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Using neutron diffraction, we have studied the crystal structure and magnetic ordering of the rare-
earth and Cu moments in the layered perovskite systems NdBa,Cu,NbOg (Nd 2:2:1:8) and
PrBa,Cu,NbOy (Pr 2:2:1:8). These are systems similar to RBa,Cu;O0¢., [R 1:2:3:(6+x)] for which the
chain Cu-O layers have been fully replaced by layers of Nb-O octahedra. Powder profile refinements
below 20 K show that both Nd 2:2:1:8 and Pr 2:2:1:8 are in space group I4/mcm, because the near-
neighbor Nb-O octahedra are rotated about the ¢ axis in opposite senses. The Cu moments are ordered
below 375(10) K for Nd 2:2:1:8 and 340(15) K for Pr 2:2:1:8, with saturation moments in both cases of
0.5(1)ip. The near-neighbor Cu spins are aligned antiparallel, just as for the Cu “plane” ordering in
R 1:2:3:(6+x). The rare-earth moments order at 1.69(5) and 12.6(1) K for Nd 2:2:1:8 and Pr 2:2:1:8, re-
spectively, with saturated values of {u,)=0.74(5)up and 1.2(1)up. The near-neighbor R spins, both in
the ab plane and along the c axis, are also aligned antiparallel. As in the case of Pr 1:2:3:(6+x), the Pr
sublattice of Pr 2:2:1:8 has an ordering temperature that is much higher than other rare-earth moments
in these layered perovskites, suggesting that the Pr in Pr 2:2:1:8 experiences the same f-electron hybridi-
zation as has been observed in Pr 1:2:3:(6+x). The rare-earth ordering of both Nd 2:2:1:8 and Pr 2:2:1:8
is not completely three-dimensional in nature: rather, the ordering within the a-b plane is two-
dimensional with only short-range order along the ¢ axis. The presence of oxygen defects appears to
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affect the c-axis correlation length.

I. INTRODUCTION

The relationship between the superconductivity, the
chain and plane copper magnetism, and the rare-earth
magnetism in the RBa,Cu3O¢,, [R 1:2:3:(6+x)] com-
pounds is of great interest, in part since there appears to
be a significant coupling between the rare-earth ions and
the state of the Cu-O planes. Initially,! evidence seemed
to indicate that the rare-earth ions did not influence the
superconducting behavior of the R 1:2:3:(6+x) com-
pounds: With the exception of Pr,? all of the rare-earth
ions that allow the formation of single-phase material
also form superconducting materials with little change in
critical temperature. Evidence for this decoupling was
further strengthened by the fact that the R moments or-
dered antiferromagnetically (at low temperature) without
significantly disrupting the superconductivity.® In addi-
tion, it appeared that the ordering of many of the large-
moment rare-earth ions in R 1:2:3:7 occurred via dipolar
interaction only: Er 1:2:3:7, Dy 1:2:3:7, DyBa,Cu,Oy
(Dy 2:4:8), and Gd 1:2:3:7 all order at temperatures that
are consistent with a dipolar interaction, ranging from
0.6 to 2.2 K.
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The most striking discrepancies from both of these ob-
servations occur for Pr 1:2:3:(6 +x), Nd 1:2:3:(6+x), and
Sm 1:2:3:(6+x).%> The ordering temperature of the
rare-earth moments due to dipolar interactions should be
approximately two orders-of-magnitude less than those of
the larger moment rare-earth ions; however, Pr 1:2:3:7
(Ref. 6) orders at 17 K and Nd 1:2:3:7 (Ref. 7) orders at
0.52 K. In addition, changing the oxygen content
changes the rare-earth ordering temperature of
Pr 1:2:3:(6+x) and Nd 1:2:3:(6+x). The ordering tem-
perature of Pr 1:2:3:6 decreases by between 5 K (Ref. 8)
and 10 K (Ref. 9). Even more dramatically, the long-
range order in the Nd 1:2:3:(6+x) initially disap-
pears'®!! on decreasing x from 1, and then ultimately
occurs at 1.5 K for x =0, three times higher than the or-
dering temperature for x =1. In addition, the x depen-
dence of the orthorhombic-tetragonal transition in both
the Nd and Pr compounds, and the lower superconduct-
ing plateau in Nd 1:2:3:(6+x), are significantly different
from that of Y 1:2:3:(6+x).1?

