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We report resonant x-ray magnetic scattering and high-resolution neutron-diffraction studies of the Pr site
magnetism in high quality single crystals of PsBapOg 9> These studies reveal that the Pr sublattice orders at
19 K in a well correlated, long period incommensurate structure with probable wave vectar§,0.5,0) or
(0.5,0.5+ 6,0) with 6=0.006 r.l.u. The observed x-ray scattering results from dipole transitions, demonstrating
the existence of an ordered %r moment and implying a largef 4anoment at the Pr site. A spin reorientation
transition to a commensurate antiferromagnetic structure of wave véz®0.5,0.5 is observed at lower
temperatured.S0163-18208)07041-9

One strategy for elucidating the mechanism of high-very likely share a common origin, and therefore a better
temperature superconductivity is to study compounds irknowledge of the Pr magnetic ordering could help to explain
which the superconductivity is anomalously suppressed. Ththe absence of superconductivity.
absence of superconductivity in 1aBaCu0Q, at X Several neutron-diffraction studi®s'® have been de-
=0.125! for example, has been found to be associated witlvoted to the magnetic ordering in Pr8a,s0g. . The con-
the pinning of incommensurate charge and spin stripaensus from these works is that the Pr sublattice exhibits an
correlations;® which may form the basis for a pairing antiferromagneti¢AF) structure belowl p, , with a saturated
mechanism in the cuprate superconducfors. moment of 0.5-04g. In sharp contrast, recent NMR

Similarly, nonsuperconducting PrBau;Og,, has at- result$* were interpreted as evidence for a Pr moment of
tracted a great deal of interest as an anomalous member ofly 0.01745. In addition, the NMR work concluded that
the (RE)BaCwOg. « series, where REY or rare earth. Al-  the ordered moment lay in theeb plane, while neutron de-
though the suppression of superconductivity interminations find it to be closer to the axis. Boothroyd,
PrBaCu;Og,, is usually discussed in terms of Longmore, Andersen, Brecht, and Wdifound it to be tilted
Pr(4f)-O(2p) hybridization modeR® rather than stripe cor- out of the plane by 55%20°, consistent with Mssbauer
relations, the physical properties of PeBarOs_  (Ref. 7 results™® and also found substantial Pr-Cu coupling.
are sufficiently intriguing, and poorly understood, that other In this paper, we report results of resonant magnetic x-ray
mechanisms cannot yet be ruled out. Of particular signifiscattering measurements on well characterized single crystals
cance is the observatidthat the hole densities in the CyO  of PrBaCuOg . - By tuning the incident photon energy to
planes and CuO chains are very similar to those found in théhe PrL;, edge we were able to study preferentially the mag-
superconducting members of the series. Despite thigjetic order on the Pr sublattice with negligible contribution
PrBaCuOg .« is an insulator which exhibits Cu antiferro- from the Cu order. Our x-ray study, supported by new high-
magnetism for alk, with Ty(x)=250-350 K°'Inaddi- resolution neutron data, confirms the existence of a large
tion, it appears that the Pr sublattice orders magnetically abrdered Pr moment, and reveals a static, long period incom-
an unexpectedly high temperaturéy,=10—-20 K com- mensurate modulation in the Pr sublattice ordering.
pared with other members of the series, for whicie=0 The x-ray experiments were performed at beamline X22C
-2 K. at the National Synchrotron Light Source. A G#&1) double

The large value off 5, suggests that the Pr-Pr magnetic bounce monochromator, with an energy resolution of
coupling is enhanced by electronic interactions with the~5 eV, was utilized with a G&11) analyzer. The neutron
CuG, planes, perhaps as a result of the proposed hybridizawork was carried out at the cold source beamline TAS 7, at
tion schemes? In any case, the anomalous Pr magnetismRisg National Laboratory. An incident energy of 3 meV was
and the suppression of superconductivity in this compoundised, with collimation 408monochromator-3#sample-
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! ! : ! FIG. 2. Incident photon energy dependence of the magnetic
0485 0.490 0'495{0('283)0'505 0510 0.515 scattering a(0.5,0.5,7.5 at T=5 K and (0.503,0.503,yat T=11
K. Data are offset vertically for clarity.

