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We describe a neutron-diffraction study of the low-temperature magnetic ordering in single crystals of
NdB&Cu;05. « - We investigated a superconducting crystBl=€ 95.5 K), and two nonsuperconducting crys-
tals (x~0.1). The two nonsuperconducting crystals differed in their Cu sublattice magnetic orderingA)One
exhibited the simple AFI antiferromagnetic spin structure down to the lowest attainable tempédaRuike,
while the other(B) began to reorder into the AFII phase below 30 K. We observed long-range antiferromag-
netic ordering of the Nd sublattice in all three crystals, but in cryBtile Nd ordering was of very short range
in the c direction. The onset of Nd ordering produced no detectable changes in the Cu ordering in the
nonsuperconducting crystals, and from this we place an upper limit of 0.05 meV on the strength of any Nd-Cu
pseudodipolar magnetic coupling. The ordered arrangements of the Nd moments refined from the diffraction
intensities agree broadly with those deduced previously from neutron powder diffraction studies, but differ in
some of the detaild.S0163-182609)02826-X]

I. INTRODUCTION observations of the Pr magnetic ordering in
PrBaCus0g. 4. 2 As noted above, the Pr member of the
Rare-earth magnetic ordering is a common feature of th&®Ba,Cu;04.., series is anomalous in that conventionally
layered copper oxide superconductors, and has been invesgrepared samples do not superconduct forxahy’ It is also
gated extensively in thRBa,Cu;Og . « Series R=rare earth  exceptional in its magnetic properties, displaying Cu antifer-
of compounds. With the exception of PrB&uOq. 2 this romagnetism at temperatures in the vicinity of room tem-
magnetism occurs at low temperaturd&€2 K), coexists perature, even when fully doped~1),!* and Pr ordering
with superconductivity, and does not play any major role inbelow Tp,=11-17 K forx=0-11? The most recent studies
the formation of the superconducting state. have revealed a magnetic coupling between the Pr and Cu
While not a threat to superconductivitapart from Py,  sublattices substantial enough to drive the Cu spins into a
the magnetic rare-earth ions do nevertheless have some cafioncollinear arrangement belol,.” This magnetic phase,
tact with the electronic states on the Guflanes, and the which we refer to as AFIII, is consistent with the symmetry
existence of this interaction is both interesting and usefulof a pseudodipolar interactih(i.e., the reorientation is me-
For the light rare earths in particulafg is too large for the diated by the off-diagonal terms in the Pr-Cu exchange ten-
ordering to be caused solely by dipole forces, and some forrgon. A similar type of coupling has been postulated to ex-
of weak exchange coupling via orbitals on the planes is implain the magnetic transitions R,Cu0,.'* If such anR-Cu
plied. One effect of this coupling is to render the rare-earthinteraction were present in the othRBa,Cu;0g., cOM-
ions as essentially passive observers of the events takingounds then it could have important implications for the in-
place in the superconducting layers. Thus, for example, meaerpretation ofR-site relaxation measurements that probe the
surements of the relaxation of crystal-field transitions oflocal dynamic susceptibility(g,w) of the CuQ planes®—®
Tm*" (Ref. 3 and HF"' (Ref. 4 ions lightly doped into  This is because the off-diagonal terms in the exchange tensor
YBa,Cu;0g 4« (YBCO) have revealed important information couple theR site most strongly to wave vectors arouqd
about the anisotropy of the superconducting order parametet (7/a,/b) in the Cu spin-fluctuation spectrum, whereas
and about pseudogap formation aboVg. Mossbauer the diagonal terms preferentially transmit fluctuations close
spectroscopyand nuclear magnetic resonance spectrostopyto q=(0,0) 2 An R-Cu pseudodipolar interaction would
are other techniques that have been used to observe the @lso account for the detection of a Cu-derived molecular field
spin dynamics from a vantage point on the rare-earth site. at the Y site in YBaCuOs. by "%Yb Mossbauer
The work reported in this paper addresses the generapectroscopy.
problem of the interplay betweeR and Cu magnetism in One of the aims of the present investigation, therefore,
RBa,Cu;05., «, and was stimulated in particular by recent was to find out whether a pseudodipolar typeRsfCu cou-
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pling could be detected in oth&Ba,Cu;Og., compounds TABLE |. EPMA analysis of the impurity content and cation
that do not display such anomalous properties adatios for the crystals used in this study. The numbers given are the

PrBaCu,Og. .. The strategy was to search for evidence of gratios of each element normalized so that Cu is exactly 3.

