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We have studied by neutron diffraction the magnetic ordering in Al-free crystals of,€tB@g. .
(x = 0.35 and 0.92) that do not display the AFIl Cu magnetic phase. We find that the Pr ordering
below 20 K is accompanied by a counterrotation of the Cu antiferromagnetism on each plane of the
bilayer. The maximum turn angle between the two plane§Ois= 9° for the x = 0.92 crystal, and
40° = 11° for the x = 0.35 crystal. This is the first observation of a noncollinear ordering of Cu
moments in the bilayer, and is evidence for significant magnetic coupling between the Cu and Pr
sublattices. [S0031-9007(96)01945-X]

PACS numbers: 75.25.+z, 74.25.Ha, 74.72.Bk, 75.50.Ee

The absence of superconductivity BiBa,Cu3;0; has  concluding that the size of the ordered Pr moment at 1.3 K
proven difficult to explain, especially in view of evi- was only0.017ug, some 40 times smaller than had been
dence that the Pr ions are essentially trivalent [1], andbtained in neutron diffraction studies [7,10]. They also
that the density of holes on the copper-oxygen planes andisagree on the direction of the Pr moment, which they
chains is virtually the same as in the isostructural parenfiound to lie in thea-b plane. Md&ssbauer [11] and neutron
YBa,CuzO- [2]. These observations exclude the possi-studies [10] had earlier determined the moment to be at an
bility of significant charge transfer off the Pr ions onto theangle of~30° to thea-b plane.
planes. It is widely believed, nonetheless, that a degree In this Letter we describe new properties of the
of hybridization of the P f and nearest neighborZp  magnetic ordering oPrBa,Cu3Og, revealed by neutron
orbitals takes place and plays a central role in preventingiffraction. Of crucial importance to this work was the
superconductivity. The model of Fehrenbacher and Riceise of crystals which contained no Al impurity since
[3], for example, explains the phenomenon through the lopartial substitution of Al on the Cu site, a feature of
calization of holes in hybridized By -0 2p,. orbitals. crystals grown in AJO; crucibles [12], causes the well-

As well as modifying the transport properties of known AFI-AFII spin reorientation transition in the Cu
PrBa,;Cu30¢4,, Prdf-02p hybridization could also sublattice [13—15]. By using Al-free crystals we not only
be expected to enhance the magnetic coupling betweethieve results more characteristic of the pure compound,
the Pr ions and the CuQplanes. This may account but we can also probe the Pr ordering in much greater
for the following anomalous magnetic behavior. First,detail than before because the absence of the AFI-
antiferromagnetic order on the Cyu(lanes and semi- AFIl transition simplifies the interpretation of the data.
conducting resistivity, both characteristic of reduced,Our results support the established view of a lafge
nonsuperconductingYBa,Cu;0¢.,, persists over the 0.5up)ordered Pr moment, but reveal a new, noncollinear
entire range of oxygen content iPrBa,Cu3;O¢,[4,5].  ordering of the bilayer Cu moments which accompanies
Second, the Pr sublattice is reported to order magneticallthe Pr ordering.
at temperatures between 10 and 20 K (dependinggon  Crystals of PrBa,Cu3O¢., Were grown in MgO cru-
[6—8], an order of magnitude higher than is typical for cibles by the method described in Ref. [16]. Their chemi-
lanthanides (L) in.Ba,Cu3O¢.,. The likelihood thatthe cal composition was analyzed by inductively coupled
transport and magnetic anomaliesRifBa,Cu3Oq,, are  plasma mass spectrometry, and the most significant impu-
linked through a common dependence on hybridizationities were found to be Sr (0.7 at. %) and Mg (0.1 at. %).
means that further studies of the magnetic ordering, parCrystals of masses 27 and 12 mg were prepared with oxy-
ticularly that of the Pr sublattice, can contribute towardsgen concentrations = 0.92 and 0.35, respectively, as de-
an understanding of the superconductivity suppressiotermined from crystal structure refinements of data from
phenomenon. the four-circle neutron diffractometer TAS 2 at Risg.