One approach to studying the coupling between R and
the Cu-O subsystem is to determine the effect of substi-
tuting other (nonmagnetic) elements for some of the Cu.
To this end, a new class of compounds, RBa,Cu,NbO,
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FIG. 1. High-resolution powder-diffraction pattern and Rietveld refinement fit of NdBa,Cu,NbOy (top) and PrBa,Cu,NbOy (bot-
tom) at T =35 and 20 K, respectively, for 5° <26 < 120° with A=1.5454 A neutrons. Data have been excluded from the regions con-
taining Bragg scattering from the Al sample can. The difference between the data and the refinement is shown below each diffraction
pattern.
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(R 2:2:1:8), has been prepared,'>!* in which the Cu(l)
chain layer of R 1:2:3:(6+x) has been replaced by a layer
of Nb-O octahedra. This has the effect of removing one
of the magnetic components and the possibility of remov-
ing the intrinsic oxygen defects due to the coordination
requirements of the Nb ions. Previous work on various
R 2:2:1:8 compounds (R = Pr, La, and Nd) (Refs. 14-16)
has shown them to be nonsuperconducting; in fact, they
are excellent insulators. The rare-earth ion in Pr 2:2:1:8
has been observed, via susceptibility measurements, to or-
der at 12 K, whereas no rare-earth ordering had been ob-
served in Nd 2:2:1:8 down to 2 K.

We report here on neutron diffraction measurements
made on Nd 2:2:1:8 and Pr 2:2:1:8. We have performed
low-temperature high-resolution structural determina-
tions using powder Rietveld refinement. In addition, we
have observed the ordering of the plane Cu moments in
both compounds at ~ 350 K, established that the Pr mo-
ments order antiferromagnetically in Pr 2:2:1:8 at 12 K,
and observed the antiferromagnetic ordering of the Nd
moments in Nd 2:2:1:8 at 1.7 K.

II. SAMPLE CHARACTERIZATION
AND CRYSTAL STRUCTURE

Powder samples of Nd 2:2:1:8 and Pr 2:2:1:8 were
prepared by conventional solid-state reaction techniques,
using stoichiometric amounts of 99.99% pure PryO,y,
BaCO;, CuO, Nb,05, and Nd,O;, as described else-
where.!® Previous x-ray-diffraction measurements have
shown no observable impurity phases; however, the
present neutron-diffraction data show several impurity
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eaks (e.g., at 20~=22.04° and 20~=30.98° for A=1.5454
A) in both Nd 2:2:1:8 and Pr 2:2:1:8 that are less than 1%
of the most intense sample reflections.

Diffraction patterns over a range of scattering angle
5°<20=<120° (see Fig. 1) of 10-g powder samples of
Nd 2:2:1:8 and Pr 2:2:1:8 were taken with A=1.5454 A
neutrons on BT-1, the five-detector high-resolution
powder diffractometer of the National Institute of Stan-
dards and Technology Research Reactor (NBSR). Angu-
lar collimations were 10°-20’-10" full width at half max-
imum (FWHM), before and after the monochromator
and after the sample, respectively. Both diffraction pat-
terns were taken at low temperature, although well above
the ordering temperature of the rare-earth ion. The Nd
2:2:1:8 measurement was made in a fixed temperature
liquid “He cryostat at 7'=4.2 K, and the Pr 2:2:1:8 mea-
surement was made at 7'=20 K in a closed-cycle He re-
frigerator. The refinements were carried out using the
Rietveld method,!” adapted to the multicounter
diffractometer and modified to include the background
parameters. '®

Rietveld refinements of these patterns confirm that the
structure is space group I4/mcm as reported previously
for La 2:2:1:8,!° with lattice parameters, fractional posi-
tions, and anisotropic thermal factors as shown in Tables
I and II. The y values for the fits are close to unity, indi-
cating that the overall fit to the data is very good. The
largest deviations of the data from the fits (see Fig. 1) are
less than three standard deviations. We initially freed the
occupancies of all the elements, and determined that the
occupancies of all atoms but the oxygen deviated from
nominal stoichiometry by less than three standard devia-

TABLE 1. Lattice parameters (a,b,c), fractional positions (x,y,z), occupancies (N), anisotropic
thermal factors (B;), nuclear (Ry), unweighted (Rp), weighted (R,,) and expected (R, ) agreement fac-
tors, and the goodness-of-fit (y =R, /R, ) for PrBa,Cu,NbO; at T=20 K. The lineshapes are described
by a Pearson VII function with M =9. The refinement is to space group I4/mcm. Quantities enclosed

in square brackets are fixed.