linkage between the magnetic ordering of ®&and Cu sub-

lattices. We chos&= Nd for this study because it is known Element NS(A) N(B) S
that the magnetic ordering of the Nd sublattice occurs ajg 1.01-0.01 0.98-0.02 0.972-0.01
considerably higher temperatures than could be producegy 2.0 0.02 2.03-0.02 2.00-0.01
solely by magnetic dipole interactions between the saturategd, 3 3 3

Nd moments of~ 11U“B .15 Furthermore, the Nd Ordering tem- Y 0.010+0.006 0.00% 0.004
perature shows a significant variation with doping, changing, ~0.001

from Tyg=0.6 K atx~1 to Tyg~1.7K atx~0,'° and this
suggests that the antiferromagnetic ordering of the Cu subs
lattice in underdoped samples may have an effect on the N
ordering. By contrast, such a strong variatioriTigwith x is

not evident with the heavier rare earths. tal growth took place in 60—70 mbar air as the temperature

Several neutron-diffraction investigations of the Nd order-was decreased from 1020 t6970 °C at rates of 0.4—0.8°C
ing in polycrystalline samples of NdB@u;Og ., have been per hour. At this point the flux was poured off, and the fur-
reported before now, and have established the main featuregce was evacuated and cooled to room temperature. For
of the magnetic structurés:*® These studies showed that the crystalNS(B), the cooling to room temperature was slower
Nd moments order in a collinear antiferromagnetic structureand the oxygen partial pressure during this cooling higher
with ordering wave vectof1/2, 1/2, 1/, i.e., the direction than for the other crystals. These conditions are expected to
of the Nd moment alternates in successive unit cells alongavor the spinodal decomposition of the 123 phase with
each crystallographic axis. In optimally doped, superconsmall amounts of Nd replacing Ba on the Ba site. This pro-
ducting samples X=0.95) the saturated Nd moment was cess cannot be detected by EPMA analysise belowy be-
reported to have a magnitude oflupg and to point along cause the overall chemical composition remains unchanged.
the c direction, while in reduced, nonsuperconducting The chemical purity of crystals grown this way is usually
samples x~0.1) the ordered moment was reported to bedetermined by the crucible type and by the purity of the
slightly smaller and to point in a directior45° away from  starting materials. Yttria-stabilized zirconia crucibles were
thec axis!® In samples with intermediate oxygen content theused in the growth of crystalslS(B) and S, and a Sn®
ordering is not well correlated in the direction, causing a crucible for N§(A). Corrosion of these crucibles is not a
c-axis broadening of the diffraction peaks. serious problem, but very small amounts ofNS(B) andS]

The neutron-diffraction study reported here differs fromor Sn[NS(A)] were incorporated into the crystals. In crystal
the previous ones in our use of single-crystal samples. MagNS(A) some additional contamination was introduced from
netic diffraction intensities can be measured to a mucha slightly impure CuO source materigdurity ~99%).
higher precision with single crystals than with powder To provide a quantitative assessment of the impurity con-
samples, and this is important because one way to detegént we examined each crystal by electron-probe microanaly-
Nd-Cu coupling is to look for small changes in the magneticsis (EPMA). The observed cation ratios are listed in Table I.
peak intensities. Single crystals also have the advantage ovgb within experimental error the crystals are stoichiometric
powders in that the diffraction peaks are more clearly sepain the cations. The amount of Y in crystalS(B) andSis
rated from one another, and together with the better signal tapproximately 1% of the amount of Nd, and no other impu-
background ratio this means that more diffraction peaks cafities were found in these crystals. Cryshi(A) contained
be measured. Hence, a secondary aim of this work was tgace amounts of Sn and Zn at the limits of detection, and a
obtain a more accurate refinement of the Nd magnetic strugslightly higher concentration of AD.5—1% of Cywhich we
ture in NdBaCu;Os 1, and to study the effects of different believe was introduced from the CuO starting chemical.

Cu spin orderings on the Nd magnetism. We have already Post-growth annealing of the crystals was carried out as
reported on the Cu ordering behavior in oxygen-deficienfollows. CrystalS was annealed in 1 bar oxygen between
NdBa,CusOg. Crystals with different dopants, and the  temperatures of 601 and 379°C for 790 h. This treatment

