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Novel Pr-Cu Magnetic Phase at Low Temperature in PrBa2Cu3O61x
Observed by Neutron Diffraction
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We have studied by neutron diffraction the magnetic ordering in Al-free crystals of PrBa2Cu3O61x

(x  0.35 and 0.92) that do not display the AFII Cu magnetic phase. We find that the Pr ord
below 20 K is accompanied by a counterrotation of the Cu antiferromagnetism on each plane
bilayer. The maximum turn angle between the two planes is60± 6 9± for the x  0.92 crystal, and
40± 6 11± for the x  0.35 crystal. This is the first observation of a noncollinear ordering of
moments in the bilayer, and is evidence for significant magnetic coupling between the Cu a
sublattices. [S0031-9007(96)01945-X]

PACS numbers: 75.25.+z, 74.25.Ha, 74.72.Bk, 75.50.Ee
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The absence of superconductivity inPrBa2Cu3O7 has
proven difficult to explain, especially in view of evi
dence that the Pr ions are essentially trivalent [1], a
that the density of holes on the copper-oxygen planes
chains is virtually the same as in the isostructural par
YBa2Cu3O7 [2]. These observations exclude the pos
bility of significant charge transfer off the Pr ions onto th
planes. It is widely believed, nonetheless, that a deg
of hybridization of the Pr4f and nearest neighbor O2p
orbitals takes place and plays a central role in prevent
superconductivity. The model of Fehrenbacher and R
[3], for example, explains the phenomenon through the
calization of holes in hybridized Pr4f O 2pp orbitals.

As well as modifying the transport properties o
PrBa2Cu3O61x, Pr4f O 2p hybridization could also
be expected to enhance the magnetic coupling betw
the Pr ions and the CuO2 planes. This may accoun
for the following anomalous magnetic behavior. Firs
antiferromagnetic order on the CuO2 planes and semi-
conducting resistivity, both characteristic of reduce
nonsuperconductingYBa2Cu3O61x , persists over the
entire range of oxygen content inPrBa2Cu3O61x [4,5].
Second, the Pr sublattice is reported to order magnetic
at temperatures between 10 and 20 K (depending onx)
[6–8], an order of magnitude higher than is typical f
lanthanides (L) inLBa2Cu3O61x . The likelihood that the
transport and magnetic anomalies ofPrBa2Cu3O61x are
linked through a common dependence on hybridizat
means that further studies of the magnetic ordering, p
ticularly that of the Pr sublattice, can contribute towar
an understanding of the superconductivity suppress
phenomenon.

The need for more information about the Pr orderi
was recently emphasized by a141Pr NMR study of a
PrBa2Cu3O7 single crystal [9]. The authors questione
the conventional interpretation of the Pr ordering pha
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concluding that the size of the ordered Pr moment at 1.
was only0.017mB, some 40 times smaller than had be
obtained in neutron diffraction studies [7,10]. They a
disagree on the direction of the Pr moment, which th
found to lie in thea-b plane. Mössbauer [11] and neutro
studies [10] had earlier determined the moment to be a
angle of,30± to thea-b plane.

In this Letter we describe new properties of t
magnetic ordering ofPrBa2Cu3O61x revealed by neutron
diffraction. Of crucial importance to this work was th
use of crystals which contained no Al impurity sin
partial substitution of Al on the Cu site, a feature
crystals grown in Al2O3 crucibles [12], causes the wel
known AFI-AFII spin reorientation transition in the C
sublattice [13–15]. By using Al-free crystals we not on
achieve results more characteristic of the pure compo
but we can also probe the Pr ordering in much gre
detail than before because the absence of the A
AFII transition simplifies the interpretation of the dat
Our results support the established view of a larges,
0.5mBd ordered Pr moment, but reveal a new, noncollin
ordering of the bilayer Cu moments which accompan
the Pr ordering.

Crystals ofPrBa2Cu3O61x were grown in MgO cru-
cibles by the method described in Ref. [16]. Their che
cal composition was analyzed by inductively coup
plasma mass spectrometry, and the most significant im
rities were found to be Sr (0.7 at. %) and Mg (0.1 at. %
Crystals of masses 27 and 12 mg were prepared with
gen concentrationsx  0.92 and 0.35, respectively, as d
termined from crystal structure refinements of data fr
the four-circle neutron diffractometer TAS 2 at Risø.

