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The paper describes a study of the antiferromagnetic ordering of oxygen-deficignjBdgl , CusOg . «
single crystals. In pure, stoichiometric samplgs; 0, with different oxygen contents in the Cy1) plane
(0.02<x<0.2), the antiferromagnetic (AFl) phase appears to be stable down to 316 mK. The magnetic
ordering within the C(R) sublattice of the pure NdB&u;Og ., System is therefore similar to that of the pure
YBa,Cu;0g .« parent compound. With increasing oxygen content, thel ienperature drops significantly and
the critical exponent changes from 0.26 for NdBe;0; ooto about 0.5 for NdBgCu;05 ,3. Magnetic ordering
of the N#* moments sets in at 1.7 K with a critical wave veotgy=(333). Reordering to the AFIl phase
is observed in a crystal, which has a significant amddft) of Nd®' ions substituted on the Ba sites. The
relatively high temperatur@,=95 K of this reordering suggests that the *Nldons on Ba sites are very
effective defects forcing the AFbAFII reordering. The mechanism of reordering is explained in terms of the
creation of C&" moments within the Oi) layer due to the N¥ ions on Ba sites, which via polarization lead
to an effective ferromagnetic coupling between the moments on next-nearest neighbd@hda@ers. The
Nd®* doping on the B&" sites increases the ‘Wletemperature compared to the stoichiometric compound.
[S0163-182699)02002-7

I. INTRODUCTION It is well established that pure YB@u;Og,, Shows a
transition from the metallic and superconducting phase to the
The NdBaCu;0;_ s system has attracted considerable at-insulating and antiferromagnetically ordered antiferromag-
tention due to its higher superconducting transition temperanetic | (AFI) phase upon successive reduction of the oxygen
ture T, compared with YBsCu,0,_5. T, values of up to 96  contentx in the basal plane to below~0.45-8 For 0<x
K, critical current densities of up to 2210° Alcm? at 77 K <0.2 the Nel temperaturdl, is slightly above 400 K and
and 2.5 T, and irreversibility fields exceeding 13 T at 77 Kalmost independent ax This AFI phase is characterized by
can be achievet? which move NdBaCuO,_; into the  ordering of the moments on the Q) sites within the Cu@
range of interest for technical applications. planes forming antiferromagnetic bilayers, which are sepa-
To understand the differences between the supercondudiated by the weak-coupling path along the(Quposition
ing properties of YBsCu,0,_ s and NdBaCu,O,_ it is im-  occupied exclusively by nonmagnetic Cfor x=0. The AFI
portant to identify any differences in their magnetic behav-ordering scheme is characterized by a critical wave vector
ior, especially because Rtl ions can possess a magnetic dari=(530). An averagerderedmoment on the C2) site
moment while ¥* ions cannot. A direct consequence of this of 0.55.5 with a spin orientation perpendicular to thexis
is that magnetic ordering of the Nd sublattice occurs at lowhas been reported in a YBawOg crystal® while no
temperatures coexistent with superconductivity. Furtherorderedmagnetic moment is present on the(Qusites in the
more, previous investigations of the magnetic structuredXygen-deficient layer. Whereas in very pure ¥8e50g ;
adopted by the Cu sublattice seemed to indicate that therystals the AFI phase is stable down to lowest
magnetic ordering scheme in reduced NeB&Og., is temperature$, reordering to a second antiferromagnetic
strictly different from that of YBaCu,Og. ,,> > even though phase AFIl with characteristic wave vectqe(333) has
the crystal structure of the two compounds is virtually iden-been reported in the doped Y systém®-??This AFIl phase
tical. has a similar antiferromagnetic arrangement of the spins
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within the Cu2) bilayer as the AFI phase, but alternating AF corrosion led to a slight contamination of Y on the Nd sites.

magnetization of the bilayers stacked along ¢texis, which  Here the growth started at 1313 K with a cooling rate of 1

is thus doubled with respect to the chemical unit &&The  K/h.