0.02x0.01
~0.001

present study is an extension of that work. transformed crysta into a superconductor with onset tran-
sition temperaturd .=95.5K and widthAT; (10-90% of
Il. CRYSTAL PREPARATION AND CHARACTERIZATION 0.8 K measured by ac susceptibility. From thisvalue and

the oxidation treatment we conclude that the oxygen content
We studied the Nd ordering in three NdBakOg,., Crys-  x of crystalSis close to 0.97°

tals, which we labe$S (superconducting andN S(A) and(B) CrystalNS(A) was reduced in a gas volumetric syst&h.
(both nonsuperconductingThe masses of the crystals were The crystal was contained inside a small volume together
42, 19, and 23 mg, respectivellS(A) is one of the crystals with approximatel 5 g of YBCO powder to act as a buffer.
that we used in our previous study of the Cu magneticThe sample space and surrounding volume were separately
orderind’ (where we referred to it as NdBaw,Og o9 . These  evacuated, then connected together and heated to 700 °C.
crystals were prepared from a BaO/CuO flux by the slow-Oxygen which degassed from the buffer and crystal was
cooling method, similar to that described in Refs. 18. Thepumped off several times during the course of 2 days. Fi-
procedure was typically as follows. High-puritgetter than  nally, the system was allowed to equilibrate at 0.5 mbar pres-
99.99% Nd,O3, BaCQ;,, and CuO powders were used. Crys- sure and cooled down to 200 °C over 10 h. The buffer keeps
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the oxygen content of the crystal essentially constant during

the cooling. A subsequent refinement of the crystal structure FY(Q) =X wi fi(Q)expiQ-rj). 2
of NS(A) from neutron four-circle diffraction data revealed .

the oxygen content to be=0.09’

The reduction of crystaN §(B) was carried out at a tem- The sum in Eq(2) is over all ordered moments in a magnetic
perature of 695 °C in an oxygen atmosphere of 0.02 mbar founit cell, u{* is the  component of thg¢th ordered moment,
138 h. We did not determine the oxygen composition di-f;(Q) is the dipole form factor, and is the displacement of
rectly, but with these reduction conditions we expect it to bethat moment from the origin.
close tox=0.15%° In order to express the observed magnetic diffraction in

absolute units we measured a set of crystallographic Bragg
peaks. These, together with the known crystal structure of
l1l. NEUTRON-DIFFRACTION EXPERIMENTS NdBa,Cu;O4., and the standard formulas for the neutron

Neutron-diffraction measurements were made on the TAS'OSS Sections for nuclear and magnetic scattering, were then
1 triple-axis spectrometer at the DR3 reactor at Risg Nation sed_ to convert _the c_)bserved magnetic intensities "2“0 the
Laboratory. The crystals were wrapped in copper foil andunction!(Q) defined in Eqs(1) and(2) with units of x.
fastened to a copper rod on the end of an Oxford InstrumentSC" convenience we evaluat€Q) with reference to a mag-
Heliox insert. The Heliox operates insidéide bath cryostat, Netic unit cell which corresponds to>x2x 2 crystallo-
and can attain a base temperature of 0.30 K by means of %{aphm unit cells. In calcu_latmg the magnetlc-sca}tterlng am-
3He sorption pump system. Neutrons of wavelength 0.24 nnﬁ)htudes we usgd magnetic form factors a_lpproprlate_ to each
(energy 14.1 meYwere used, selected by Bragg reflection!On- The Cu spins were assumed to be i > orbitals
from a pyrolytic graphite monochromator. A graphite filter Wl’[_hzgms of quantization parallel to the crystallograpluic
was placed before the sample to suppress higher-order wav@Xis: For the Nd moments the form factor was taken to be
lengths. The spectrometer was employed in three-axis mod@€ dipole form factor for the # electrons in a free Nd
with a pyrolytic graphite analyzer set to the elastic condition.'0"-
Use of the analyzer reduced the count rate, but improved the
signal to background ratio. The crystals were aligned with a IV. RESULTS

[1?0] direction vertical, so thathhl) reciprocal-lattice vec- : . .
tors were accessible in the horizontal scattering plane. Sli As expected, Nd magnetic ordering was observed in all

collimators were installed to define the in-plane divergencé ree NdBgCusOs.. crystals, while Cu antiferromagnetism

of the beam as follows: 6@monochromator-36sample- was found only in .the nqnsuperconducting Crysthl§{(A)
60'-analyzer-detector and NS(B). We will begin with these latter two crystals,
The method used.for deducing the magnetic structure escribing first the Cu magnetic behavior as a function of
from the neutron Bragg diffraction intensities was the sam emperature, and the_n the phase at I(.)W temperatures w_here
d and Cu magnetic ordering coexists. Finally we will

as that described by Longmoet al?! Step scans were per- A .
formed through they Braggg peaks eitheFr) by rotation gf thePresent the results for the Nd ordering in the superconducting
crystal(S).