FIG. 1. (a) X-ray scan through th€0.5,0.5,8 antiferromagnetic . . . .
point with Zw=6441 eV, revealing incommensurate magnetic or-tl_or.' n samplt_as Wlth. more than one mggnetlc lon more
der of the Pr sublattice ai=10 K. (b) Neutron scans through d'ff_'CUIt' The high ret_:lpr_ocal Space resolutlo_n of x-ray scat-
(0.5,0.50) at T=10 K (open symbolsand 20 K(closed squares tering was also_ crumaln in the present experiment. _

The I=0 data are offset vertically. Lines are fits to Gaussian func- N @ccord with earlier single-crystal neutron diffraction
tions to ascertain the peak positions and widths. Note that the horf€sults, magnetic scattering was observed belgwin the
zontal scale is three times larger for the x-ray data. vicinity of (0.5,0.51), | integer, positions in reciprocal space,

corresponding to a structure in which neighboring Pr mo-
30'-analyzer. Pyrolytic graphite monochromator and analyziments are oppositely aligned in tleeand b directions, but
ers were utilized, with a Be filter to suppress higher ordermparallel along the axis. An x-ray scan across tl@.5,0.5,8
contamination in the incident beam. The samples werantiferromagnetic Bragg point, taken®t 10 K, is shown in
mounted such that peaks of the forimlf,|) were accessible Fig. 1(a). Remarkably, however, the data reveal that the scat-
in the diffraction plane. The reciprocal space resolufimfi tering is not commensurate, as previously believed, but is
width at half maximum(FWHM)] of the two spectrometers comprised of two peaks, symmetrically displaced from the
for scans parallel tol,h,0) was sh=5.5x10 2 r.l.u. for  antiferromagnetic point. Similar satellites were seen at all
neutrons andh=28.4x10 * r.l.u for x rays. accessible, symmetry related positions.

The crystals studied here are from the same batch as those There are two possibilities for the modulation wave vector
of Ref. 11. They were grown in MgO crucibles and havethat could give rise to the scattering observed in Fig. 1.
very low impurity levels, the most significant being &7  These are (05 6/2,0.5+ 6/2,0) and (0.5-6,0.5,0) with
at.% and Mg (0.1 at.%. The oxygen content was 6==*=0.006 r.l.u. If one takes into account the crystallo-
=0.92. The samples were platelets with surface areas of graphic twinning and a distribution of magnetic domains
few mn? and ac-axis normal. Mosaic spreads wexe).05°  then these wave vectors each give a pattern of four spots
(FWHM). For the x-ray work, two different crystals were rotated by 45° with respect to each other. However, the out-
studied, each gave identical results. of-plane resolution is relatively coar$@.006 r.l.u. FWHM

X-ray resonant magnetic scattering utilizes the enhanceand were the (0.5 6/2,0.5+ 6/2,0) ordering to be present,
ments in the magnetic scattering cross section obtained whesignificant intensity would be expected at the commensurate
the incident photon energy is tuned to an atomic absorptioposition, in contrast to what is observed. We therefore con-
edge'®!’ For the rare-earth elements, large enhancementslude that the most probable wave vector is ¢050.5,0) or
are observed at the) ,, edges. In the present work, the (0.5,0.5-6,0). A similar pattern was found in Ref. 2.
incident photon energy is tuned to thelRy edge. The com- The x-ray data of Fig. 1 were taken with the incident
bination of large enhancements in the scattering from the Pphoton energy at the peak of the By resonanc€6441 e\}.
moments and extremely weak nonresonant scattering frorA scan of the incident energy taken at the incommensurate
the Cu moments ensures that the observable signal is entirelyave vector is shown in Fig. 2. These data demonstrate that
due to any ordered Pr moment. In contrast, the neutron carhe scattering is indeed resonant, confirming its magnetic ori-
not distinguish between moments of the same size on differgin, and that any contribution from the Cu order is negligibly
ent elements, and this renders magnetic structure determinamall. The data of Fig. (&) alone, therefore, require the ex-
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istence of long-range antiferromagnetic Pr order, without any Pr Order Parameters
recourse to modeling of intensities. " ' " '

The incommensurability is small, and corresponds to a ° E0-203»0-75gj’>-8)><2
long period modulation, of wavelengtk 600 A. In addi- ’
tion, the structure is highly ordered. The half-width of the
observed scattering corresponds to a magnetic correlation
length of&,,5>900 A along thg110) propagation direction,
and&~300 A in the (00) direction. The incommensurabil-
ity increases slightly with temperature, by approximately
10% fromT=5 K, to Tp,=19 K.

