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Neutron diffraction and NQR study of the intermediate turn angle phase
formed during AFI to AFII reordering in YBa 2Cu32xAl xO61d
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The reordering mechanism from the antiferromagnetic phase AFI to the antiferromagnetic phase AFII in an
oxygen-deficient YBa2Cu2.94Al 0.06O61d single crystal with an oxygen contentd50.18 in the Cu~1! layer has
been studied by neutron diffraction and nuclear quadrupole resonance~NQR!. The crystal orders magnetically
from the paramagnetic state to the antiferromagnetic AFI state at the Ne´el temperatureTN5403 K with an
empirical critical exponent ofb50.26. Reordering to the antiferromagnetic AFII state sets in atT2512 K. In
both the AFI and AFII phases the ordered magnetic moments on the Cu~2! lattice sites are identical and take
a value of^S&Cu(2)'0.56mB ; no ordered moment is found on the Cu~1! lattice sites. From the temperature
dependence of the Cu~1! NQR spectrum, the magnetic hyperfine field at Cu~1! sites is found to vary continu-
ously as a function of temperature. This result indicates unequivocally that the AFI↔AFII reordering takes
place via a noncollinear intermediate turn angle phase AFI% II. @S0163-1829~97!00826-6#
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I. INTRODUCTION

It is well established that YBa2Cu3O61d exhibits a tran-
sition from the metallic and superconducting phase to
insulating and antiferromagnetically ordered phase, when
oxygen contentd within the Cu~1! layer is kept below 0.4.1–4

The antiferromagnetic structure AFI was solved by Tra
quadaet al.1 in polycrystalline samples using magnetic ne
tron diffraction. In this phase the spins on the Cu~2! sites
alternate antiferromagnetically within the CuO2 planes and
along the tetragonalc axis. The average ordered moment
the Cu~2! lattice site was found to be about 0.52mB with the
spins oriented perpendicular to thec axis.5,6 In contrast no
orderedmagnetic moment was found on the Cu~1! sites in
the oxygen-deficient layer. Taking into account the coupl
parametersJ determined by inelastic neutron scatteri
techniques6–8 the AFI phase can be characterized by antif
romagnetic bilayers formed by the moments on near
neighboring Cu~2! layers, which are weakly antiferromagne
cally coupled along the tetragonalc axis.

Magnetic neutron-diffraction studies were reported for
duced polycrystalline material as well as for undop
YBa2Cu3O61d single crystals, which all show the AFI phas
with approximately the same values forTN and for the aver-
age ordered magnetic moment for a given oxyg
content.2–5,9,10 However, Kadowakiet al.11 and later Sha-
moto et al.6 reported a reordering to a second antiferrom
netic phase AFII at low temperature with a transition te
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peratureT2 of about 40 K and 15 K for apparently undope
YBa2Cu3O61d single crystals, respectively. This antiferro
magnetic low-temperature phase has a similar antiferrom
netic arrangement of the spins within the Cu~2! layer as the
AFI phase, but a different stacking of the spins along thec
axis, which results in a doubling of the magnetic unit c
alongc.11 The moments on Cu~2! sites in the AFII phase can
also be described by antiferromagnetic bilayers that exp
ence a coupling along thec axis which is ferromagnetic in
nature.

It is well known that the physical as well as the structu
properties are strongly affected in YBa2Cu32xM xO61d

doped with trivalent ions M315Al 31, Co31, Fe31 on the
Cu~1! sites.12–24 Magnetic neutron-scattering investigation
on Co-doped25–27 and Fe-doped28–32 ceramic samples and
our own recent studies on Al-doped single crystals33,34show
that the AFII phase can be stabilized by the doping of triv
lent defect ions. At low doping levels the Co31, Fe31, and
Al 31 defects show a similar influence on the magnetic pr
erties and force the reordering from the AFI to the AF
phase at low temperatures. However, for high substitut
levels the Co- and Fe-doped systems differ from the
doped system, which may result from the magnetic chara
of the dopants. In the Al-doped system withx,0.2 the reor-
dering temperature to the AFII phase,T2, was always ob-
served to be lower than 20 K.34 In contrast, the AFII phase is
stabilized in the Co- and Fe-doped systems for high sub
tution levels over the whole antiferromagnetic regime.
940 © 1997 The American Physical Society
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TABLE I. Results of the structural refinement of the neutron Bragg data set (T5298 K!. The Debye-
Waller factor has the form exp22p2@a!2(h2U111k2U22)1 l 2c!2U33#, where theUii are the mean-squar
displacements.