AFIl phase was found to occur in YB@u;_,M,O¢. , doped The as-grown crystals were annealed in 1-bar flowing
by trivalent ions like APt 911 Cg** 1415 it 16-22 or  OXygen atmosphere between 873 K and 673 K during 500—

Ga*,22 which are known to substitute predominantly onto 660 h. The superconducting transition of the oxidized
the CU(1) sites?3-28 samples was found by ac susceptibilityTat=90.5 K for the

In contrast to the pure Y system, the AFIl phase wasstoichiometric crystals and at 77.5 K for the Nd/Ba-

frequently found in apparently undoped NgBa,Og . , >~° substituted crystals, both with a width of about 1.5 K. The

Moudden et al* reported that the AFIl phase covers the depression of . is attributed to the N ions substituted on

whole antiferromagnetic region in their Ndf2Ogi, B2 sites?%~3! Comparing thisT, value to theT, versusy _
single crystal. Liet al observed the reordering from the diagrams of Refs. 29-31 suggests a Nd content on Ba sites

AFI to the AFIl phase at temperatures far bel@y with the ~ ©f roughly 10% in our crystals.
reordering temperatur@, depending on the oxygen con- For the diffraction experiment the crystals were reduced
tentx. using a gas volumetric technigd®For the determination of

One difference  between  YBAWOs., and the oxygen content as well as the structural details, complete

NdBa,CuOq., is the fact that N&" ions can substitute nuclear Bragg scattering single-crystal data sets were col-

onto the Ba sites under particular preparation conditiond€Ctéd. The crystal N#a,Cu;O¢ o3 Was studied on the TAS2
yielding Ndl+yBa2_yCu306+x.29_31 Furthermore, as men- four-circle diffractometer at the DR3 reactor at RNational

tioned above, N¥ carries a magnetic moment while*Y Laboratory with neutron wavelength=1.047 A Hal]ila
does not. It hé\s been speculated that the<ARFII reorder- sphere of nucle_ar Bragg reflectlons. up to &1)0:_0.67 A

ing in NdBaCu,0 is due to anordering of CLP* mo- were coII.ected in th@20 mode leading to 225 independent
ments within the 8&) layer, which is induced by the sub- observatlons._ Analysis of the nuclear strgctural data was
stitution of Nd on Ba siteé.For YB&,CU;_ M, , the performed with thesHeLx76 (Ref. 35 refinement pro-

. . . - ram. The other two crystals NdB2uOg49 and
mechanism of reordering has been attributed to frustration : .
moments on the Qa) sites in the AFI phas&'>-1"How- d(Bay 0N .09 €057 were measured on the four-circle

. ’ _ 6
ever, the nuclear quadrupole resonaf@R) results of Lid- diffractometer P110/5C2 at the reactor Orgh€E-Saclay"

gemeier and Heinm&adefinitely rule out arorderedmag- ~ “o'9 neutrons witth =0.83 A, employing thew-scan tech-

. . ) nigue. 908 reflections were collected up to &iNn
netic moment on Cd) sites in YB3Cu;_,M,Og,, doped  _ 21 L : )
by different trivalent cations. The AFAFII reordering is 0.75 A", resulting in 242 symmetry independent obser

driven by the magnetic moment of a dopant and also bvatlons. The structural analysis of these data sets was per-

Yormed with the Prometheus program package. Numerical
isolated C4" moments created by the excess oxygen coor- : - : C

L . . absorption and extinction corrections employing the Becker-
dinating nonmagnetic dopants like %Al or Ga*.%-11%2Re- P ploying

) : Coppens model for secondary extinction of type | were ap-
cently, Andersen and UimiA presented a theoretical model pIiepdp y extincl ype Tw P
that explains the ARbLAFI reo_rderlng Via |nt_erm_ed|ate Nonpolarized magnetic neutron-diffraction experiments
turn-angle phases by the formation of free?Cspins in the

cul) basal ol The f : b larized were performed on the TAS1 triple-axis spectrometer at the
ul) basal planes. The Iree spins may be polarize an(ﬂ)R3 reactor at Risdlational Laboratory using incident neu-
establish an effective ferromagnetic type of coupling be-

: . . rons of energy 13.7 meYA=2.42 A) selected by a graphite
tween the adjacent C_:LJ_,Gayers. Itis sugges'ged that tr.|va|e_nt monochromator. Higher-order neutrons were depressed by a
cations on the QW) site as well as the Ba site may give rise

rolytic graphite filter. The crystals were oriented with their
to the free Cé" spins. Pyrolylic grap y

In the oxygen-deficient NdBEWOg. , System it is still [11_0] axis vertica_ll, so that theh(h_l) reflections were in the
unclear if the reordering to the AFIl phase is a general phe[1or|zontal scattering plane. Dfetalls_ of the experimental setup
nomenon or exclusively results from the Ndions on Ba are the same as those described in Ref. 10. For most of the
sites. Therefore we studied the structural and magnetic pro vork a standardHe cryostat was used for temperatures be-

erties of Nd , ,Ba, ,Cuz0g  Single crystals with stoichio- fwzml 2 tK and t30(|)-|KI.' Forkéemper?tijres below |2 K,dar]rhOx-
metric composition as well as of crystals with a significant ord instruments Hellox cryostat was employed. The
amount of Nd&* on Ba sites. studies above room temperature were performed using a re-

sistively heated furnace can.

