrons. The
the Cu iong(forming Cu-O chainsalong only one crystallo- chemical formulas for the four compounds, obtained from
graphic axis(the b axis). It is generally said that the O ions the structural analysis, are (BgggqiLagg9),CUsO7 06
in the CuO-chain layers occupy the chain sittise sites Pr(Baygdag142,CUs0715  Pr(Bay74.8919-,Cus0714 and

A. Structural change
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TABLE I. Refined structural parameters for(Bay,La,),Cu;0;.,, WhereB represents the isotropic
temperature parameter. The center of the unit cell is defined as at the Pr site, so348) PRa/La(:32),
O(1)(xy2), Cu(2)(0@), O(2)(30z), O(3)(05z), Cu1)(000), O(4)(x30), and O(5)&y0) show the
orthorhombic symmetry. Setting(® and Q3) to be equivalent as well as(@ and Q5) to be equivalent
then reduce it to the tetragonal symmetry.

x=0.09(1) x=0.14(1) x=0.18(2) x=0.29(1)
Space group Pmmm Pmmm Pmmm /Anmm
a(A) 3.88442) 3.89085) 3.89644) 3.89271)
b (A) 3.90772) 3.90274) 3.89813) 3.89271)
Cc @A) 11.68794) 11.6844) 11.67317) 11.621@6)
Vol. (A% 177.594 177.417 177.298 176.049
Pr B(A? 0.137) 0.373) 0.181) 0.403)
Ba/La z 0.17992) 0.17913) 0.18013) 0.17724)
B (A? 1.234) 0.992) 1.397) 1.263)
o) x 0.03832) 0.04122) 0.045@5) 0.063%7)
y 0.03392) 0.04261) 0.059@4) 0.063%7)
z 0.158842) 0.15862) 0.15724) 0.15914)
B (A? 0.921) 0.401) 1.281) 0.741)
Cu? z 0.35042) 0.35046) 0.35042) 0.34912)
B (A? 0.695) 1.275) 0.925) 1.373)
0?2 z 0.36962) 0.36965) 0.36944) 0.36952)
B (A? 1.055) 1.61(1) 0.81(1) 1.254)
0o(3) z 0.37263) 0.37135) 0.37014)
B (A? 0.661) 0.771) 0.991)
Cul B (A? 1.147) 1.165) 1.164) 1.467)
o4) x 0.05292) 0.06014) 0.06633)
B (A% 1.463) 1.393) 1.354) 1.525)
oB) y 0.02122) 0.02825) 0.050G4)
B (A? 0.927) 1.435) 0.777)
O(4) frac 0.43939) 0.44736) 0.46419) 0.576%8)
O(5) frac 0.18401) 0.22048) 0.220@9)
O content 7.061) 7.121) 7.141) 7.161)
Pr-0(2) 2.478@5) A 2.47583) A 2.47443) A 2.466996) A
Pr-0(3) 2.44925) A 2.45913) A 2.46864) A
% 1.1112 1.479 1.686 2.172

Pr(Bag 3180 29,CUs0 15 Which correspond to the 9%, 14%, pounds. This is consistent with smaller La atoms being used
18%, and 29% La-doped systems, respectively. They agrde replace larger Ba atoms. However, the average separation
well with the stoichiometric compositions. In addition, struc- between the Pr atoms and their neighboring O atoms in-
tural analysis was also directed at searching for impuritycreased. An 8.5% increase of the R@BDbond length
phases such as PrBgOPrCu@, BaCuQ, and CuQ. No  was obtained, accompanied by a 3.3% decrease in the
traces of them were found, showing the samples to be esseRs-QO(2) bond length. A similar qualitative behavior was also
tially single phase. We estimated any impurity phases in thebserved® in the isostructural Nd-doped system. This behav-
samples to be less than 2%. ior is a direct consequence of the appearance of extra O
Several features were seen and interpreted as divalent Bdoms in the CuQ,, layers, which pulls the neighboring
atoms were partially replaced by trivalent La atorfly:La  (Ba/LaO and CuQ layers toward the CuQ) , layers result-
atoms entered the Ba sites, and no traces of La were fouridg in an increase in the separation between the Pr and, CuO
on the Pr sites(2) No atoms other than Pr were found on the layers. (5) The Q1) atoms in the(Ba/La)O layers shifted
rare-earth sites, while Pr occupies its normal site, forming away from their normal positions, at the edges of the unit
simple Pr unit cell, as in an undoped systef® The O cell, by an amount related to the doping level. Figurés 2
content progressively increases as the La concentration &nd Zb) show the nuclear density contours of tfia/LaO
increased. This intake of extra O onto the antichain sites willJayer viewed along the axis for the 9 and 29 % La-doped
we believe, compensate for the additional charges arrivingompounds, respectively. Both maps cover 7.28A78 A,
due to the replacement of Bausing L&", as expected4) and the contours cover nuclear densities from 4.0 to 0.02
Similar to what has been observed in isostructurald 3. A fourfold symmetry was clearly seen for the contours
Nd-doped® and Pr-dopetf systems, the axis is shortened representing the density of (D, indicating that there are
by nearly 1% from the undoped to the 29% La-doped comfour O(1) which contribute to these contours. As listed in
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FIG. 2. Nuclear density maps of th®a/La)O layer viewed FIG. 3. Nuclear density maps of the CuQ layer viewed along
along thec axis for the(a) 9% and(b) 29% doped compounds. For the ¢ axis for the(a) 9% and(b) 29% doped compounds. The
densities of @1), the contours display a fourfold symmetry. contours shown irfa) display a twofold symmetry, whereas a four-

fold symmetry is seen for those shown(in).
Table | a~ 6% shift along both the andb axes was ob-

tained for the 29%-doped compound. This shift, we believenent and a saturated moment of Quz488°Shown in Figs.