High-resolution neutron-scattering measurements were
carried out on one of the x-ray crystals, and on a la(gér
mg) sample taken from a different batch. Both samples
showed identical behavior in all respects. A neutron scan
through the(0.5,0.5,0 Bragg point is shown in Fig. (b). FIG. 3. Temperature dependence of the two observed Pr order
The solid line is a fit to two resolution limited Gaussidhs parameters. The intensity of the incommensurate modulation is
with a separation of 0.0059 r.l.u. Although the peaks are nomultiplied by 2 to give an approximate indication of the relative
fully resolved, the data are clearly consistent with such dntensities of the two structures.
splitting. These data serve to confirm that the incommensu-
rate behavior observed by x rays is characteristic of the bulk
of the crystal. They further determine that the magnetidow Tp,. This conclusion is consistent with the AFIII
modulation is static on a time scale10 ? s set by the model*! because in the AFIII structure theandy compo-
energy resolution of the neutron spectrometer. Neutron meaxents of the bilayer Cu spins order in different modes:xhe
surements made under identical experimental conditions on@mponent remains in the AFI structure, while theompo-
reduced crystalX~0.2) from the same batch did not resolve nent couples to the Pr moments and adopts the same sym-
any splitting of thg0.5,0.5,0 peak, and put an upper limit of metry as the in-plane Pr sublattice ordering. Henceyti
6~0.001 r.l.u. on any incommensurability. spin component is expected to be incommensurately ordered

As mentioned earlier, there has been some controverdyelow Ty, , while thex component remains commensurate.
concerning the size of the Pr ordered moment. The possibil- On reducing the temperature we observed a spin reorien-
ity for debate arises because the neutron-scattering data frotation transition neaf,=9 K with x rays. The reorientation
the Pr and Cu sublattices cannot be easily separated, and owes signaled by the appearance of peaks of the form
is forced to rely on model structure factor calculations t0(0.5,0.5/+0.5), | integer, corresponding to a structure
interpret measured intensities in terms of ordered sublatticesvhich alternates along theaxis as well as along theandb
Thus, while the AFI phas@ CuQ, bilayer structure factor axes. A simultaneous reduction in the intensity of the mag-
forbids scattering dt=0, explanations other than an ordered netic peaks near (0.5,0l5,0ccurred, as may be seen in Fig.
Pr moment are possible for tH@.5,0.5,0 peak, including 3 on which the peak intensities for both ordering wave vec-
ordering of the Cu chain sites, ordering of moments on theors are plotted as a function of temperature. Both data sets
holes, or structural scattering. However, taken together thevere taken on warming. A scan of the incident ene(igig.
present x ray and neutron data unambiguously rule out thes® confirms that this new scattering also originates from Pr
alternatives; the resonant x rays confirm the Pr origin of thenoments. Similar reorientation behavior has been reported
scattering and justify the earlier neutron analysis of inte-very recently® in neutron experiments on a single crystal of
grated intensities, which obtained an ordered moment oPrBaCu;Og4,, essentially free of (BaZrg) crucible con-
(m(Pr))=0.6ug, e.g., Ref. 11. tamination. In that experiment, the reorientation transition

The L, resonance shown in Fig. 2 is dominated by dipoleoccurred atT,=11 K, on cooling, and was first order and
2p«+5d transitions, and thus the x rays are in fact probinghysteretic. We did not observe this transition in any of our
the Pr 5 polarization, which is most likely to be the result neutron measurements, suggesting that the low-temperature
of a large 4 moment on the Pr ion. phase occurs in our crystals only in the near-surface region