PrBa,Cu,NbO; 7=20 K .
a=b=5.5782(1) A, ¢=23.8893(7) A
Ry=3.64, R,=6.99, R,=10.41, R,=7.51, y=1.39

Pr x=[1] y =[0] z=0.2558(6) N=[1]
B =0.5(2)

Ba x=[3] y=[0] x =0.0974(1) N =[2]
B,;=B,,=0.03(10) B33;=0.62(15)
B;;=—0.3(2) B;3=Bx5=[0]

Nb x =[0] y=[0] z=[0] N=[1]
B,;=B,,=0.15(9) B,,=B,;;=B,;=[0] B33;=0.53(17)

Cu(2) x =[0] y =[0] z=0.17834(10) N=[2]
B,,=B,,=0.14(6) B,,=B,;3;=B,;=[0] B33=0.49(10)

o(1) x =[0] y =[0] z=0.08143(15) N =2.00(2)
B,;=B,,=0.54(12) B,=B;3;=B,;=[0] B3;=1.0(2)

0(2) x =—0.2510(3) y=[x+%] z=0.18612(8) N =3.99(3)
B,,=B,,=0.28(7) B3;=0.84(12)
B,=0.13(9) B3;=B,;=—0.12(6)

(0]C)] x=—0.2122(4) y=[x+1] z=[0] N =2.03(2)
B,;=B,,=0.94(11) B3;=1.4(2)
B,,=0.48(16) B;=B,;=[0]
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TABLE II. Lattice parameters (a,b,c), fractional positions (x,,z), occupancies (NN), anisotropic
thermal factors (B;;), nuclear (Ry), unweighted (Rp), weighted (R,,) and expected (R, ) agreement fac-
tors, and the goodness-of-fit (y=R, /R,) for NdBa,Cu,NbO; at T =4.2 K. The lineshapes are de-
scribed by a Pearson VII function with M =12. The refinement is to space group I4/mcm. Quantities

enclosed in square brackets are fixed.

NdBa,Cu,NbO;, T=4.2 K
a=b=5.5689(1) A, c =23.8820(6) A

Ry=3.80, Rp=5.78, R,=8.24, R,=6.31, y=1.31
Nd x=[3] y=[0] z=[%] N=[1]
B, =B,,=0.01(7) B,,=B;;=By;,=[0] B3;=0.38(12)
Ba x=[1] y=[0] z=0.09778(10) N=[2]
B, =B, =0.14(8) B3;=0.43(11)
B,,=—0.07(14) B3;=B,;=[0]
Nb x =[0] y=[0] =[0] N=[1]
B,,=B,,=0.20(7) B,,=B,;;=B,,=[0] B3, =0.87(13)
Cu(2) x =[0] y =[0] z=0.17894(7) N =[2]
B“ =B,,=0.26(4) B, =B,;=B,,=[0] B33, =0.47(7)
o(1) =[0] y =[0] z=0.08204(11) N=1.96(2)
B11 =B,,=0.39(9) B,,=B,;;=B,;=[0] B4, =0.84(13)
0oQ2) x=—0.25153(24) y=[x+%] z=0.18687(6) N =3.91(2)
B,,=B,,=0.10(5) B, =1.05(9)
B,=0.11(7) B3 =By, =—0.08(5)
(e10)) x=—0.2093(3) y=[x+1] z=[0] N=1.99(2)
B]] =822=0.81(9) B33 =0.42(14)
B,,=0.17(12) B,;=B,=[0]
tions. The final refinement was thus performed with only (z=0) z=1) (z=1) (z=1)
the oxygen occupancy free and all other occupancies Nb-O Cu-O Cu-O Nb-O
fixed at nominal stoichiometry. The resulting occupan- +6.5° —0.35° +0.35° —6.5°

cies indicate that the Nd compound is slightly oxygen
deficient—NdBa,Cu,NbO; g¢4)—and that the Pr com-
pound is stoichiometric— PrBa,Cu,NbOy y(4)-

The anisotropic thermal factors of Nd and Pr in
R 2:2:1:8 were initially found to be substantially different,
with isotropic values (B =[B |, +B,, +B3;]/3) of 0.13 A2
for Nd and 1.02 A? for Pr. The difference was particular-
ly large along the c¢ axis. As the freed Pr occupancy
agreed with the nominal stoichiometry, the increased
value of B for Pr could not be explained by a deficiency in
the Pr occupancy. We therefore refined the structure
while allowing the position of the Pr ion to be disordered
along the c axis. The resulting structure had the Pr ion
displaced by 0.139(2) A from its initial special position of
1,0,4 to 1,0,11+0.0058(6), while the 1sotrop1c thermal
factor decreased by a factor of 2 to 0.5(2) A2