The need for more information about the Pr ordering The magnetic ordering was studied over the tempera-
was recently emphasized by @'¥Pr NMR study of a ture range 2 to 350 K with the TAS 1 triple-axis neutron
PrBa,Cu30; single crystal [9]. The authors questioned spectrometer at Risg. The experimental arrangement was
the conventional interpretation of the Pr ordering phasethe same as described in Ref. [10]. Integrated intensities
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were determined in theh( h, I) scattering plane either and 0.57up (x = 0.35), respectively, for the two
via linear scans in reciprocal space or crystal rotationgrystals.
(w scans). We index the magnetic reflections with refer- The second magnetic phase we observed corresponds
ence to the chemical unit cell, but in our calculation of theto the low temperature phase usually known as “Pr
magnetic structure factors we summed over a cell equivasrdering,” hereafter referred to as AFIIl. In our crystals
lent to 2 X 2 X 2 chemical unit cells [10]. Structural this phase was signaled by the appearance of peaks at
parameters used in the calculation were taken from thé = 0 in addition to those present in the AFI phase
four-circle refinements. For the Cu magnetic form factor[20]. Figure 1(a) displays the integrated intensities of the
we assumed that the moment arises from an unpaired ho@, % 0) reflections for thex = 0.92 and 0.35 crystals.
in a square planadd,2-,2 orbital [15]. For the Prions The onset temperatures aéfg; = 19 = 0.5 Kand 11 *
we used the dipole form factor for thef? configuration 0.5 K, respectively.
[17], neglecting crystal field and hybridization effects. As found previously [10], the AFIlIl magnetic peaks
We observed two ordered magnetic phases in ousre resolution limited in thea-b plane, but inl scans
crystals. The high temperature phase is the well-knowriexcept/ = 0) they exhibit a two-component profile, with
AFI ordering, first determined [18] in reduced samples of_orentzian-like scattering at the base of the resolution-
YBa,Cu30¢4,. In this structure the Cu spin directions in limited Gaussian peaks characteristic of the AFI phase.
the CuQ planes alternate antiferromagnetically along allThe width of the Lorentzian component depends strongly
three axes, with no ordered moment on the Cu chain sitegn oxygen content, but compared with the Al-doped
The magnetic Bragg peaks are resolution limited and of therystals of our earlier study we find much narrower
form (b + % k + % ) with h, k, | integers,! # 0. The widths with the present crystals. At 4.2 K the intrinsic
onset temperatures of this phase in @Ba,CuzOg.,  widths (HWHM) of the §, 5, 0) reflections fitted to a
crystals were 266 Kx = 0.92) and 347 K(x = 0.35),  Lorentzian in thec direction arel’, = 0.06 nm™! (x =
in reasonable agreement with literature results for polyolgz) and0.90 nm~! (x = 0.35). These correspond ©
crystalline samples [4,5], but lower than for impure axis correlation lengths of 16 and 1.1 nm, respectively,
single crystals [10,19]. The AFI model describesthe |atter of which agrees with an earlier estimate from
the observed intensities very well, as demonstrate@eutron powder diffraction [21]. More surprisingly, the
in Table | for the x =092 crystal, and the or- \jidths were found to vary with temperature, as shown
dered moments are ucy = 0.58up (x =092) in Fig. 1(b) for the oxygenated crystall. increases
below Ty11, and the rise follows the integrated intensity
[cf. Fig. 1(a)].
) ) N We turn now to the magnetic structure of the AFIII
TABLE I. Observed and calculated integrated intensities of hase, and concentrate first on the oxygenated crystal. In
the magnetic reflections measured at 30 K (AFI phase) an{il)_l. o :
4.2 K (AFIIl phase) for the crystal oPrBa,CusOgr. The is crystal the magnetic diffuse scattering was too narrow
observed intensities have been corrected for the Lorentfo be separated from the sharp peaks, and Table I lists the
factor. The errors indicated are the statistical uncertaintiesintegrated intensities (sum of both components) measured

but there is also a systematic error in the absolute intensity
of approximately 10%.
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at 4.2 K inl scans. We neglect the Cu chain spins forof their very differentc axis widths. Applying the same
the time being since NMR measurements [5] have ruled\FIll model to the data at 2 K we obtained a good
out any significant static moment on the chains. Wit (y? = 3.2) with 2¢c, = 40 * 11°, Op, = 38 * 6°,
first considered the model given in Ref. [10], in which up, = (1.15 £ 0.11)up, and pcy = (0.64 £ 0.09) wp.

the Cu moments remain in the AFI structure and the PCompared with the oxygenated crystal the Pr moment of
moments form a collinear arrangement, antiferromagnetithe reduced crystal is larger awfd, is smaller.

in the a and b directions and ferromagnetic in the The key new feature of the model proposed here
direction. The adjustable parameters are the sizes of thie the noncollinear arrangement of Cu spins in the
moments fec, and wp;), and the angle of the Pr moment bilayer. We continue by justifying this idea on energy
to the a-b plane (6p;). This model gave a reasonable grounds. The energy required for two antiparallel Cu
description(y? = 11.5) of the present data at 4.2 K, but spins to counterrotate through anglespc, is given in
showed systematic discrepancies which modulated lith the Heisenberg model by, | S&,[1 — coS2¢¢.)], where

In addition, the fitted value of.c, decreased considerably ;| is the interlayer exchange energy asid, = % is the
below Tyy;. . ~ Cu spin. For2¢c, = 60° and J,; =~ 100 K [15] this