The NQR spectra were recorded using a standard spin-
echo technique with quadrature detection. The NQR spectra
were measured by a frequency sweep. For measurements at

Very pure, stoichiometric NdB&u;Og ., Single crystals 4.2 K and 1.2 K the crystals were mounted in an Oxford
were grown from a BaO/CuO flux in Sp@rucibles by the Instruments CF1200 He cryostat.
slow-cooling method® Powders of CuO, BaC{) and
Nd,O5 of a purity better than 99.99% were used. The growth
was performed in air at a pressure of 70 mbar. Crystal Ill. RESULTS
growth was started at 1283 K, and the cooling rate during the
growth was 0.8 K/h. The Nd/Ba-substituted crystals were
grown in air atmosphere at 1 bar. For these crystals, The significant 48% difference in neutron-scattering
Y-stabilized ZrQ crucibles were used, which due to crucible lengths of Nd(Ref. 39 and Ba(Ref. 3§ makes neutron

Il. EXPERIMENT

A. Nuclear structure
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TABLE I. Results of the structural refinement of three neutron Bragg data sets. The Debye-Waller factor
has the form exp 272[a*3(h?U;+ k2U,y) +12¢*2U 35], where theU;; are the mean-square displacements.

Stoichiometric crystal Stoichiometric crystal Nd/Ba-substituted crystal

Site Position NdB&aCu;Og o9 NdBa,CusOg 23 Nd; o B8y 905 17
Nd 1d Occupancy 1.023) 1.0012) 1.0237)
Uy 0.00323) 0.004a8) 0.00443)
Uss 0.00623) 0.007311) 0.00835)
Ba 2h  Occupancy 0.997) 1.001) 1.02Q7)
z 0.192449) 0.1926221) 0.1916@9)
Uqq 0.00764) 0.00999) 0.00894)
Uas 0.00725) 0.009912) 0.01116)
Cu(1) la Occupancy 1.0238) 0.9892) 0.9727)
Uy 0.01114) 0.014210) 0.01815)
Uags 0.00865) 0.008311) 0.00845)
Cu(2) 29 z 0.353746) 0.3535314) 0.353626)
Uy 0.00342) 0.00445) 0.004G2)
Uss 0.00863) 0.00947) 0.011a3)
o) 2g Occupancy 0.998) 0.992) 0.9736)
z 0.1521@9) 0.1518922) 0.1531110)
Uqq 0.01483) 0.028410) 0.02264)
Uas 0.00945) 0.011212) 0.01116)
0(2) 4i z 0.371816) 0.3709914) 0.371947)
Uy 0.00582) 0.00547) 0.00743)
Uy, 0.00382) 0.008%7) 0.00473)
Uags 0.00963) 0.001097) 0.01243)
0(4) 2f Occupancy 0.090) 0.232) 0.1758)
Ui 0.02514) 0.04717) 0.03910)
U,y 0.00310) 0.01612) 0.0319)
Uas 0.02616) 0.01512 0.0168)
a 3.8986) A 3.9002) A 3.8904) A
c 11.88224) A 11.79q7) A 11.81425) A
R 2.4% 2.8% 2.6%
Ry 2.8% 3.8% 2.9%

diffraction a suitable tool for determining the content of Nd  B. Magnetic properties of stoichiometric NdBa,Cu30g¢ 4«
on Ba sites. Table | gives the results of our structure refine-

ments. For the crystals grown un_der.reducing Conditions‘.th?als the spin system orders into the AFI structure belqw
refined occupancy of the Ba site is very close to unity. .’