The successful refinement to space group I4/mcm,
rather than the simpler space group P4/mmm, results
from the fact that Nb-O octahedra are alternately rotated
around the c¢ axis by ~6.5° (for Nd 2:2:1:8), with the
sense of the rotation staggered while proceeding to
nearest neighbors in the ab plane and along the ¢ axis.
This is classic soft-mode behavior typical of many
perovskites, for example, La,Cu0,.2° The Cu(2)-O pyr-
amids are also slightly rotated about the ¢ axis, but by a
much smaller amount, ~0.35° (for Nd 2:2:1:8). Again,
near neighbors in the ab plane and along the ¢ axis are ro-
tated in the opposite sense. Proceeding along the ¢ axis,
the rotations of the adjoining Cu(2)-O pyramids and
Nb-O octahedra occur in the opposite sense:

The bond lengths inferred from the refinement indicate
that the only substantial difference between the Pr 2:2:1:8
and the Nd 2:2:1:8 structures is the R-O(2) distance,
which is about 0.6% longer for the Pr-O(2) bond than for
the Nd-O(2) bond (see Table III). This is reversed from
the behavior observed in Pr 1:2:3:7 and Nd 1:2:3:7, where
the Nd-O(2) bond is about 0.7% longer. The Nb-O dis-
tances are nearly unaffected by the rare-earth substitu-
tion, and are longer [~O0.1 A longer for Nb-O(1)] than
the corresponding Cu(1)-O distances in R 1:2:3:7.

III. MAGNETIC NEUTRON DIFFRACTION

The magnetic ordering of both Nd 2:2:1:8 and
Pr 2:2:1:8 was studied using BT-9 and BT-4, which are
triple-axis spectrometers at NBSR, both of which we
operated in two-axis mode for these measurements.
Diffraction_scans were made at A=2.35 A on BT-9 and
A=2.444 A on BT-4, using a pyrolytic graphite mono-
chromator and filter, and typical collimations of 40’
FWHM before the monochromator, between the mono-
chromator and sample, and between the sample and
detector.

A. Theoretical considerations

The magnetic scattering we observed exhibits both
two-dimensional (2D) and three-dimensional (3D)
behavior. The diffraction patterns expected as a result of
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TABLE III. Bond lengths (A) from structure determinations of Nd 2:2:1:8, Pr 2:2:1:8, La 2:2:1:8,
Nd 1:2:3:7, Pr 1:2:3:7, and Dy 1:2:3:7. The R 2:2:1:8 determinations are all at low temperature (<20 K)
and the R 1:2:3:7 determinations are at room temperature.

Nd 2:2:1:8* Pr 2:2:1.8% La 2:2:1:8° Nd 1:2:3:7° Pr 1:2:3:7¢ Dy 1:2:3:7¢
R-0(2) 2.4703(17) 2.4872(21) 2.534(2) 2.479(2) 2.462(3) 2.424(10)

2.4895(18) 2.5003(22) 2.527(2) 2.454(2) 2.435(2) 2.369(11)
Ba-O(2) 2.8907(24) 2.8896(30) 2.883(3) 2.940(2) 2.981(3) 2.992(15)

2.9071(22) 2.9009(29) 2.890(3) 2.943(2) 2.962(13) 2.974(15)
Ba-O(1) 2.8097(5) 2.8150(7) 2.823(0) 2.767(3) 2.769(1) 2.747(2)
Nb-O(1)f 1.9592(27) 1.9456(37) 1.946(2) 1.853(2) 1.849(3) 1.870(21)
Nb-O4)f 1.9949(4) 1.9946(5) 1.996(3) 1.959(2) 1.964(1) 1.915(1)
Cu(2)-0(2) 1.9780(2) 1.9810(3) 1.987(2) 1.947(2) 1.950(1) 1.932(2)
Cu(2)-0(1) 2.3143(31) 2.3148(40) 2.283(3) 2.266(2) 2.254(4) 2.294(21)

2Present work.
YReference 16.
°Reference 9.

4C. K. Lowe-Ma and T. A. Vanderah, Physica C 201, 233 (1992).
‘M. Machida, N. Achiwa, N. Koyano, I. Shibuya, M. Hikita, and A. Katsui, Jpn. J. Appl. Phys. 27,

L1866 (1988).

‘These are the Cu(1)-O(1) and Cu(1)-O(4) distances for R 1:2:3:7.

this behavior have been extensively discussed by Zhang
and co-workers,?"?? and we will only briefly describe the
patterns resulting from 2D and 3D ordering.