We discovered a much better fig= = 4.5) when, in energy is~13 K. Since this is comparable with;;; we
addition to the other degrees of freedom, we allowed th@onclude that the reorientation of the antiferromagnetism
antiferromagnetic arrangement on the bilayer Gp@nes  on the CuQ bilayers is driven by the ordering of the Pr
to counterrotate about tleaxis. This model is illustrated sublattice, and we infer from this that a sizable Pr-Cu
in Fig. 2, and the calculated integrated intensities argnagnetic coupling must exist to bring about this change.
given in Table I. The Cu moments are collinear within out of plane Cu rotations are also possible, since the
the planes as before, but not collinear within the b'layeranisotropy is small £0.5 K [15]), but our fits did not
as a_whole. The turn angle between the Cu momenieg| any evidence for a nonzefy, as mentioned
axesiR¢cy, = 60 = 9°. The other parameters a#¢. =  ggylier.
55 = 20°% per = (0.56 = 0.07)up, @ndpucy = (0.58 = e further argue that the coexistence of magnetic order
0.05)up. The fit also gave a slight preference for the in-on the Pr and Cu sublattices linked together by a Pr-
plane component of the Pr moment to lie along the formegy magnetic interaction is not only consistent with, but
direction of the Cu momentspc, = 0 on Fig. 2, butthe  requires a reorientation of the Cu magnetic structure.
twinning makes this difficult to establish with certainty. Thjs follows because in the AFI phase the Pr site is at
We also examined various structures in which the Cuy center of symmetry with respect to the arrangement
spins tilt out of thea-b plane instead of rotating about ¢ ~, moments. and so the total effect of any Pr-Cu
thec axis. None of these models gave fits wjth values coupling would cancel. A nonvanishing coupling between

of less than 12. i e two sublattices can be allowed only after removal
We adopted a similar procedure for the reduced crystal¢ {ha center of symmetry. In the AFIIl arrangement

except thatw scans were used to measure most of theeyonic exchange fields from the Cu spins still cancel

intensities t_Jecause' the mosaic of this crystal exceedegd} ihe pr site by symmetry, but an anisotropic interaction,
the resolution. Withw scans the broad and sharp e.g., the dipole field, can be nonzero.

components of the peaks have different Lorentz factor;, It is of interest next to correlate the two-component line

and so had to be corrected separately, then added t0 gi%ganes ohserved inscans with the underlying magnetic

the total integrated Intensity. The separation of the tWOstructure. Thei, % 0) is particularly informative in this
components was not difficult for most reflections becausé . .
fespect as the line shape of this peak was observed to

consist only of the broad constituent. According to our

% —%ﬁ _u% __J.rﬁﬂ-c'f\ model, the scattering at%( % 0), and hence the broad
LY I =

component of all the peaks, arises from two sources: (1)

P
S Y By the ordered Pr moments, and (2) the component of the
= SRR Cu spins stacked ferromagnetically along thexis. The
e Ty sharp component, therefore, corresponds to the projection
::’;;—_f,—‘fk = ‘é = =y of the Cu spins along théc, = 0 direction, i.e., the AFI
TRy == structure but with an effective momept-, coS¢c.).

The correlation between theaxis broadening and the

AFIIl phase (3. 3. 0) intensity, Fig. 1(b), suggests there is frustration
FIG. 2. Proposed magnetic structure of the AFIIl phase. Thdn the AFIIl magnetic structure. A possible source of this
diagram represents part of one magnetic unit cell, showindrustration is the coupling between adjacent Cu moments
the two CuQ planes either side of the Pr layer. The jn nejghboring bilayers separated by a chain layer. In
antiferromagnetic arrangement on each Gylane has rotated ideal tals thi ling i ted to b tif
by *=¢c. from the AFI collinear structure.fp, is the angle of laeal crystals this coupling IS éxpected {o be antitérromag-
the Pr moments away from the Cu@|ane, with the direction net|C, as in the AFI phase. To achieve this with the AFIII
of the in-plane component as indicated. model of Fig. 2 would require the sense ¢f, to vary
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in the sequencé—, +) (+, —) (—, +) etc., i.e., doubling We conclude therefore that the AFIIl phase has a sig-
the magnetic unit cell in the direction. Such a doubling nificant ordered momen(t>0.5u5) on the Pr sites, and a
has indeed been observed in polycrystalline samples afoncollinear Cu spin arrangement in the bilayer. Strong
PrBa,Cu3O¢+, [20]. In our crystals, however, the ob- magnetic coupling, perhaps due to the hole localization
served sequence is-, +)(—, +) (—, +) etc., and so the in the Pr-O bonds, links the Pr and Cu sublattices. This
Cu-Cu coupling through the chains is the same as in theould explain the elevated Pr magnetic ordering tempera-
AFIl phase, with both ferromagnetic and antiferromag-ture, and is consistent with the notion that hybridization of
netic components. The competition between two differenthe Pr and O states underpins both the anomalous trans-
spin rotation mechanisms may cause frustration and inteport and magnetic behavior ®Ba;Cu3Og. .
rupt the ¢, sequence at antiphase boundaries, resulting We thank Per Solgaard for performing the ICPMS
in the observed short range order. Small amounts of imanalysis at Risg, and the EC Large Installation Programme
purities in the crystals, or Pr ions on the Ba site, may bdor financial support. A.T.B. thanks the Department of
responsible for the difference in coupling compared withSolid State Physics at Riscg for hospitality and financial
polycrystalline material [22]. support during an extended visit in 1995.
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