Atom Position x/a y/b z/c K U11 U22 U33

Y 1d 0.5 0.5 0.5 1 0.0043~7! 5U11 0.0079~11!
Ba 2h 0.5 0.5 0.19525~20! 2 0.0084~8! 5U11 0.0053~12!
Cu~1! 1a 0 0 0 0.94~3! 0.0162~11! 5U11 0.0084~14!
Al 1a 0 0 0 0.06~3! 0.0162~11! 5U11 0.0084~14!
Cu~2! 2g 0 0 0.36056~14! 2.01~2! 0.0037~5! 5U11 0.0096~8!

O~1! 2g 0 0 0.15270~23! 1.94~4! 0.0180~10! 5U11 0.0132~14!
O~2! 4i 0.5 0 0.37856~15! 4.08~6! 0.0051~7! 0.0078~7! 0.0121~8!

O~4! 2f 0 0.5 0 0.18~3! 0.115~51! 0.026~22! 0.023~22!
Lattice parameters~293 K! a53.863(3) Å c511.779(9) Å
Residuals R50.032 Rw50.027
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The antiferromagnetic ordering has been intensively st
ied also by Cu nuclar quadrupole resonance~NQR!
experiments.35–45 It was verified by NQR that only the mo
ments on the Cu~2! sites exhibit the antiferromagnetic orde
ing and that the Cu~2! moments are oriented perpendicular
the c axis.35–38The presence of the AFII phase in Fe-dop
materials was reported by Lu¨tgemeier.39 The reordering tem-
peratureT2 from the AFI phase to the AFII phase depen
strongly on the Fe contentx of the samples40,41as well as on
the oxygen contentd within the Cu~1! layer.42 In particular
increasing the oxygen contentd leads to a depression of th
AFII phase.42 Therefore it has been suggested that the re
dering from the AFI phase to the AFII phase cannot be tr
gered by threefold-coordinated Cu21 ions within the Cu~1!
layer,41,43 which was postulated by Kadowaki an
co-workers.11 The nature of the AFI↔AFII reordering has
been attributed to the magnetic moment of the Fe31 defect
ions within the Cu~1! layer,42,43 which leads to a frustration
with respect to the moments on neighboring Cu~2! sites.
However, this explanation is only part of the truth, since
has been found that Al31 and Ga31, which are definitely
nonmagnetic, also lead to a Zeeman splitting of the Cu~1!
NQR line at low temperature.44,45

In order to improve our understanding of the mechanis
leading to the transition from the AFI to the AFII phase it
essential to establish whether it takes place via a first-o
transition with defect-induced phase coexistence or cont
ously via two possibly second-order transitions w
an intermediate spin-canting phase. Since we conclu
in our previous study34 that this problem could not be solve
by neutron diffraction alone, we have investigated
YBa2Cu2.94Al0.06O6.18 single crystal by neutron diffraction a
well as by NQR.

II. EXPERIMENT

Al-doped single crystals were grown in air from a Ba
CuO flux in an Al2O3 crucible by the slow-cooling method

46

at a cooling rate of 0.5 K/h.34 The crystal was deoxygenate
at 923 K under the same conditions as in Ref. 5 using a
volumetric technique.47 Under these conditions Casal
et al.5 attained an oxygen content ofd50.1 for an apparently
undoped crystal. The full width at half maximum~FWHM!
of the rocking curve of the~005! reflection analyzed by high
-
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resolution x-ray diffractometry with CuKa1 radiation was
;0.03° and purely resolution limited, indicating a small m
saic spread.

Nonpolarized magnetic neutron-diffraction experimen
were performed with the instrumentation described in R
34 ~TAS1 triple-axis spectrometer at the DR3 reactor at R”
National Laboratory, graphite monochromator, incident n
trons of energy 13.7 meV!. The crystal was oriented with th
@110# axis vertical, and thus all the scans were performed
the (hhl) scattering plane. The single crystal had a platel
shape with a size of about 33430.5 mm3.

In order to characterize the single crystal structurally a
to determine the Al and O contents, a complete nucl
Bragg scattering set was collected as described in Ref
@TAS2 four-circle diffractometer at DR3, incident neutron
l51.047 Å, u-2u data collection, 1052 nuclear Bragg re
flections in half-sphere collected up to sinu/l50.67 Å21,
192 independent observations, structure analysis w
SHELX76 ~Ref. 48!#. The structural parameters determin
from the four-circle data were used in the subsequent an
sis of the magnetic data.