Wavelength dispersive x-ray microprob&/DX) investiga- as indicated by magnetic superlattice peaks with wave vector

tions on crystals of the same batch also showed no deviatiofiari = (570). The superlattice peaks are sharp in all direc-
from the Nd:Ba ratio of 1:3% We conclude that under re- tions implying three-dimension&8D) and long-range order.
ducing growth conditions the Nd ions do not enter the Ba Figure 1 illustrates the temperature dependence of the in-
sites. The oxygen occupancy on thé4Dsite of these two tegrated intensity of the magnetic3%2) peak of
stoichiometric crystals was refined %=0.09 andx=0.23,  Nd,Ba,Cu;Oqqe. The transition from the paramagnetic
respectively. Although the apical oxygerfldshows a slight phase to AFI sets in ay=376(1) K. The integrated inten-
deficiency, in the following we will call these crystals sity shows a power-law behavidr~14(Ty—T)?# with a
Nd;Ba,Cu;0g g9 and NdBa,Cu;0g ,3, respectively, accord- critical exponent3=0.251), fitted between 300 K andly, .
ing to the oxygen content within the Cu1) layer. From 11 accessible magnetic superlattice peaks, the ordered
In contrast, the crystal prepared in 1 bar air shows a remagnetic moment on GR) at 4.2 K was refined to
fined Ba occupancy significantly larger than 1. Taking into0.59(5)ug, oriented within the001) plane.

account the scattering length of both elements, one finds a Below about 1.7 K additional magnetic peaks with
Nd content of 4% on Ba sites. The occupamnxcyf the oxy- = (411

o _ _ $33) appear. While the intensity of the;§3) peak
%?/vr]ingél\)/v;vmillrll (t_:g(ﬁ %Lig)clg/ﬁgllsNzggl’gj\? dz:Z)tCI&ai:.Ol- strongly increases with decreasing temperature below 1.7 K,

The Nd:Ba ratio obtained from the structural refinement isthe (222) peak remains unaffected to within experimental

also consistent with careful WDX analysis. error. Two different origins ofq=(3%3) ordering are

In all our reduced stoichiometric NBa,Cu;Og, » Crys-
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' ' ' ' T ' splitting or broadening, which it would if AFIl ordering or

X .
5001212302 . the intermediate turn-angle phase were preSeAs AFII

ordering is thus ruled out, thg=(333) magnetic ordering

[;:":”:‘n o0 12122 7 in our stoichio_metric N¢Ba,CuyO5 10 is_ most p_robably re-
3 oo / ; lated to ordering of the rare-earth sites. Antiferromagnetic
oo
oo O

oo

ordering of the rare-earth moments occurs typically a¢INe
temperature3 - of 1-2 K%~*For Nd,Ba,Cu;Og .  Order-
Ooo ing of the NA&* moments has been reported with
i TRE=1.7 K forx<0.2344Clinton et al*° postulated a long-
] range, 3D antiferromagnetic structure formed by the’'Nd
II-EE T moments with an average ordered momémj) of 0.85ug
L and the moment direction tilted by 45° with respect to the
0 . ! . ! . L N axis. Details of the ordering of the Rt moments in our
0 100 200 300 400 sample will be reported elsewhéefe.
temperature [K] The Neel temperaturd y of AFI ordering depends on the
oxygen contentx within the Cyl) layer. While the
FIG. 1. Temperature dependence of the integrated intensity oNd;Ba,CusOg o9 Crystal has ay of 376 K, T drops to 289

the (312) magnetic reflection for NdBEWOg o9. The AFl order- K for the Nd;Ba,CusOs 53 Crystal and the critical exponeyst

ing sets in at the el temperaturd =376 K. Below 1.7 K peaks Dbecomes 0.52) (cf. Fig. 2. Further, in thex=0.23 sample

of the type fi+ % k+ 2,1+ 3) occur, which are due to an antiferro- the AFI order parameter goes through a maximum at about
magnetic ordering of the Nd moments; the three datapoirfsll /0 K and decreases almost linearly with decreasing tempera-
circles were obtained at 1.7 K, 1.5 K, and 1.2 K. Note that the ture below 70 K. As refined from 11 accessible magnetic
superlattice peaks, the average ordered magnetic moment on

3+ ; ; 1
Nd®* magnetic ordering at wave vecto} §3) does not affect the the Cu?2) site at 70 K is0.35(3)ug. As down b 2 K no

. + 1
ordering of the CE" moments at §30). (333)-type reflections were observed, the decrease of the