At sufficiently high temperatures, there are no magnet-
ic correlations, and the magnetic scattering is spread uni-
formly though reciprocal space. As the system becomes
ordered with decreasing temperature, most of this
paramagnetic scattering becomes concentrated into
coherent Bragg scattering at the reciprocal lattice vec-
tors, 7. Since for 3D ordering the real-space lattice vec-
tors define a 3D lattice, so do the possible 7 and thus the
scattering associated with long-range order occurs only at
specific Bragg points. In the case of a powder sample, the
Bragg points are averaged over a spherical shell of radius
|7] and the diffraction measurement observes each of
these shells at a scattering angle 20 defined by

Al7]

O=sin—
sSin 47

(1)

In the usual case of diffraction from a collinear 3D
magnetic structure, we can write the integrated intensity
from a powder as?®

2

2

IM=C[J’9—2 ( Y2f )
2mce

—W. irr; 2
My |Ze e
_ A.A 2 .l
X (1= (FM)*) sinf sin260 @

C is the instrumental constant, the quantity in large
brackets is the scattermg length equivalent to 1lug,
—0.27X107 2 cm, M and 7 are unit vectors in the direc-
tion of the spin and 7, (u,) is the thermal average of the
ordered moment, {1—(7- M)?) is averaged over all possi-
ble domains, and M, is the multiplicity of the reflection.
The summation is over all the sites at position r; in the

unit cell, where W; is the Debye-Waller factor for the Jjth
atom. Absorption effects can be safely neglected for the
present materials.

The case of diffraction from a 2D lattice is essentially
the same, save that the real-space lattice extends in only
two dimensions. As a result, the momentum transfer is
restricted in only two dimensions, and the Bragg peaks
are extended along the third dimension into Bragg rods.
Since the momentum transfer is only defined in two di-
mensions, there is a minimum transfer, but no maximum,
that characterizes a particular reflection. As a result, the
powder average peaks at some lQmin|, and then decreases
slowly, rather than exhibiting the sharp, symmetric,
peaks that occur in the 3D case. The powder pattern
thus has asymmetric peaks, where the degree of asym-
metry depends inversely on the 2D correlation length. A
powder average, over all possible orientations of recipro-
ca214space, gives an intensity for the hk Bragg reflection
of’

© 2 )2
1/2M}|k’Fhk|2f e = “)dx
0

I, =C' 3)

VA (sing)>/? ’
where L is a parameter that represents the size of a
domain within the 2D layers, a=(2LV'7/A)(sind
—sinfy), and 6y is the Bragg angle corresponding to
|Qmin|‘

If the system is ordered in two dimensions and has
short-range order in the third dimension, we expect the
Bragg rods to develop “corrugations” with increased in-
tensity in the vicinity of the incipient 3D Bragg points
and decreased intensity away from the Bragg points.??
The powder pattern will then have peaks at the Bragg an-
gles given by Eq. (1); however, these peaks will be asym-
metric, though less so than the purely 2D patterns, and
the peaks will be broader than those resulting from 3D
long-range order. This is the case we observe in the
present materials.
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FIG. 2. Difference between diffraction pat-
terns of NdBa,Cu,NbO; at 7'=0.3 and 2.5 K
taken over the range 20°<20<40° with
A=2.35 A neutrons. The positions of the
peaks indicate that the nearest-neighbor Nd
spins are antiferromagnetically staggered both
in and out of the ab plane, while the relative
intensities indicate that the Nd moment is
directed along the c¢ axis. The asymmetric
broadening of the magnetic peaks indicates
that the magnetic order is long range in the ab
plane, but only short range along the c¢ axis.
For comparison, the solid curve indicates the
diffraction pattern expected for purely 2D or-
der for Eq. (3) and the dotted curve indicates
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B. Rare-earth magnetism

The magnetic ordering of the rare-earth ions in
R 1:2:3:(6+x) displays a great deal of variety. Supercon-
ducting Nd 1:2:3:6.9 undergoes 3D antiferromagnetic or-
dering at Ty =~0.54 K with the Nd moments alternating
along all three axes.”?®> As a result, magnetic
m/2n/21/2 Bragg peaks (m, n, and / odd) are observed.
For lower oxygen concentrations, the long-range 3D or-
der is suppressed, and only short-range 2D correlations
are observed below T~1.5 K.!° The short-range 3D
correlations, which are clearly visible in the diffraction
pattern below Ty, are enhanced with further decrease of
the oxygen concentration, until x <0.3, whereupon
long-range 3D order (below Ty =1.5 K) is restored. A
similar propensity to frustration along the c¢ axis, due to
structural intergrowths, is observed in the coupled bi-
layer system Dy,Ba,Cu;0,s (Dy 2:4:7).22 In this case, the
ordering is only two-dimensional and the coupling be-

PrBa,Cu,NbO, 5K -20K

the diffraction pattern expected for purely 3D

40 order.

tween members of a bilayer is predominantly ferromag-
netic; however, a significant number of antiferromagneti-
cally coupled layers also exist.