will help balance the appearance of two different atoms, La4(a) 4(b), and 4c) are they'(T), measured using a weak
and Ba, in these layers. Note that refinements performed thgjiying field with an rms strength of 1 Oe and a frequency of
allowed no shift in the @) gave an unacceptably large ther- 109 Hz for the 9, 18, and 29 % doped compounds, respec-
mal factor for @1), which in terms indicates the existence of tively. The ' (T) observed for the La-doped compounds are
the shift. (6) The occupation of antichain sites by O atomsery similar to the one observed for the undoped sy<ER.
reduces the degree of orthorhombicity of the unit cell. Un-rpq 5qjig curves shown in Fig. 4 indicate the fits of the data

equal filling of the chain and antichain sites would preserve,pisined between 25€T<200K to the Curie-Weiss ex-
an orthorhombic symmetry, as observed for the 9, 14, andl essjon for antiferromagnetic systems. No obvious changes
18 % doped systems. The tetragonal symmetry observed f

0 - : h the effective moment were observed but a value of
the 29% doped compound indicates that the chain and ant}leﬁ(Pr)%Z.?Z(S),uB was obtained for all three compounds.

chain sites are equally occupied. This orthorhompm—toThis value of uo(P1) obtained for the La-doped compound
tetragonal structural change can be clearly seen in thg,.q essentially the same value obtained for the undoped
nuclear density maps of the CuO-chain layers, viewed alongystenﬁ,zs,ze
the ¢ axis, shown in Figs. @) and 3b), for the 9 and 29 % At low temperatures the data clearly departed from the
doped compounds, respectively. Clearly, the contours pré&gey cyrie-weiss curves which signified the ordering of
sented in Fig. @) show a twofold symmetry whereas a four- yo pr gpins; as was observed in the undoped sy&f&fhe
fold symmetry is seen in those shown in Figbj3 anomalies occurred at 13, 10,6ar K for the 9, 18, and 29 %
doped compounds, respectively, showing that La doping
causes the Pr spins to order at a lower temperature. Gener-
It is well known that the Pr spins in the undoped systemally, it is believed that the superexchange couplings between
order atTy=17 K, with a simple antiferromagnetic arrange- the Pr spins, mediated through the neighboring O atoms, are

B. Pr spin ordering
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FIG. 5. Magnetic diffraction pattern obtained at 1.4 K, variation
of the {333} peak intensity with temperature, and the proposed
magnetic structure for the Pr spins of the 29% La-doped compound.
The solid curves shown in the magnetic diffraction pattern indicate
the fits of the data to the Gaussian instrumental resolution functions.

5, where the indices shown are based on the nuclear unit cell.
This magnetic pattern was obtained by subtracting the pat-
tern taken at 18 K from the one taken at 1.4 K, and signifies
a simple antiferromagnetic structure for the Pr spins, as
shown to the right in Fig. 5. This proposed magnetic struc-
ture and the relative intensities observed for the Pr in this
La-doped compound are the same ones as have been
observefl in the undoped system, showing that La doping
does not alter the spin arrangement and saturated moment of
the Pr ions. The temperature dependences of the peak inten-
sities at the{333} position for the 29 and 18 % doped com-
pounds are shown in Figs. 5 and 6, respectively, where the
solid curves are only guides for the eye. These plots show

FIG. 4. Temperature dependence of the in-phase component dRriations of the square of the magnetization with tempera-
the ac susceptibility measured using a weak driving field with anture, and reveal typical order-parameter curves for polycrys-

rms strength of 1 Oe and a frequency of 100 Hz far 9%, (b)

talline samples. The ordering temperatures of the Pr spins, as

18%, and(c) 29% La-doped compounds. The inflection point, sig- determined by the inflection points of the order-parameter
nifies the Pr ordering, shifts to a lower temperature as the La coneurves, for the 29 and 18 % doped compounds,Tare 10

centration is increased.

the main mechanism governing the Pr magnefigf?° Di-
rect hybridization between the Pf-4nd O-2 . orbitals has

and 7 K, respectively, which match the temperatures at
which x'(T) show anomalies.