The NQR spectra were recorded by a frequency sw
using a standard spin-echo technique with quadrature de
tion. For measurements between 4.2 K and 17 K the sam
was mounted in an Oxford Instruments CF12004He cry-
ostat.

III. RESULTS

A. Nuclear structure

The results of the refinement are shown in Table I and
be summarized as follows: Al is found to occupy exclusive
the Cu~1! lattice site. The population factor of Al on Cu~1!
was refined to 0.06. Within the experimental error no
enters Cu~2! lattice sites@the refinement of Al on Cu~2! sites
gave a negative population factor for Al on this site#. The
apical oxygen is not fully occupied but shows a small de
ciency of about 3%. For this Al-doped single crystal with
Al content of x50.06(2) an oxygen contentd50.18(3) is
obtained on the O~4! sites in the basal plane. Since th
single crystal was reduced under the same conditions as
undoped crystal in Ref. 5, the oxygen content found in
basal plane can be directly compared to the undoped sys
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which gives an oxygen contentd50.10. The higher oxygen
content in the Al-doped crystal is due to the aluminum io
in the Cu~1! layer, which pin a significant amount of residu
oxygen.

B. Neutron diffraction studies of the AFI↔AFII reordering

Figure 1 shows the integrated intensity of the (1
2
1
22) and

( 12
1
2
3
2) magnetic Bragg peaks versus temperature, which a

due to the antiferromagnetic ordering components AFI a
AFII, respectively. The transition from the paramagne
phase to the AFI phase was found atTN5403(1) K. The
magnetic intensity of the AFI phase can be well described
a power law I}I 0(TN2T)2b with a critical exponent
b50.26 ~fitted between 300 K andTN). Reordering to the
AFII phase sets in at 12 K. In the limited temperature int
val between 6 K and 12 K both the AFI and AFII ordering
components coexist. Below 6 K the AFI ordering componen
vanishes completely. The AFII order parameter exhibit
maximum at about 5 K, and it shows a tendency to decre
with decreasing temperature. Such a reentrant behavio
well known from the undoped system4,49 and is explained by
the building up of static disorder between the antiferrom
netic bilayers at low temperatures, which results from a sm
amount of localized oxygen 2p holes transferred to the
CuO2 planes.

The sharpness of the magnetic Bragg peaks indica
three-dimensional long-range order was similar to those
the crystals described in our previous paper.34 The magnetic
moments in the two antiferromagnetic phases were de
mined from the intensity of 9-11 magnetic peaks at 20 K a
4.2 K. A table of the observed and calculated magnetic st
ture factors can be obtained from the authors.

The periodicity of long-range order in the AFI phase~Fig.
1 in Ref. 34! is expressed by the wave vectorqWAFI5~12

1
20! in

reduced reciprocal lattice units. Hence the AFI phase gi

FIG. 1. Integrated intensity vs temperature for the (1
2
1
22) (h)

and (12
1
2
3
2) (d) magnetic reflections. The order parameterM}AI

shows a power law behaviorM}uT2TNub with a critical exponent
b50.26(1) fitted between 300 K and the Ne´el temperature
TN5403 K. At low temperatures AFII is the stable phase; betwe
6 K and 12 K ordering components of both phases coexist.
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rise to magnetic peaks that can be indexed
(h8k8l 8)5(h1 1

2,k1 1
2,l ), for h, k, l integer. The moments

on Cu~2! sites form antiferromagnetically ordered bilayer
The bilayers are weakly antiferromagnetically coupled alo
the tetragonalc axis across the Cu~1! layer ~Fig. 1 in Ref.
34!. A simplified view of the stacking alongc is shown in
Fig. 2~a!. For the AFI phase at 20 K we obtained an avera
orderedmoment of the Cu21 ions on the Cu~2! sites of
0.54~2!mB (R value 3.3%, 11 magnetic reflections!; the or-
dered moment on Cu~1! sites is zero for symmetry reasons

The periodicity of the AFII long-range order is characte
ized by the wave vectorqWAFII5( 12