AFI order parameter is not related to a turn-angle reordering
known: (i) reordering of the copper spins to the AFIlI phaseto AFII. For the pure YBaCu;Og, System withx=0.2 a
and(ii) ordering of the spins on the rare-earth site. As can b%eentrant behglViOFdththe QFI ord?r pz’éljrameter haISI frequentlyf
- (11 : .. been reported and has been related to a small amount o
seen from Fig. 1, the; f‘Fq (220) ordering component is localized oxygen P holes transferred to the C) layers,
not affected by the§{33) component. Thus the AFIl order- \hich build up static disorder between the antiferromagnetic
ing of the Cy2) moments can be excluded as the origin ofpjlayers*64’

theq=(33%3) intensities in the present case, as AFIl is nec-

essarily competitive to AFI and depresses tfze(330) in-
tensities when the AFII order parameter incredse&1”.1132
Further, the C(1) NQR line at 1.2 K shows no sign of line

2

Op

intensity [arb. units]
(V=]
=

2

C. Magnetic properties of Nd/Ba-substituted
Nd(Bay gNd 09 Cu306 17

The Nd/Ba-substituted crystal KB, ¢JNdj 09 CusOg 17
shows a completely different magnetic behavior compared to

TABLE Il. Comparison between observed and calculated square of the structure fattimsthe AFI
and AFIl magnetic Bragg reflections for NglBa, o Cu;05.17. The data collections for the two phases have
been performed at 100 K and 4.2 K, respectively. For the calculation, the direction of the spin€psites
have been assumed to be perpendicular tocthgis.

AFI (T=100 K) AFIl (T=4.2K)
hkl «(A™h  F2,(10°b)  FZ%,.(10°b) hkl « (A% F2,s (10° b) F2.c (10° b)
110 1.140 <1 0.0 110 1.140 <1 0.0
111 1.258 19.5 203 i1 1an 7.7 7.8
112 1.559 34.9 343 112 139 45.3 47.2
113 1.960 5.0 4.4 112 1781 28.6 28.5
334 2412 12.9 127 333 2182 1.1 1.0
335 2892 37.8 381 333 2650 2 42.4
336 3.387 12.7 136 333 3.138 a 42.4
337 3391 <1 2.1 138 3638 1.9 2.0
331 3.461 5.0 5.2 337 3431 2.3 2.3
332 3582 7.7 7.6 333 3512 10.5 10.9
333 3.774 <1 1.0 335 3.669 6.1 6.4

R=2.8% R=2.9%
Mey2)=0.47(L)ug Mcyz)=0.54(1)ug

Mcu1)™ 0.007(10ug

aAl powder line.
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FIG. 2. Temperature dependence of the integrated intensity of F!G- 3. Temperature dependence of the integrated intensity

the (:12) Bragg peaks for NdB&u,O; »5. The transition from the  ©f the 232) and (33 magnetic Bragg peaks for
paramagnetic phase to the AFI phase occurs at 289 K. Although thd1.0d381.9:Ct06.1. The AFI ordering sets in afy=385 K. The
AFI order parameter decreases below 70 K with decreasing tenf2rder parameter follows a power law with a critical expongnt
perature, nolf+ %, k+ .1+ %) peaks occur down to 2 K, excluding =0.251). Thetransm_on to the turn-angle phase AFAFIl occurs
the presence of the AFII phase. at T,=95 K. Reordering to the AFIl phase is completed at 35 K.

the two stoichiometric crystals. Betwe@py=385K and 95 This characteristic temperature dependence indicates the

K only magnetic peaks of tha=(110) type are observed, Presence of the tum-angle phase AR 11 via which the

N reordering to the AFIl phase takes plaéerigure 4 shows
|ndlcat|r.19 the pres.ence of the AFI ph'asel- EelW’: 9K the NQR spectrum at 4.2 K in the frequency range between
magnetic superlattice peaks appear vjth(z332). Between 24 MHz and 35 MHz for that crystal. The NQR line of the
95 K and 35 K both types of magnetic peaks coexist, whilesicy jsotope shows a Zeeman splitting which is typical for
below 35 K only theq=(333) type of ordering is present. AFIl ordering!'?°-22The hyperfine field at the QL) site
The magnetic Bragg reflections in this low-temperatureequals 0.2 T, which is very similar to those values found in
phase are also resolution limited, implying 3D long-rangeYBa,Cu;_,FeOq., ceramicd™?* as well as in
ordering. Table Il reports the refinement results for the mag¥YBa,Cu;_,Al O, single crystals in the AFIl phadeé.
netic intensities of NagggBay o U017 and Table Il gives
the magnetic moments in comparison to those of other
Nd, ;Ba _,CusOg  Crystals. In Fig. 3 the temperature de- IV. DISCUSSION
H H H 113

pendeqce pf the integrated Intensity of thg @) and ¢33 Our study on NdBgCu;Og., « has shown that substitution
peaks is displayed. The AFI ordering component follows a 3+ e : .