The magnetic ordering was studied over the temp
ture range 2 to 350 K with the TAS 1 triple-axis neutr
spectrometer at Risø. The experimental arrangement
the same as described in Ref. [10]. Integrated intens
© 1996 The American Physical Society
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were determined in the (h, h, l) scattering plane eithe
via linear scans in reciprocal space or crystal rotatio
(v scans). We index the magnetic reflections with ref
ence to the chemical unit cell, but in our calculation of t
magnetic structure factors we summed over a cell equ
lent to 2 3 2 3 2 chemical unit cells [10]. Structura
parameters used in the calculation were taken from
four-circle refinements. For the Cu magnetic form fac
we assumed that the moment arises from an unpaired
in a square planar3dx22y2 orbital [15]. For the Pr ions
we used the dipole form factor for the4f2 configuration
[17], neglecting crystal field and hybridization effects.

We observed two ordered magnetic phases in
crystals. The high temperature phase is the well-kno
AFI ordering, first determined [18] in reduced samples
YBa2Cu3O61x. In this structure the Cu spin directions i
the CuO2 planes alternate antiferromagnetically along
three axes, with no ordered moment on the Cu chain si
The magnetic Bragg peaks are resolution limited and of
form (h 1

1
2 , k 1

1
2 , l ) with h, k, l integers,l fi 0. The

onset temperatures of this phase in ourPrBa2Cu3O61x
crystals were 266 Ksx  0.92d and 347 K sx  0.35d,
in reasonable agreement with literature results for po
crystalline samples [4,5], but lower than for impu
single crystals [10,19]. The AFI model describe
the observed intensities very well, as demonstra
in Table I for the x  0.92 crystal, and the or-
dered moments are mCu  0.58mB sx  0.92d

TABLE I. Observed and calculated integrated intensities
the magnetic reflections measured at 30 K (AFI phase)
4.2 K (AFIII phase) for the crystal ofPrBa2Cu3O6.92. The
observed intensities have been corrected for the Lore
factor. The errors indicated are the statistical uncertaint
but there is also a systematic error in the absolute inten
of approximately 10%.

T  30 K (AFI) T  4.2 K (AFIII)
sh, k, ld Iobssm2

Bd Icalcsm2
Bd Iobssm2

Bd Icalcsm2
Bd

s 1

2
, 1

2
, 0d 0.0 6 0.5 0.0 36.0 6 1.5 36.9

s 1

2
, 1

2
, 1d 30.1 6 1.7 28.8 48.5 6 2.5 44.9

s 1

2
, 1

2
, 2d 46.0 6 1.7 48.1 46.3 6 2.5 46.7

s 1

2
, 1

2
, 3d 5.2 6 0.3 5.3 24.0 6 2.5 22.9

s 1

2
, 1

2
, 4d 21.7 6 1.1 20.8 29.0 6 1.5 30.7

s 1

2
, 1

2
, 5d 59.0 6 2.0 56.6 45.0 6 2.0 48.5

s 1

2
, 1

2
, 6d 17.6 6 1.3 17.7 30.0 6 2.0 28.1

s 1

2
, 1

2
, 7d 4.5 6 0.7 5.2 24.0 6 2.0 19.9

s 3

2
, 3

2
, 0d 0.0 6 0.5 0.0 17.8 6 1.0 20.4

s 3

2
, 3

2
, 1d 9.3 6 0.6 10.0 26.0 6 1.0 22.6

s 3

2
, 3

2
, 2d 16.0 6 2.0 14.3 20.5 6 2.0 19.3

s 3

2
, 3

2
, 3d 1.2 6 0.7 1.5 5.0 6 2.0 9.7

x2  0.7 x2  4.5
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and 0.57mB sx  0.35d, respectively, for the two
crystals.

The second magnetic phase we observed correspo
to the low temperature phase usually known as “
ordering,” hereafter referred to as AFIII. In our crysta
this phase was signaled by the appearance of peak
l  0 in addition to those present in the AFI phas
[20]. Figure 1(a) displays the integrated intensities of t
( 1

2 , 1
2 , 0) reflections for thex  0.92 and 0.35 crystals.

The onset temperatures areTIII  19 6 0.5 K and 11 6

0.5 K, respectively.
As found previously [10], the AFIII magnetic peak

are resolution limited in thea-b plane, but in l scans
(exceptl  0) they exhibit a two-component profile, with
Lorentzian-like scattering at the base of the resolutio
limited Gaussian peaks characteristic of the AFI pha
The width of the Lorentzian component depends stron
on oxygen content, but compared with the Al-dop
crystals of our earlier study we find much narrow
widths with the present crystals. At 4.2 K the intrins
widths (HWHM) of the (12 , 1

2 , 0) reflections fitted to a
Lorentzian in thec direction areGc  0.06 nm21 sx 
0.92d and0.90 nm21 sx  0.35d. These correspond toc
axis correlation lengths of 16 and 1.1 nm, respective
the latter of which agrees with an earlier estimate fro
neutron powder diffraction [21]. More surprisingly, th
widths were found to vary with temperature, as sho
in Fig. 1(b) for the oxygenated crystal.Gc increases
below TIII, and the rise follows the integrated intensi
[cf. Fig. 1(a)].