crystal about the vertical axis at fixed scattering angléa2 . .
scang, or by variation ofw and 2 in combination such that The general features of the Cu magnetic ordering of

the change in scattering vector makes a linear scan parallel &?(ygen-(_jeﬁuent e]':lydT?:l{bOG” prystalsl were r??r?riedt '(;]
a symmetry direction in reciprocal spapgsually (hh0) or Oour prévious paper. fne two main conciusions of that study

(00))]. The area under the measured peak was then mult}/_\/ere,(i) that high-purity crystals with stoichiometric cation

: .___fatios exhibit only one type of antiferromagnetic ordering of
plied by the Lorentz factor for the scan type, and normalize . - ! .
to the number of counts in the incident beam monitor. Thc{he Cu spingthe AFI phasg and(ii) that doping with excess

Lorentz factor correction included the sample mosaic and th stgiéﬁ?;mZTriihirBsiaTge d(Ianstgg;;?zr\évésihghirlrilllcalrll};s%urgt ?QV%
contribution from the resolution of the spectrométer. Y P

From neutron-scattering theory the magnetic Bragg peakemperature.s, causing a reorientation of the Cu magnetic
structure which proceeds via a noncollinear turn-angle phase

;Etr]ecr;is(;trl?ezs obtained this way are proportional to theinto a second antiferromagnetic structure, the AFIl phase.
The AFI and AFIl phases are distinguishable experimentally
by the types of neutron-diffraction peaks observed: the AFI
ordering gives rise to peaks with indicas+ 1/2, k+1/2,1)

o . referred to the crystallographic unit céh, k, andl are inte-
Q)= ((8up—Q.QpFUQFF(Q) (a.B=xy2), gers9, whereas the peaks from the AFII ordering are of the
P 1) form (h+1/2,k+ 1/2,1+ 1/2). Both sets of peaks are present
during the reorientation. The underlying spin structures dif-

fer in the stacking sequence along thdirection. In the AFI

. .phase, the spins on the QU sites within the Cu@ layers

Where_() denotes an average over all equalent_magnen lign antiparallel to their nearest neighbors along all three

domams(assumeAd here to be equally populatet), is the crystallographic axes, and there is no ordered moment on the

Kronecker deltaQ,, is the « component of the unit scatter- cy(1) site in the basal plane. As there are two Gu&yers

ing vectorQ, andF%(Q) is thea component of the magnetic per unit cell this ordering has the same period as the crystal

structure factor, given in the dipole approximation by lattice in thec direction, but double the periodicity in tre
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Temperature (K) FIG. 2. L scan through thé€1/2,1/2,1/2 peak from the Nd or-

dering in crystaNS(A), showing the slight broadening along the
FIG. 1. Integrated intensity of th€l/2,1/2,2 magnetic Bragg direction. The instrumental resolution width indicated by the hori-
peak from the AFI Cu ordering of the NdBauOgq9 crystal  zontal bar on the figure includes the effect of mosaic, and is esti-
NS(A) as a function of temperature. The inset shows the decreasmated from thec-axis widths of the (1/2,1/2) series of Cu AFI
in the peak intensity of th€l/2,1/2,2 and corresponding increase in peaks which are assumed to be resolution limited. The curve is a fit
the peak intensity of thél/2,1/2,3/2 signifying the onset of the obtained by convolution of the Gaussian resolution function with a
transition to the AFIl phase in the NdB2au,Og ., crystalNS(B). Lorentzian intrinsic peak shape.