We made measurements on Nd 2:2:1:8, over the range
0.3<T<375 K, in a pumped *He cryostat below 10 K
and a closed-cycle He refrigerator above 10 K. The
Pr 2:2:1:8 sample was measured over the range
4.2<T <350 K, in a flow-type *He cryostat. For both
samples we performed scans over a range in scattering
angle of 5° <20 =<65° at both the lowest temperature pos-
sible (0.3 K for Nd 2:2:1:8 and 4.2 K for Pr 2:2:1:8) and a
temperature above the rare-earth ordering temperature
(2.5 K for Nd 2:2:1:8 and 20 K for Pr 2:2:1:8). The
difference between the high- and low-temperature scans,
assuming no structural distortion, gives the magnetic
diffraction pattern (see Figs. 2 and 3), if the sample has
ordered between these two temperatures. For both Nd
2:2:1:8 and Pr 2:2:1:8, the positions of the peaks at
20=25° 29.9°, and 37.9° can be indexed as the 101, 103,

FIG. 3. Difference between diffraction pat-

"7 777 ] terns of PrBa,Cu,NbOg at T=4.2 and 20 K

1 taken over the range 20°<20=58.6° with
A=2.35 A neutrons. The positions of the
peaks indicate that the nearest-neighbor Pr
spins are antiferromagnetically staggered both
in and out of the ab plane, while the relative
intensities indicate that the Nd moment is
directed along the c¢ axis. The asymmetric
broadening of the magnetic peaks indicates
that the magnetic order is long range in the ab
plane, but only short range along the c axis.
For comparison, the solid curve indicates the
diffraction pattern expected for purely 2D or-
der from Eq. (3) and the dotted curve indicates
] the diffraction pattern expected for purely 3D
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order. Note the presence of the 21 reflection at
~57°, in addition to the 10 reflection at ~25°.
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and 105 reflections for the R 2:2:1:8 nuclear unit cell.
These, respectively, correspond to the 111, 113 and 112
reflections of the equivalent R 1:2:3:(6+x) nuclear unit
cell. As a result, we can say that the nearest-neighbor Nd
and Pr moments are aligned antiparallel both in the ab
plane and along the ¢ axis, which is the same structure
observed in the rare-earth ordering for Nd 1:2:3:(6+x)
(Ref. 7) and Pr 1:2:3:7 (Ref. 6). The relative intensities of
the peaks are consistent with the Nd and Pr moments
directed along the c axis, which is the same direction as
the rare earth moments in the corresponding R 1:2:3:7
compounds. The saturation value of the Nd moment of
0.74(5)up is consistent with that observed in Nd 1:2:3:7,7
whereas the saturation value of 1.2(1)uy for the Pr mo-
ment is significantly higher than the 0.7up measured for
Pr 1:2:3:7.5

We have also measured the peak intensity at 20=25° as
a function of T to determine the temperature dependence
of the square of the order parameter, as shown in Figs. 4
and 5. The ordering temperature of the Nd moment, as
determined by a least-squares fit to a mean-field model, is
Tnx=1.69(5) K, which is appreciably higher than the or-
dering temperature of 0.5 K observed for Nd 1:2:3:7,7 but
is similar to Ty =1.5 K for Nd 1:2:3:6. The Pr moment
orders, by a similar determination, at 12.6(1) K, which is
somewhat lower than T, =17 K measured for Pr
1:2:3:7,% but is close to that of Pr 1:2:3:6.%°

The magnetic diffraction peaks resulting from the
rare-earth ordering are seen to be strongly asymmetric,
and while they do appear at 3D Bragg reflection positions
(as the dotted curves show), clearly reveal that we do not
have conventional 3D long-range order. On the other
hand, the solid curves in Figs. 2 and 3 are diffraction
curves according to the purely 2D theory [Eq. (3)], and
indicate that we cannot neglect correlations along the c
axis. The diffraction pattern that we observed is thus in-
dicative of a combination of 2D and 3D behavior. We
see both the highly asymmetric diffraction peak that one
would expect from a 2D powder pattern and broadened
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FIG. 4. Peak intensity of the scattering at 20=24.94° (the
position of the 101 reflection) vs T for NdBa,Cu,NbO;. The
solid curve is a fit of the square of a mean-field order parameter
to the data. The fitted ordering temperature for the Nd mo-
ments is Ty =1.69(5) K.
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FIG. 5. Peak intensity of the scattering at 26=24.87° (the
maximum of the 101 reflection) vs T for PrBa,Cu,NbO;. The
solid curve is a fit of the square of a mean-field order parameter
to the data. The fitted ordering temperature for the Pr mo-
ments is Ty =12.65(7) K.