We turn now to the magnetic structure of the AFI
phase, and concentrate first on the oxygenated crystal
this crystal the magnetic diffuse scattering was too narr
to be separated from the sharp peaks, and Table I lists
integrated intensities (sum of both components) measu

FIG. 1. (a) Integrated intensity of the (1

2
, 1

2
, 0) mag-

netic reflection as a function of temperature for crystals
PrBa2Cu3O61x with x  0.92 0.35; (b) temperature depen
dence of thec axis intrinsic width (HWHM) of thex  0.92
crystal.
131



VOLUME 78, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 6 JANUARY 1997

fo
le

h
P

e

t
le
t

th
ly

th

a
in

ye
e

in

y
C
t

s
th
d
rp
or
g
w
u

h
in
e

d

t of

ere
he
y

Cu

ism
r

Cu
ge.
the

der
Pr-
ut

re.
at

ent
Cu
en
val
nt
cel
on,

ne
ic

d to
ur
d
(1)
the

tion

e
on
is
nts
In

ag-
III
at 4.2 K in l scans. We neglect the Cu chain spins
the time being since NMR measurements [5] have ru
out any significant static moment on the chains. W
first considered the model given in Ref. [10], in whic
the Cu moments remain in the AFI structure and the
moments form a collinear arrangement, antiferromagn
in the a and b directions and ferromagnetic in thec
direction. The adjustable parameters are the sizes of
moments (mCu andmPr), and the angle of the Pr momen
to the a-b plane suPr d. This model gave a reasonab
descriptionsx2  11.5d of the present data at 4.2 K, bu
showed systematic discrepancies which modulated wil.
In addition, the fitted value ofmCu decreased considerab
belowTIII.

We discovered a much better fitsx2  4.5d when, in
addition to the other degrees of freedom, we allowed
antiferromagnetic arrangement on the bilayer CuO2 planes
to counterrotate about thec axis. This model is illustrated
in Fig. 2, and the calculated integrated intensities
given in Table I. The Cu moments are collinear with
the planes as before, but not collinear within the bila
as a whole. The turn angle between the Cu mom
axes is2fCu  60 6 9±. The other parameters areuPr 
55 6 20±, mPr  s0.56 6 0.07dmB, andmCu  s0.58 6

0.05dmB. The fit also gave a slight preference for the
plane component of the Pr moment to lie along the form
direction of the Cu moments,fCu  0 on Fig. 2, but the
twinning makes this difficult to establish with certaint
We also examined various structures in which the
spins tilt out of thea-b plane instead of rotating abou
thec axis. None of these models gave fits withx2 values
of less than 12.

We adopted a similar procedure for the reduced cry
except thatv scans were used to measure most of
intensities because the mosaic of this crystal excee
the resolution. With v scans the broad and sha
components of the peaks have different Lorentz fact
and so had to be corrected separately, then added to
the total integrated intensity. The separation of the t
components was not difficult for most reflections beca

FIG. 2. Proposed magnetic structure of the AFIII phase. T
diagram represents part of one magnetic unit cell, show
the two CuO2 planes either side of the Pr layer. Th
antiferromagnetic arrangement on each CuO2 plane has rotated
by 6fCu from the AFI collinear structure.uPr is the angle of
the Pr moments away from the CuO2 plane, with the direction
of the in-plane component as indicated.
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of their very differentc axis widths. Applying the same
AFIII model to the data at 2 K we obtained a goo
fit sx2  3.2d with 2fCu  40 6 11±, uPr  38 6 6±,
mPr  s1.15 6 0.11dmB, and mCu  s0.64 6 0.09dmB.
Compared with the oxygenated crystal the Pr momen
the reduced crystal is larger andfCu is smaller.

The key new feature of the model proposed h
is the noncollinear arrangement of Cu spins in t
bilayer. We continue by justifying this idea on energ
grounds. The energy required for two antiparallel
spins to counterrotate through angles6fCu is given in
the Heisenberg model byJ'1S2

Cuf1 2 coss2fCudg, where
J'1 is the interlayer exchange energy andSCu 

1
2 is the

Cu spin. For2fCu  60± and J'1 ø 100 K [15] this
energy is,13 K. Since this is comparable withTIII we
conclude that the reorientation of the antiferromagnet
on the CuO2 bilayers is driven by the ordering of the P
sublattice, and we infer from this that a sizable Pr-
magnetic coupling must exist to bring about this chan
Out of plane Cu rotations are also possible, since
anisotropy is small (,0.5 K [15]), but our fits did not
reveal any evidence for a nonzerouCu as mentioned
earlier.