and b directions. In the AFIl phase, the in-plane order isa Lorentzian intrinsic peak shape convolved with the Gauss-
unaffected, but along thedirection the alignment of neigh- ian resolution function established an intrinsic widtralf
boring Cu2) spins alternates between parallel and antiparalwidth at half maximum(HWHM)] of 0.053 nni*, corre-
lel, the parallel spins being either side of the basal plane. Asponding to a correlation lengtf,~19 nm. There was no
ordered moment on the Cb) site is now allowed by sym- variation in&; with temperature within error. The peak was
metry, but is not usually observed. This stacking produces #esolution limited in scans parallel td(,0). Figure 3a)
magnetic periodicity parallel ta twice that of the crystal shows the temperature dependence of the intensity of the
lattice. (1/2,1/2,1/2 scan integrated ovédr The line is a power law
Both of the nonsuperconducting crystals used in this studpf the form lo(1—T/Tyg)?? fitted to the data in the range
exhibited the AFI phase over a wide range of temperature.2 K<T<1.8K, from which we estimate the order param-
below the ordering temperature ®f=378+1 K (the same eter critical exponenjB to be 0.3%0.05, andTyg=(1.77
for both crystaly but whereas crystalS(A) remained in  *=0.03) K.
the AFI phase down to the lowest attainable tempergtui By contrast, no sharp Bragg peaks showed up baigw
K), crystaNS(B) exhibited the AFI-AFII reordering transi- in the neutron scattering from crystslS(B). We did, how-
tion belowT,~30K. These behaviors are illustrated in Fig. ever, observe extra scattering in the form of a diffuse ridge
1, the main frame of which shows the integrated intensity ofrunning parallel to (0,0) in reciprocal space, passing
the (1/2,1/2,2 reflection of crystaNS(A) from 0 to Ty, and  through(1/2,1/2,0. The ridge was resolution limited in scans
the inset thg1/2,1/2,2 and (1/2,1/2,3/2 reflections of crys- parallel to f,h,0), and its intensity varied only weakly over
tal NS(B) below 35 K. FoiNS(B), the reduction in intensity the experimentally measured range2<I<6.5. This im-
at (1/2,1/2,2 and corresponding increase(d12,1/2,3/2 re-  plies a highly two-dimensional state of magnetic ordering in
flect the progress of the AFI-AFII reordering as temperaturevhich the Nd moments are ordered antiferromagnetically
decreases, but the pure AFIl phase is not attained even at tlower a long range within thab planes, but are practically
lowest temperature. uncorrelated in the direction. The temperature dependence
The onset of Nd magnetic ordering was signaled by theof the scattering at the poirtl/2,1/2,1.3 on the ridge is
appearance of extra scattering at low temperatures. In thghown in Fig. 8b). The possibility of determining a critical
case of crystaNS(A), new peaks of the formh#1/2k  exponent is precluded by the experimental scatter, but we
+1/2,1 + 1/2) emerged when the temperature was loweredhave the impression that the initial rate of increase in the
below Tyg~1.8 K. These new peaks appear at the same paridge amplitude below 4 is less than the intensity of the Nd
sitions in reciprocal space as the Cu AFIl phase peaks, buirdering of crystaNS(A) in Fig. 3a).
AFI-AFIl reordering can be excluded in this case because the Having identified the scattering associated with the Nd
observed peak intensities, listed in Table Il, do not have thenagnetic ordering we now turn to the issue of magnetic cou-
characteristic sinusoidal modulation withassociated with pling between the Nd and Cu sublattices. We searched for
the bilayer. In addition, the temperature below which thethis in crystalNSA), employing two distinct tests. Firstly,
new peaks are observed matches closely the Nd orderinge compared the integrated intensities of the set of B/,
temperatures reported from powder neutron diffraction and./2,I) AFI Cu magnetic Bragg peaks,<lI<6, at tempera-
bulk measurements:'® Figure 2 shows an scan through tures of 4.2 and 0.3 K. The ratios of the intensities measured
one of these new peaks, tl#/2,1/2,1/2, measured at 0.30 at the two temperatures are shown in Fig. 4. To within ex-
K. The peak is broader than the resolution width, and a fit tqperimental error the ratios do not deviate from unity, and this
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¥ 600 %% + . FIG. 4. The ratio of the integrated intensities of the (1/2 12,
@ % % % _ magnetic peaks from crystflS(A) measured t temperatures of 3.3
o 550 %# . and 4.4 K. This set of peaks arises from the AFI Cu spin ordering,
- + and the absence of any systematic temperature variation is evidence
= 500 i 7 that there is no change in the Cu spin structure on cooling below the
S «%‘H)é + Nd magnetic ordering transition.
£ 4500 - ——————~— (%—H; -
. ' ' ' ' and so almost any conceivable change in the magnetic order-
£ ' ' ' ; 1‘ ing of the Cu sublattice would cause a reduction in intensity
= (¢) NS(A) ( /21 /2, 2) at (1/2,1/2,2. We judge from the entirety of measurements
;‘0’. 4400 1 7 shown in Fig. ) and 4 that any such change on passing
~ throughTygy must be smaller than 1% of the peak intensity.
% 4200 [ _%(Hﬂ% # é% _____ The implication from the preceding results is that the
~ —+ + % magnetic ordering on the Nd and Cu sublattices is indepen-
2 4000 | 4 dent of one another to within the limits of detection. This
b2 means that the additional scattering observed at temperatures
*2 . , . . below Tyq can be ascribed to magnetic ordering of the Nd