, s S of Nd°" on Ba sites in this material occurs only if the crystal
power-law with a critical exponeng of 0.251), which is

identical to that found for the stoichiometric NB,CULO o, growth takes place under oxidizing conditidhg while the

ubstitution is prevented if growth is performed under reduc-
crystal. In the temperature range between 95 K and 35 K;g atmosphere. Further, we showed that substitution of

however, the intensity of the;62) peak decreases mono- N+ for B2 is accompanied by the uptake of oxygen on
tonically, while the §%32) peak increases monotonously. the Q4) site in the Cil) layer to maintain charge balance in

TABLE Ill. Comparison between the magnetic transitions of the N@BgOg ,  Single crystals with data
from literature. Moudderet al. (Ref. 4 reported that their NdB&u;Og 4, Crystal orders directly from the
paramagnetic state into the AFIlI phase. The averagddredmoments on the Q@) and Cy2) sites have
been determined at different temperatufes .-

Sample Tn (K) T, (K) Heue) (us) Heu) (ms) Tmeas(K)
NABa,C,0; o 376 0.595) 42
NAB&,CU:Og 7 289 0.353) 70
Nd, 0B8; 6,00 17 385 95 0.470) 100
N o83y 6,CU0g 17 385 95 0.541) 0.00710) 42
NdBaCOg 1 385 385 0.4(®) 0.042) 80
NAB&,C0g 1 430 80 0.83 0.32 20
NABa,Ct,0 2 230 10 0.27 0.23 5
8This work.

bMouddenet al. (Ref. 4).
‘Li et al. (Ref. 5.
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FIG. 4. CUl) NQR spectrum of NgyBa, ¢ C 06 47 at 4.2 K
indicating Zeeman splitting of the NQR lines of the two isotopes. )
The Zeeman splitting reveals a hyperfine field at thélCsite and S‘Oichiomef(i:/;‘:lg%cllsoa Nd/Ba substltl:at;lef;yiﬁ;z.yCu;O(,
thus indicates the presence of the AFIl phase. Fo/BEgCU,O; oo = damEE T
and NdBa,CusOg 23, there is no Zeeman splitting, while the lines  FIG. 5. Crystallographic and magnetic structure  of
are equally sharp. Nd;Ba,CuyO;.x and Nd,,Ba,_,CusOs. 4. In the stoichiometric

compound the AFI phase exists. In the Nd/Ba-substituted com-
the structure. Consequently, the Ndons are able to enter pound, from charge balance considerations substitution &f Bgt
the Ba sites only if the oxygen partial pressure is highNd** results in one & ion built in at the @4) site, which oxidizes
enough during growth. Excess oxygen in the basal layer igne of its Cii1) neighbors to Cti". The associated free spin within
also reflected by the observed orthorhombic-tetragonal phage Cul) layer establishes an effective ferromagnetic coupling that
transition with increasing amount of Nd on Ba sité§ The frustrates_the arrangement of_ spins on@sites in the AFI phase
smaller ionic size of ¥ (89.2 pm (Ref. 48 compared to and thus induces the reordering to the AFIl phase.
Nd®* (99.5 pm) may explain, why the former does not sub- ] 5 ) o
stitute for B&" (136 pm in YBa,CusOg. - compound. Liet al. explamed the ARBAFI reordenng in

In both stoichiometric NgBa,CusOg. , crystals investi- their NdiBa,CusOg 4 single crystals with an ordering of mo-
gated here, the spin system orders from the paramagnetfgents within the C(L) layer, which in their opinion are cre-
state to the AFI og=(10) structure, and the AFI arrange- ated by substitution on either the Qu sites or the Ba sites.

. . However, in our refinement of the AFII structure we did not
ment is stable to lowest temperatures forming the magnetic, e anyprderedmagnetic moment on Q) sites within

ground state with resiplelct to the Cu spin system, which I%xperimental error. Furthermore, our NQR measurements

complemented by=(333) ordering of the N&" moments.  also exclude amrderedmagnetic moment on QL) sites.