peaks at the positions expected from a 3D powder pat-
tern. The 2D component of the powder pattern for
Nd 2:2:1:8 is essentially at our resolution limit, which in%-
plies an in-plane correlation length on the order of 200 A
or more. The widths of the 3D peaks imply a c-axis
correlation length of 25(10) A. Thus, the rare-earth order
of Nd 2:2:1:8 is long range in the ab plane, whereas corre-
lations along the ¢ axis only extend across approximately
two rare-earth planes. The Pr in-plane correlation is also
long range. We estimate the correlation length along the
c axis to be 7(1) A, slightly less than the separation be-
tween the rare-earth planes and less than half of the Nd
2:2:1:8 c-axis correlation length.

C. Cu magnetic order

In the original R Ba,Cu;O¢,, [R 1:2:3:(6+x)] com-
pounds, there are three Cu layers per unit cell.?® Two of
these are the so-called “plane” layers that contain Cu(2)
ions, which are surrounded by oxygen in a pyramidal
coordination. The remaining ‘“chain” layer contains
Cu(l) ions, which are in a square planar coordination.
The two types of layers exhibit different magnetic
behavior, which changes as a function of oxygen concen-
tration.””2® At x ~0, in those compounds that display
superconductivity at x=1, the Cu(2) spins order at
Ty, =525 K. This plane ordering has a simple antiferro-
magnetic structure, with nearest-neighbor Cu(2) spins an-
tiparallel in all three directions. Since there are two
Cu(2) layers per unit cell, and only one Cu(2) per unit cell
in the @ and b directions, the plane ordering is character-
ized by magnetic m /2 n /2 [ Bragg reflections, where [ is
an integer. At lower temperatures, the chain spins have
been observed to order, but in the R 2:2:1:8 materials the
Cu chain spins have been replaced by nonmagnetic Nb,
and we do not expect this complication. As a result, we
anticipated that the magnetic ordering of the Cu(2) layers
would be manifested solely as the plane ordering of the
R 1:2:3:(6+x) compounds, with magnetic m/2n/21
Bragg reflections [(m +n)/2(m —n)/22l reflections in
the R 2:2:1:8 nuclear unit cell]. We therefore concentrat-



47 CRYSTAL STRUCTURE AND MAGNETIC ORDERING OF THE . . .

NdBa,Cu,NbO_ 102 (1/2 1/2 1)

2
(72}
[ = F 4
B
£
el r ]
2
©
o [ ]
2
£
ot ]
150 200 250 300 350 400
Temperature (K)
FIG. 6. Integrated intensity of the 102 reflection of

NdBa,Cu,NbOg vs T. The solid curve is a fit of the square of a
mean-field order parameter to the data. The fitted ordering
temperature for the Cu moments is Ty =375(10) K.

ed on a small peak observed at 20=26.9°, which corre-
sponds to the expected position at the 112 reflection (the
102 reflection in the R 2:2:1:8 nuclear unit cell). We mea-
sured the integrated intensity of the 102 reflection in the
temperature ranges 200 K < 7"<375 K for Nd 2:2:1:8 and
50 K=T =350 K for Pr 2:2:1:8 (see Figs. 6 and 7). The
intensities of the 102 peak for both Pr 2:2:1:8 and
Nd 2:2:1:8 go to zero at about 350 K. A fit of the 102 in-
tegrated intensities to a mean-field model gives
Tnx=340(15) K for Pr 2:2:1:8 and T,=375(10) K
for Nd 2:2:1:8. These ordering temperatures are con-
sistent with the observed plane ordering temperature
Ty,=370 K (Ref. 29) of Pr 1:2:3:(6+x) (for
0.2 <x =0.65), which is not superconducting for any x.
Using Eq. (2), and comparing the intensity of a structural
peak with the 102 intensity, we find that the saturation
Cu moment for both Pr 2:2:1:8 and Nd 2:2:1:8 is
0.5(1)ug. We did not observe any half-integral
reflections above the rare-earth ordering temperature,
nor did we expect to, as there are no magnetic chain layer
sites that can order.
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FIG. 7. Integrated intensity of the 102 reflection of

PrBa,Cu,NbOg vs T. The solid curve is a fit of the square of a
mean-field order parameter to the data. The fitted ordering
temperature for the Cu moments is Ty =340(15) K.
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IV. DISCUSSION AND CONCLUSIONS