0.0 0.5 1.0 1.5 2.0 25 sublattice alone, and by modeling this scattering we can re-
fine the magnetic structure of the Nd moments. In Table I
Temperature (K) we have listed the intrinsic intensities of the accessibie (
+1/2k+1/2,1+1/2) reflections measured from crystal
of the (1/2,1/2,1/2 magnetic reflectiorincluding backgroundaris- ,I[\IS(At) atf 0.3 IE’ anddalr)rr:gSIde thehsebare the calculated m;j_
ing from the Nd magnetic ordering in crystdiS(A). The line is a ensities from the model that gave the best agreement accor
ing to the least-squares criterion. The only variable param-

power law corresponding to an order-parameter critical exponen
B=0.39 andTyg=1.77K. (b) Intensity at the pointL/2,1/2,1.3 eters in the fitting were the angle of the Nd moment from the

on the ridge of diffuse scattering observed in crys&(B). The € @XiS Onq, and the magnitude of the ordered Nd moment
similarity with the temperature variation shown (a is evidence Mnd- T1he refined values of these parameters wérg
that the scattering is from a two-dimensional ordering of the Nd=90°=5°, and uyng=1.58+0.03ug. To within the error,
spins.(c) Peak intensity of th€1/2,1/2,2 antiferromagnetic Bragg therefore, the Nd moment is found to lie in tiad plane.
peak from the AFI ordering of the Cu sublattice in cryste(A). Nothing can be deduced about the in-plane orientation of the
The absence of any detectable change in(1i2,1/2,2 intensity as  ordered moment because in calculating the intensities we
the Nd ordering develops allows us to put an upper limit on the sizeaveraged over all equivalent magnetic domains in tetragonal
of any Nd-Cu magnetic coupling. symmetry. The refined Nd magnetic structure for crystal
NS(A) is illustrated in Fig. %a).

We carried out a similar refinement for crystdiS(B),
is an indication that any change in the Cu spin structure irexcept that because the ordering was essentially two-
response to the Nd ordering is very small. Second, welimensional the procedure described in Ref. 21 was adopted.
aligned the spectrometer on the maximum of th&,1/2,2  Scans made perpendicular to the scattering ridge at several
Cu magnetic Bragg peak and scanned the temperature stegalues of | were scaled by Lorentz factors for a two-
wise from 0.3 to 2 K, counting for a preset monitor value dimensional system derived from the Cooper-Nathans reso-
(duration approximately 3.5 mjimat each temperature. The lution function, and the resulting intensities were compared
scan is shown in Fig.(8), and is seen to be independent of with calculations for a two-dimensional magnetic structure.
temperature within the limits of experimental error. Thé2,  In Table Il we give the observed and calculated intensities
1/2,2 reflection is close to the optimum constructive inter-for the case wherfyy=90° as found for the Nd ordered
ference condition for diffraction from the AFI spin structure, moment in crystaNS(A). The refined ordered moment for

FIG. 3. (a) Temperature dependence of thategrated intensity
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TABLE Il. Observed and calculated integrated intensities of the TABLE 1ll. Observed and calculated integrated intensities for
magnetic reflections from the Nd magnetic structure at 0.3 K forscans across the diffuse scattering ridge from the two-dimensional
crystal NS(A) (nonsuperconducting NdB@u;Og.,, X=0.09).  Nd magnetic ordering at 0.3 K observed in crystéd§(B). The
The best fit model has an ordered moment of magnitudg calculated intensities are for an ordered moment of magnitude
=1.58ug at an anglefyq=90° to thec axis. The observed inten- u\g=1.2ug at an anglefyy=90° to thec axis. The observed in-
sities have been corrected for the Lorentz factor. The errors inditensities have been corrected for the two-dimensional Lorentz fac-
cated are the statistical uncertainties, but there is also an overdibr.
uncertainty in the calibration of the absolute intensity of approxi-

mately 10%. (hkl) lops (48) I cate (148)
(hkl) lobs (Mé) I calc (Mé) (% ) % ,0) 9+3 10
.13 64+3 80 (3.3.1.79 193 1

11 15+2 16
(%’%,g) 95+3 99 (3,%,3.25

11 7+3 13
.19 111+3 114 (2.2,6.69 )

x°=3
) 1215 118
(%% %) 123+3 115
111 120+4 108 below Tyy=0.62K corresponding to magnetic ordering of
(2:2:2) the Nd sublattice in the same mode as was found for the
(3.2, %) 100+4 99 stoichiometric nonsuperconducting crystdS(A). The Nd
G2y 47+5 55 magnetic peaks were a.lmost. rgsolution limited in scans par-
333 s5i5 56 glle_l to (0,0l),_ but _tall_s just visible at the base pf the peal_<s
(2,2:2) - indicated a slight intrinsic broadening. We estimate the in-
é,25 67+5 58 trinsic width (HWHM) to be roughly 0.01 nm, correspond-
¥?=6.1 ing to a correlation lengtlg.~100 nm. Figure 6 shows the