An important question is whether the incommensuratgprobed by x rays €1 wm), and that the bulk differs
magnetism is a feature of the Pr sublattice alone, or whetheslightly in chemical composition. Note that the transition
it affects the Cu sublattice as well, beldw, . We addressed does not go to completion, and that even at 4 K, there was
this point by measuring, with neutrons, tf@5,0.5,2 Cu  still some incommensurate scattering present, presumably
bilayer antiferromagnetic Bragg peak above and belaw, because not all of the volume probed by x rays undergoes
at 20 K and 10 K, respectively. These data are included irthis transition. Nevertheless, the fact that our x-ray data re-
the lower part of Fig. (b). Although the 10 K scan is veal almost the same reorientation behavior as was observed
broader than the 20 K scan, it does not exhibit the doubleby Umaet al2in their very high-purity crystal suggests that
hump structure characteristic of tH8.5,0.5,0 reflection. the surface region is not strongly affected by the small
This strongly suggests that tfi@.5,0.5,) scattering is com- amounts of Sr and Mg impurities in our crystals, and there-
prised of both commensurate and incommensurate peakfare the incommensurate splitting, which is a feature of both
The presence of a commensurate peak=at, but not atl surface and bulk in our crystals, is very likely an intrinsic
=0, is in accordance with the AFI phase structure factor, angrroperty of PrBaCusOg ., . Perhaps the most interesting fea-
indicates that the AFI bilayer spin arrangement persists beture, though, of the reorientation transition is that in doubling
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the magnetic unit cell, an incommensurate structure is remagnetic coupling to the chains vanishes by symmetry,
placed by a commensurate one. whereas when it is, such a coupling is allowetf.Magnetic
The observation of static incommensurate magnetic ordeor electronic features in the chain layers could, therefore,
has caused a great deal of excitement recently in connectidnfluence the ordering. In order to explore this and other
with the absence of superconductivity in;lg@Bag 1,6Cu0,. possible gxplanation§ furthgr, more information onct#wis
Following our observation of a static incommensurate phas€oupling is required, including the role played by any Prions
in hole doped PrBfLu,0s. , it is natural to ask whether the O the Ba site. The observation of incommensurate fluctua-

same mechanism might explain the suppression of supercofoNs on the chains in YB&uOs . (Refs. 20 and 2imay
ductivity in both compounds. If what we have observed inbe of some relevance. Finally, the rather weak temperature

: ; : dependence of the incommensurate splitting, also observed
PrBaCuy [ ri rrelations, however, then. . . '
3CU0. is due o stripe correlations, however, then, T stripe phases of the nickelaféanust be accounted

there are a number of differences that need to be explaine oy
First, the incommensurate wave vector is very small, which

is seemingly inconsistent with the claim that the hole densityPr magnetic behavior directly, complemented by neutron dif-

(v;:ﬁgscv?/::gzlj tgﬁ:c)ség%iti%enagnlzsthﬁowg\ﬁrai‘ :2 fcaocrtnt_h fraction from both the Pr and Cu moments, has enabled us
b b gp : ' oth to clarify and to provide new insights into the low-

majority of the holes are in orbitals orthogonal to the Cu-O . i
bonds, as proposed by Fehrenbacher and Riben it is temperature magnetic pha_ses of PAB&O;. . These f'nd_ .
ngs are important in the field of cuprate superconductivity

conceivable that a longer stripe period could be supporte jecause of the likelihood that a common interaction is re-

Second, our neutron results indicate that there is still acom. - cble for both the enhanced Pr maanetism and the
mensurate component to the bilayer Cu ordering that coexzP 9

ists with the incommensurate structure observed bdlgw _?_Egr%%lggrs\/:t?sﬁn;eir?;osmufnegggﬂgﬁg“mg wegg;a%tér.ninis-
which is difficult to reconcile with stripe correlations. Fi- 9

nally, it is hard to understand within the stripe picture Whycent of the spin-charge separation model, but the character of

e ncommensurabiftyshoud disappear betywhen ne - 1CCLA1% Sbeeve Tre Sbpesr e et Outer
magnetic unit cell doubles in thedirection. P 9 ping

The latter observation tends to suggest alternative expl the unusual electronic structure of PgBa,0g..x may need
e}ﬁ be sought.

nations centered around the way the Pr ions are coupled i

thec direction. One possible factor is frustration arising from  We are grateful to Y. Murakami for his help and advice in
the Pr-Cu coupling identified in the AFIIl mod#l,which collecting some of these data. This work was supported by
could drive an incommensurate instability. A related possithe U.S. Department of Energy, Division of Materials Sci-
bility concerns magnetic interactions with the CuO chains.ence under Contract No. DE-AC02-76CH00016 and by the
When the magnetic repeat along tbelirection is Z, any EC TMR Access to Large Scale Facilities Programme.

The use of resonant magnetic x-ray scattering to probe the
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