33000 ———

been observedin a charge density study using synchrotron Pr(Ba, ,La,,,),Cu,0,,,

radiation. Certainly, the strength of the coupling depends { A=2354

strongly on the separation between the Pr and the O atoms _, 32400 1 60'- 40- 40’ .
20=25.6"

The structural analysis shown above indicates that the La’g

doping has resulted in an increase in the separation betweelg 31800 -

the Pr ions and their neighboring O ions. A weaker coupling >
and a lower ordering temperature for the Pr spins may then ‘g’
be anticipated. In addition, below the ordering temperature, & 31200
X' increases as the temperature is further reduced. This be-
havior is similar to that is usually observed in other Pr con-
taining highT, oxides, where the cusp ip’'(T) anticipated

for antiferromagnetic system is not seen. No obvious differ-
ences were seen foy'(T) measured with an applied dc
magnetic field up to 1 T. No ac losses were detected, as
essentially zero values were obtained fdf at all the tem-
peratures studied.

30600

(12 17212}

0

6 8 10 12 14

Temperature (K)

16

18

20

FIG. 6. Temperature dependence of the peak intensity at the
{333 position for the 18% La-doped compound, showing the

The magnetic peaks that characterize the Pr ordering forariation of the square of the staggered magnetization with tem-
the 29% La-doped compound are shown in the inset to Figoerature and a Neel temperatureTaf~10K for the Pr spins.
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C. Cu spin ordering

Cu spins in Pr123 have been obserfed—=3to order an-
tiferromagnetically at around 280 K. The fitted Curie-Weiss 10 '
curves shown in Fig. 4 represent the contribution from para v, HeP1) = 2.69(5) by,
magnetic Pr spins tg/. If the fit is performed using data %
obtained between 25 and 320 K instead of between 25 an
200 K, a difference of~5% resulted for all fitted values.
This difference is mainly due to the small inflection that
occurs at around 280 K, which can be readily seen in the
x'(T) measured using a stronger driving field. Shown in
Figs. Ma), 7(b), and 7c) are thex’(T) measured using a
driving field with an rms strength of 15 Oe and a frequency
of 10° Hz for the 9, 18, and 29 % doped compounds, respec
tively. Thesey’(T) follow separate Curie-Weiss curves for
temperatures above and below 275 K. The separation bt
comes clearer if a stronger driving field is used, while an
applied field smears the inflectiqdata not shown Fitting
the data obtained between 290 and 400 K to the Curie-Weis
expression gives the solid curves shown in the high tempere
ture data in Fig. 7, whereas the dashed curves in the lon
temperature data are the same curves shown in Fig. 4. For ¢
three compounds, the low- and high-temperature curves me
at around 275 K, which signifies the ordering of the Cu
spins, as observé%® in the undoped system. No obvious
change on th& ) of Cu due to La doping was then observed.
Both the paramagnetic Pr and paramagnetic Cu momen
contribute to the Curie-Weiss curve observed above 275 K
Note that a Curie-Weisg'(T) is also expected for a nonin-
teracting two-component paramagnetic systém.Treating 7
these two components as being statistically indepertient
and using the paramagnetic parameters that were obtained
low temperatures for the Pr moment, we then obtained a st
effective moment ofu(Cu)~1.60(4)ug for the Cu in all
three compounds. ¢ 50 200 250 300 350

Temperature (K)

Pr(Ba, La,),Cu;04,y
o . =‘0.09,,y=0.06|
H_=150e

f =1000Hz

g Hal 0= 1610) by
e y

6

AC magnetic susceptibility y' (10° emu/g)

9 Y i L ! ! J
T y T T

. x =0.18,y=014
&r ‘%&Q 1 (PT) = 2.74(5) 1, H,=150¢ h
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D kO = 161y

! 1 + ! 1 Il - il
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IV. CONCLUSIONS

Variations in the structural and magnetic properties FIG. 7. Terr;_%ﬁ_r?ture deper:jdenpe of tge_ i_n-phfgslg cqtnt:ponent of
caused by partially replacing divalent Ba using trivalent Lastfe :Cthsz?cfsp 'Oé';/ngﬂgafsrgri enucSIn(?Fie)z ”-Vrlﬁg | (u)sv ; a\::d h?nh-rms
in oxygenated Pr123 compounds have been studied. In com- 9 q Y : 9

f . o temperature Curie-Weiss curves intersect at around 275 K for all
pensating for the arrival of additional charges as'Baas th

T - S ree compounds.
replaced by L&, extra O was pulled into the antichain sites,
reducing the degree of orthorhombicity in the system. A teqnificant structural alternations in the Cufayers and no
tragonal symmetry was observed for the 29% La-doped comg,\ i o changes on &, of Cu were found
pound. The appearance of O on the antichain sites pulled the '
neighboring(Ba/La)O and CuQ layers slightly toward the
CuQ, . layers, which resulted in a larger separation between
the Pr and its neighboring O in the Cu@yers, and hence a Identification of commercial equipment in the text is not
weaker coupling between the Pr spins. Consequently, thimtended to imply any recommendation or endorsement by
ordering temperature of the Pr spins was significantly rethe National Institute of Standards and Technology. This
duced, with aTy~7 K being observed for Pr spins in the work was supported by the National Science Council of the
29% La-doped compound. However, the magnetic structur®.O.C. under Grants No. NSC 89-2112-M-008-0B&CU)
of Pr remains a simple antiferromagnetic arrangement. Nand NSC 89-2112-M-007-02NTHU).
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