temperature dependence of the intensity of (b2,1/2,1/2
peak integrated ovdr The decrease in intensity as the tem-
o ) perature approache$,y is more rapid than for crystal
this fit is ung=1.2+0.1ug. Although the agreement is ac- NgA) [Fig. 3@)], and this is reflected in a significantly
ceptable, reasonable flts can also be achieved &{thany-  gmaller value of the order-parameter critical exponent ob-
where in the range 50°-90°. _ _ tained from a power-law fit over the temperature range
Finally, we will briefly describe the Nd magnetic ordering g 46« T<0.68 K- 3=0.23+0.01 and  Tyg=(0.62
observed in crystal5 the superconducting crystal. Scans .. 01) K. Table IV lists the observed magnetic Bragg peak
through the (1_+ 1/2k+1/2,1) positions in reciprocal SPace intensities, and alongside these are the calculated values ob-
did not contain any peaks at any temperature, and this coRzined from the parameters of the best-fit mod(;=12°
firmed the absence of long-range magnetic order of the Cu. 5. and uuyg=1.40+0.02ug . The Nd moments are nearly
spins. Peaks centered ai«1/2k+1/2,1+1/2) developed arqie| to thec direction in the ordered phase, as depicted in

Fig. 5(b). We believe that the small tilt suggested by the fit is
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FIG. 6. Temperature variation of the integrated intensity of the
FIG. 5. The ordered magnetic arrangements found for the Nd1/2,1/2,1/2 magnetic reflection corresponding to the development
moments in NdBgCu;Og., , crystals NS(A) (x=0.1) and S(x of Nd magnetic ordering in superconducting NdBasOg , , crystal
~0.9). Only the Nd moments are showfy, is the tilt of the spin S The line is a power law corresponding to an order-parameter
axis from thec direction, and is found to be 12°12° for crystalS critical exponen{3=0.23 andTq=0.62 K.
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TABLE IV. Observed and calculated integrated intensities ofcoupling is only through the diagonal elements in the ex-
the magnetic reflections from the Nd magnetic structure at 0.3 K fot:hange tensor. They needed a coupling strength ®imeV
crystalS (superconducting NdB&w;Os ). The best fit model has  to match their calculations to the experimental datéis is
an ordered moment of magnitugeyg=1.4Qug at an angledna  two orders of magnitude larger than the upper limit we have
=12° to thec axis. The observed intensities have been corrected foblaced on the pseudodipolar coupling. As discussed in the
the Lorentz factor. The errors indicated are the statistical “ncertairihtroduction, the diagonal terms couple preferentially to the
ties, but t_here ig also an ove_rall uncertainty in the calibration of theq: (0,0) fluctuations while the off-diagongbseudodipolar
absolute intensity of approximately 10%. terms couple preferentially to the strongly enhandbst
more than two orders of magnitude according to some

2 2
(hil) obs (415) | catc (113) modelg”) fluctuations in the vicinityg=(=/a,=/b), and so
R 115+4 111 even a rather small pseudodipolar coupling could transmit a
21222 significant relaxation effect to thR site. We cannot deter-
(3.3.3) 84+3 8 mine from this analysis, therefore, which terms in the ex-
3,19 50+1 49 chang_e tensor are most impqrtant in mediati.ngl_:théu in-
L1 9941 32 teraction that causes reIaxatyon to chal excitations ofRhe
(3,2:2) - ion. It would be very interesting in this respect to repeat the
4,39 22+2 21 calcu_lations of Ref. 26 for a pseqdodipplar COL_JpIing, to as-
11 m 15+1 15 certain what stre_ngth of pseudodmolar mterr_;\ctlon would be
(3.2.%) needed to describe the experimental relaxation data.
3,15 12=1 1 The magnetic structures that we have determined for sto-
) 77+8 83 ichiometric NdBaCuzOg, , With crystalsNS(A) and S are
222 largely similar to what have been proposed before from
3.3 657 ” neutron-diffraction measurements on  polycrystalline
3,39 59+5 69 samples, but differ in respect of the magnitude and direction
s s N of the ordered Nd moments. In NdRB2u,Og oo crystal
(3:3,2) 51%5 58 NS(A), we find a Nd ordered moment ofiyg=1.58

x’=2.1 +0.03ug oriented in some direction in thab plane @yg

~90°), compared withuyng=0.85+0.04ug and Oyq=45°

deduced by Clintoret al!® The anisotropy in the measured

magnetic susceptibility at low temperatufésand calcula-

tions from models for the crystalline electric fiélboth in-

dicate an easy direction for the Nd moment in #ieplane,

V. DISCUSSION AND CONCLUSIONS consistent with our findings. The discrepancies between our

) ) model for oxygen-deficient NdB&u;Og ., «, and that of Ref.