We have studied the crystal structure, the antiferro-
magnetic ordering of the Cu spins, and the rare-earth
magnetic order of the nonsuperconducting layered
perovskites NdBazcu2NbO7‘86(4) and PrB32Cu2Nb08.02(4)
by neutron diffraction. Powder Rietveld refinements at
low temperature (below 20 K) indicate that both
Nd 2:2:1:8 and Pr 2:2:1:8 are in space group I14/mcm,
with the Nb-O octahedra and the Cu(2)-O pyramids ro-
tated about the ¢ axis. The Pr ionic volume is approxi-
mately 2% larger than that of Nd. In addition, othe Pr
position was disordered, with the Pr shifted 0.137 A away
from the 1,0,1 position along the ¢ axis. The Nd com-
pound was slightly oxygen deficient and the Pr com-
pound was stoichiometric within fitting error.

The ordering of the Cu(2) moments is similar to the
plane ordering observed in the R 1:2:3:(6+x) com-
pounds.!® There is no Cu(1) chain layer to complicate the
copper magnetism, since the Cu(1) have been replaced by
nonmagnetic Nb in R 2:2:1:8. The Cu(2) moments in
Nd 2:2:1:8 and Pr 2:2:1:8 order at T, =340(15) and
370(10) K, respectively, ordering temperatures that are
similar to the Cu plane ordering temperature observed in
Pr 1:2:3:(6+x). The saturation Cu(2) moments are the
same in both Nd 2:2:1:8 and Pr 2:2:1:8, {u, ) =0.5(1)up,
which is less than the 0.8up observed for the plane Cu
moments in Nd 1:2:3:(6+x) (Ref. 27) and Pr 1:2:3:(6+x)
(Ref. 29).

The rare-earth ordering occurs at 12.7(1) and 1.69(5) K
for Pr 2:2:1:8 and Nd 2:2:1:8, respectively. The magnetic
powder-diffraction patterns for both compounds indicate
that the nearest neighbors in the ab plane and along the ¢
axis are antiferromagnetically aligned. The Pr and Nd
saturation moments are 1.2(1) and 0.74(5)up, respective-
ly, and the data are consistent with the moments pointing
along the ¢ axis. Both compounds exhibit short range or-
der along the ¢ axis, while within the ab plane the order-
ing is essentially long range in nature. The correlations
along the c axis extend for about two rare-earth layers for
Nd 2:2:1:8; however, the correlations extend for less than
one interlayer distance in Pr 2:2:1:8. We remark that un-
til recently, all systems that displayed 2D behavior also
displayed parasitic 3D ordering.’*® Now, however,
Nd 1:2:3:6.45 (Ref. 10), Pr 2:2:1:8, Nd 2:2:1:8, and
Dy 2:4:7 (Ref. 22) have all been shown to display 2D or-
der in the ab plane and correlations along the ¢ axis, and
Dy 2:4:8 (Ref. 21) displays only 2D long-range order
down to the lowest temperatures observed, 7'~ 50 mK.

We note that the subtle differences between the low-
temperature c-axis correlation lengths for Pr 2:2:1:8 and
Nd 2:2:1:8 may be related to the oxygen defects. The
crystallographic refinement for Nd 2:2:1:8 indicates that
it is significantly defective in oxygen content, with about
2% of the oxygens missing, mainly in the O(2) site in the
Cu(2) plane. These O(2) oxygen sites are the nearest-
neighbors to the rare-earth ion, and as a result, the
crystal-field environment of some of the rare-earth ions
will be disrupted’! by the presence of oxygen defects, pos-
sibly causing the misalignment of the rare-earth spin
from the c axis. On the other hand, for Pr 2:2:1:8 the ox-
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ygen sites are fully populated, within error, and the c-axis
correlation length is much less, £=7(1) A, than the
25(10) A correlation length of Nd 2:2:1:8. In the unde-
fected R 2:2:1:8 structure, there is no net coupling be-
tween the rare-earth planes, as there is no net moment in
the antiferromagnetically ordered planes. We speculate,
therefore, that the misalignment of the rare-earth mo-
ments, due to the presence of oxygen defects, may in-
crease the coupling between the rare-earth planes by re-
moving the condition of no net moment on an antifer-
romagnetically ordered rare-earth plane. The observa-
tion that Pr 2:2:1:8 has a shorter interplane correlation
length than Nd 2:2:1:8, despite having a larger saturation
moment and a higher ordering temperature, and thus
larger coupling between planes, can therefore be ex-
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plained by noting that the present sample of Pr 2:2:1:8
was determined to have no oxygen defects. The rare-
earth order may therefore depend sensitively on the oxy-
gen defect content, as has been previously observed for
Nd 1:2:3:(6+x)."°
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