Ty is slightly depressed compared to the ¥8850¢ ; x COM- On the other hand we have strong indications that the
pound: while we findTy=376 K for x=0.09 and 289 K for  AFIAFII reordering is related to the Nd ions substituted
x=0.23, respectively, the expectd@g values are about 410 on B&" sites. Since the reordering temperatufe for

K and 380 K for YBaCu,Og .,  With the same values of*®  Nd, odBa, o,C1s0s ;s relatively high, the magnetic effect of
The smallerTy may be due to the slightly larger cell of Nd®*' on the Ba site is very large. There are two possibilities
Nd,Ba,Cuz0g , x compared to YBgCu;Og  at the same,  to explain how the N& ions on Ba sites may induce the
which reduces the coupling of the €umoments between AFII ordering. The first possibility is the magnetic moment
the antiferromagnetic GA) bilayers. Moreover, a lowering of the N&* ions themselves. It is quite conceivable that the
of Ty is expected because the tendency for the oxygen tad®* ions on the Ba sites may couple magnetically to the
order in chains and thereby to dope the(8uayers with  moments on C{2) sites, resulting in an effective ferromag-
charge carriers is smaller in N8&,Cu;Og, than in netic coupling of the adjacent @) layers, and thus precipi-

YBa,CyOg . *>>° tating AFIl ordering. However, the coupling mechanism it-
While the AFI ground-state ordering of the €umo- self not is at all obvious.
ments in stoichiometric NdB&u;Og . , is similar to that of The other possible mechanism is related to the creation of

pure YBaCuwOg. « Crystals, the slight Nd/Ba substitution in free spins within the C{) layer by the excess oxygen,
our NdBay ¢.Ndg 09 CUs0g 17 Crystal induces reordering to which is introduced at the @) site to charge balance the
the AFIl phase via the turn-angle phase, setting inTat Nd®' substituted for B&" (cf. Fig. 5. This balance requires
=95 K. This magnetic reordering, in turn, is similar to that one negative elementary charge. The second elementary
occurring  in  M*"  (=Co®",Fé*,AI%", .. .)-doped charge on the & is balanced by the oxidation of one neigh-
YBa,CuyOg o 21114722 boring Cu" on a Cu1) site, creating a Cif with a free spin.
AFIl ordering has been reported in nominally stoichio- If these local moments couple magnetically to the moments

metric NdBaCwOg. 4, > and it has been suggested thaton neighboring C(R) sites, there will be an effective ferro-
AFIl ordering is an intrinsic property of the NdBau;Og ., ~ magnetic coupling between the adjacent antiferromagnetic
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Cu(2) layers, which triggers the reordering to the AFIl phase.moments is stable down to lowest temperature and, supple-

This postulated mechanism for the Nd compound is verymented by ordering of the Nd spins, forms the ground-

similar to that postulated for the Al-doped systéh!and state phase. This means that the magnetic ordering of the Cu

has also been treated in the theoretical work by Andersen andoments in the stoichiometric Nd system is very similar to

Uimin.3? Note that in pure, stoichiometric NBa,Cu;Og.,  that of pure, oxygen-deficient YB@u;Og_ .

or YBa,CuzOg.,  the excess oxygen on theg4) site oxidizes

two neighboring Cii to CU/* that are spin-paired by super- V. CONCLUDING SUMMARY

exchange, and thus no free spins are created. ,
Although we are suggesting a similar mechanism for the W€ have —demonstrated that —Nd/Ba-substituted

reordering, it must be borne in mind that tiig values ob-  NOi+yB&-yCUsOg.x Crystals are obtained when growth

; ; takes place under oxidizing conditions, while a reduced oxy-
served in the Ngd, ,Ba,_,Cu;O¢, « System are much higher ) Mg .
than those of the Al-éopedGVB@L@_ZAIZOGH system, 9en fugacity leads to stoichiometric Ncfa50..«. Mag-