We further argue that the coexistence of magnetic or
on the Pr and Cu sublattices linked together by a
Cu magnetic interaction is not only consistent with, b
requires a reorientation of the Cu magnetic structu
This follows because in the AFI phase the Pr site is
a center of symmetry with respect to the arrangem
of Cu moments, and so the total effect of any Pr-
coupling would cancel. A nonvanishing coupling betwe
the two sublattices can be allowed only after remo
of the center of symmetry. In the AFIII arrangeme
isotropic exchange fields from the Cu spins still can
at the Pr site by symmetry, but an anisotropic interacti
e.g., the dipole field, can be nonzero.

It is of interest next to correlate the two-component li
shapes observed inl scans with the underlying magnet
structure. The (12 , 1

2 , 0) is particularly informative in this
respect as the line shape of this peak was observe
consist only of the broad constituent. According to o
model, the scattering at (1

2 , 1
2 , 0), and hence the broa

component of all the peaks, arises from two sources:
the ordered Pr moments, and (2) the component of
Cu spins stacked ferromagnetically along thec axis. The
sharp component, therefore, corresponds to the projec
of the Cu spins along thefCu  0 direction, i.e., the AFI
structure but with an effective momentmCu cossfCud.

The correlation between thec axis broadening and th
( 1

2 , 1
2 , 0) intensity, Fig. 1(b), suggests there is frustrati

in the AFIII magnetic structure. A possible source of th
frustration is the coupling between adjacent Cu mome
in neighboring bilayers separated by a chain layer.
ideal crystals this coupling is expected to be antiferrom
netic, as in the AFI phase. To achieve this with the AF
model of Fig. 2 would require the sense offCu to vary
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in the sequences2, 1d s1, 2d s2, 1d etc., i.e., doubling
the magnetic unit cell in thec direction. Such a doubling
has indeed been observed in polycrystalline sample
PrBa2Cu3O61x [20]. In our crystals, however, the ob
served sequence iss2, 1d s2, 1d s2, 1d etc., and so the
Cu-Cu coupling through the chains is the same as in
AFII phase, with both ferromagnetic and antiferroma
netic components. The competition between two differ
spin rotation mechanisms may cause frustration and in
rupt thefCu sequence at antiphase boundaries, resul
in the observed short range order. Small amounts of
purities in the crystals, or Pr ions on the Ba site, may
responsible for the difference in coupling compared w
polycrystalline material [22].

Finally, we comment on the recent NMR report [9]
a vanishingly small ordered Pr moment belowTIII. It
is difficult to reconcile such a result with our diffractio
data. The extra scattering we observe belowTIII can only
be explained by a relatively large ordered moment in
unit cell in addition to that present in the AFI phase.
mPr ø 0 then four sources for this scattering might
considered.

(1) The Cu plane moments could increase in size
acquire a ferromagnetically coupled component para
to the c axis, as proposed in Ref. [9]. We have allow
both in-plane and out-of-plane rotations, but we find
quality of the best fit is poorsx2  24d. Furthermore,
an enhancement inmCu below TIII by a factor 1.5–2
would be required to match the observed intensities,
this seems unphysically large.

(2) Ordered moments could develop on free holes
the CuO2 planes. Forx ø 1 Fehrenbacher and Rice ha
estimated [3] approximately 0.35 holes per unit cell, loc
ized in hybridized Pr4f O 2pp orbitals. If the magnetic
moments on these holes combined ferromagnetically
could contribute up to0.35mB to the magnetic structure
This is still insufficient, however, to explain the diffractio
intensities since an additional,0.6mB would be required
to compensate formPr  0 in thex  0.92 crystal.

(3) An ordered moment could develop on the
chain site. Allowing for this possibility we found tha
the best model for thex  0.92 crystal sx2  6.7d
also had the noncollinear bilayer structure (Fig. 2), w
mCu  0.60mB, mCuschaind  0.65mB, and fCu  33±.
As already mentioned, however, NMR data [5] seem
preclude this possibility.

(4) The excess scattering at (1
2 , 1

2 , l) could be structura
in origin, either from an antiferrodistortion accompanyi
the Pr ordering or from charge localization. X-ra
synchrotron measurements on thex  0.92 crystal [23],
however, showed no such scattering, and so struc
effects seem unlikely.
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We conclude therefore that the AFIII phase has a s
nificant ordered moments.0.5mBd on the Pr sites, and a
noncollinear Cu spin arrangement in the bilayer. Stro
magnetic coupling, perhaps due to the hole localizat
in the Pr-O bonds, links the Pr and Cu sublattices. T
could explain the elevated Pr magnetic ordering tempe
ture, and is consistent with the notion that hybridization
the Pr and O states underpins both the anomalous tr
port and magnetic behavior ofPrBa2Cu3O61x .
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