In a sense, the central result of this study is a null one: W@ 5 may pe a result of the limited number and accuracy of the
were unable to observe any Nd-Cu magnetic coupling. Thignagnetic Bragg peaks measured in the powder-diffraction
finding contrasts with the case of nonsuperconducting,dy. We have already emphasized the advantages of using
PrBa,Cu;0g.« in which Pr-Cu coupling is responsible for gingle crystals over polycrystalline samples for magnetic
the noncollinear AFIII magnetic ordering observed at tem-gtrcture determination earlier on in this paper.
peratures belowlp,. If there is any tendency for the Nd and  Eqr the superconducting NdBau,Og_,, crystal we find
Cu spins to form the AFIIl phase beloWyy then the 1%  hat the ordered Nd moment is tilted 12° away from the
upper limit we have established on any anomaly in the Cujrection, in near agreement with Clinta al*® who con-
magnetic peak intensity dtyq in crystalN(A) constrains  cjyded the moment direction to be actually aloagOur
the Cu spin turn anglepc, to be less than c05(y0.99)  value of 1.40:0.02u5 for uyng is a litle larger than
=6°. An estimate of the maximum Nd-Cu pseudodipolarthe values reported previously: 160.07ug and 1.14
interaction energy can then be made from the energy re+0.06u5.%% In addition, it is interesting that we find the
quired for two antiparallel Cu spins on adjacent layers in theprdered moment to be largest in the crystal with least oxy-
bilayer, coupled by an exchange enerjyi~10meV?°to  gen, whereas Ref. 15 reports the reverse trend.
counterrotate through anglesec,: J, 1S3 1—cos(2hc)] The switch in the direction of the ordered moment from
~0.05meV, some 20 times less than that found forperpendicular to nearly parallel to tieeaxis with increasing
PrBaCu;Og.,.” As the ionic radius decreases across theoxygen content is in line with the single ion anisotropy de-
trivalent rare-earth series, af§-Cu coupling in the other duced by Allenspaclet al. from neutron inelastic-scattering
superconducting members of thBBa,Cu;Og., family  data?® This agreement confirms that the direction of the or-
should be even weaker. dered moment is determined primarily by the local crystal-

This constraint on the pseudodipolar coupling strengtHine electric field at the Nd site.
might be compared with thé&iagonal exchange coupling It is less clear how to interpret the magnetic structure data
derived from measurements of the relaxation of the crystalen crystalINS(B). It will be recalled that this sample may
field excitations. Aksenov and Kabarf8have calculated the contain some excess Nd on the Ba site, and that the Cu
linewidth of theI';— I, crystal-field transition of Tt in sublattice is in the transitional turn-angle state between the
Tmg 1Y 0. sBaCu0g ., @assuming that the relaxation is due to AFl and AFIl magnetic structures. We have speculated
Cu antiferromagnetic spin fluctuations, and that the Tm-Cibeforé’ that one effect of having Nd ions on the Ba site is to

statistically significant because the value pf increases
from 2.7 to 4.9 iffyq is fixed at 0°.
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generate free Gii spins in the basal plane, and that this addsdiate oxygen contents have also been found to exhibit two-
an effective ferromagnetic coupling along teedirection ~ dimensional Nd magnetic ordering?® but this behavior
causing the AFI-AFII reorientatioff. The same mechanism oceurs only when<_>0.3 and S0 1S uniikely to be cau;ed by
could explain the lack of magnetic coherence along ¢he the same mechanlsm as applies in cryBta(B), for Wh.'Ch
direction in the Nd ordering of crystal S(B). In stoichio- x~0.15._Exper|ments W!th crystals that r_\ave no Nd lons on
metric NdBaCuOs ., , the c-axis coupling between adjacent the Ba site, but that exhlk_)|t the AFI-AFII mtermedlate_phase
Nd spins is antiferromagnetic, as shown by the results oﬂue to basal P"’%”e substltugnts such as Al could b_e m_forma—
crystalNS(A), but any interaction with free spins situated in tive in es_tabllshlng the dominant source of frustration in the
the basal plane would tend to add a ferromagnetic contribu'—\Id ordering.

tion to the c-axis coupling® Hence, the observed two- ACKNOWLEDGMENTS
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