While the onset of AFII order induced by Al-doping ever netic ordering in the reduced pure stoichiometric
) Nd; . yBa,_,Cu05.« System occurs from the paramagnetic
exceeds 25 KO11T, values reported for nominally Stoichio- i %y 66+ x SY P g

i state to the antiferromagnetic AFI structure of thé Cmo-
metric NdB3Cu;0., scatter between 0 and 80 Kable  anis which remains the stable configuration down to low-
[II) and Mouddenet al.* even found a transition from the (1 t h it i | N 111
paramagnetic phase directly into the AFIl phase at 385 K foffSt temperatures, where it 1S supplemen ediky= (32>

their nominal NdBaCu;Og 15 While the large values and ©°rdering of the Nd" moments below 1.7 K. The nonsto-
also the large scatter ifi, are quite unlikely due to #f  ichiometric Nd ,,B&_,CusOg ., System, however, shows a
contamination, we believe that the methods employed b);eordermg from the AFI to the antiferromagnetic AFIl phase

these authors to determine the elemental composition of thelfid the intermediate turn-angle phase ARFIl below T,

crystals are not sensitive enough to detect a small Nd/Bx 95 K. We attribute the ARLAFII reordering in
nonstoichiometry? to which we attribute the AFII ordering. Ni+yB& - yClsOg to the creation ofisolated magnetic
Further, we believe that the distribution of the free spins orCUW" ions within the Cil) layer, which are formed by the
CUw" ions within the Cil) layer has a significant influence one excess & ion for each Nd* ion substituted for B .

on T,.% For Nd.,Ba_,CuOs.x Variations in the Coupling of these free Cii spins to the moments on the
growth procedure are likely to produce differences in theneighboring C(R) layers results in an effective ferromag-
distribution of N&* ions on B&" sites, which in turn may netic coupling between the adjacent antiferromagnetic
have a strong influence on the stabilization of the AFIICu(2)O, layers, which forces the AFII reordering via an in-
phase. If two neighboring Ba sites within tf@01) plane are termediate turn-angle phase upon decreasing temperature.
substituted by N&, the amount of free spins in the @ The suggested mechanism is similar to that proposed for the
layer and thud, is expected to be lower than in the case of Al-doped YBgCu;_,Al,Og.  System:>!132The higher re-
randomly distributed, isolated Nd ions. Indeed, Kramer ordering temperatur&, and thus the larger coupling strength
et al®! recently reported that also the superconducting tranin  the Nd ., ,Ba ,CuOg,x sSystem compared to
siti&n temperatureT, strongly depends on the degree of YBa,Cu,_,Al, O, may indicate a more random distribu-
Nd*" pairing and that the width of the transition reflects thetion of CL?* ions within the Cil) layer. An alternative or

unllliqrtmlty of gl]? dls(tjn_bu;:_on.t g v FeO additional ferromagnetic coupling via the Ridmoments on
utgemeief " found in his studies on YB&U; _,Fe,0. Ba sites also cannot be ruled out. Since the<ARFII reor-

ceramics, that the AFII ordering is suppressed by an excesd;ering is induced already by a small amount offNdn Ba

glfsgngsg Isnu:)rp])?egs%)dliyl:elz' cﬁéesrui%h tse%i%hoznézmsf;zﬁogites, we suggest that the observation of the magnetic reor-
metric crystals withx=0.09 andx—0.23 studied here, we dering can be used as a sensitive probe to detett Nd Ba

reduced another crystal of the same batch under conditions§3es' Apart from the N magnetic ordering, however, the

. . re, stoichiometric Nd compound shows very similar mag-
get the oxygen content as low as possible. The reduction w etic AFI ordering as the pure Y compound.
performed at 800°C at an oxygen pressure of 2.
X 10 * bars, for which, according to the oxygen isotherms
published by Leeet al,>? the oxygen content should be ap-
proximatelyx=0.04. From the intensity of the 24 MHz NQR ~ We would like to thank P. Schae for performing the
line, which is directly related to threefold coordinated(Qu WDX analysis, J. Hanssmann for simulating Rutherford
ions? i.e., to Cu ions with one neighboring?Oion within  backscattering spectra with his programm, and A. Egorov
the Cu1) layer, we estimated the oxygen contentithin  for additional NQR studies. The neutron-scattering experi-
the Cuyl) layer for that crystal as less than 0.02. Further-ments reported in this paper were performed at the DR3 re-
more, at 1.2 K the Cu-NQR spectrum between 27 MHz andactor at Rigd\National Laboratory and supported by the Com-
31 MHz gave extremely sharp lines for both isotopes withoutmission of the European Community through the Large
any sign of Zeeman splitting, implying that the AFI phase isInstallation Plan. E.B. and W.W.S. gratefully acknowledge
present. Therefore, we conclude that in the pure, stoichiothe Deutsche ForschungsgemeinschH&FG) for financial
metric Nd compound, the AFI ordering scheme of the Cusupport.
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