1
2
1
2) leading to magnetic

peaks which can be indexed as (h8k8l 8)5(h1 1
2 ,k1 1

2 ,l
11

2!, for h, k, l integer. Similar to the AFI phase the mo

n

FIG. 2. Top: stacking of the spins along thec axis in the~a!
AFI, ~b! the AFII, and ~c! the intermediate-turn-angle phase AF
% II. The moments in the collinear AFI are assumed to be perp
dicular to the moments in the collinear AFII phase. Note tha
defect-induced magnetic moment on the Cu~1! sites will be frus-
trated in AFI but not in AFII. The resultant spin structure of th
noncollinear intermediate phase AFI% II results from a vector sum-
mation of the two collinear structures leading to the canting an
b. Bottom: phase-space diagram indicating the evolution of
amplitudesQ ~order parameters! of the AFI and the AFII ordering
schemes with decreasing temperature. The turn angle rotates
tinuously as the amplitude Q~AFI! is replaced by Q~AFII !. Note
that the hyperfine field at the Cu~1! site is zero for the AFI ordering
scheme as the contributions from neighboring spins cancel.
AFII, however, the contributions add to a strong nonzero field.
the turn angle phase, the hyperfine field takes intermediate va
Further note that the spins rotate in the same sense with
Cu~2!O2 double layer, while the sense of rotation alternates acr
the Cu~1! position from double layer to double layer.
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ments on Cu~2! sites form antiferromagnetically ordered b
layers with an ordered moment of 0.56~1!mB on Cu~2! sites
at 4.2 K (R value 3.0%, 9 magnetic reflections!, as schemati-
cally shown in Fig. 2~c!. Theorderedmoment on Cu~1! sites
was refined to20.001(5)mB . This means that there is n
orderedmagnetic moment on the Cu~1! chain sites in the
AFII phase, in agreement with NQR measurements that
exclude any ordered magnetic moment at the Cu~1! site with
the upper limit of 0.03mB .

43

The value of theorderedmoment ^S&Cu(2) in the AFII
phase is in good agreement with recent studies34 on a
YBa2Cu32xAl xO61d single crystal with x50.19 and
d50.28, where^S&Cu(2) was found to be 0.55~1!mB . This
implies that the value of the magnetic moment in the A
phase does not seem to be related to the Al contentx. It is
noteworthy that the comparison of the magnetic propertie
these two single crystals is absolutely justified, although th
oxygen content is different. Since the Ne´el temperatureTN of
407 K in YBa2Cu2.81Al 0.19O6.28 is almost equal to theTN of
403 K observed here, the higher amount of oxygend in
YBa2Cu2.81Al0.19O6.28 arises purely from the higher Al con
tent of this sample due to the tetrahedral coordination
Al31 and these excess oxygen ions do not contribute to
transfer of charge to the Cu~2! layer.

C. NQR studies of the AFI↔AFII reordering

NQR spectroscopy is an excellent tool to probe the m
netic configuration on a local scale. Thus this techniq
gives important complementary information to neutr
Bragg diffraction that exclusively reflects the long-range c
related average spin structure.

Natural copper consists of the two isotopes63Cu and
65Cu with the natural abundance of 69% and 31%, resp
tively. Both isotopes show a nuclear spinI of 3

2. The quad-
rupole moment couples to the electric field gradient~EFG!
resulting from the charge distribution around the atomic s
The EFG is a traceless second-rank tensor and can be
pressed by the largest eigenvalueVzz and by the asymmetry
parameterh. In the case of an EFG without external ma
netic field, the degeneracy of the6m levels is retained and
for Cu with I5 3

2 only one NQR line at the frequenc
nNQR5nqA12h2/3 with the quadrupole frequenc
nq5eQVzz/2h can be observed. In the case of an exist
external or internal magnetic field, the degeneracy of
6m levels is broken and a Zeeman splitting of the NQR li
occurs.

In the following, all frequencies are related to the isoto
63Cu and the corresponding frequencies of the isotope65Cu
are roughly 10% smaller. In antiferromagnetic YBa2Cu3O6
~AFI! the NQR line of the Cu~1! site can be observed at th
NQR frequency of 30.1 MHz.40 The spectrum for this 30.1
MHz line of the Cu~1! site in the pure system reveals sing
lines without any magnetic splitting.35,39 From the antiferro-
magnetic NMR spectrum of YBa2Cu3O6 a hyperfine field of
7.965 T at the Cu~2! site can be deduced.36 The fact that no
Zeeman splitting of the Cu~1! NQR line can be observed i
the AFI structure implies that the dipolar and magnetic h
perfine fields from the moments on the Cu~2! sites cancel
exactly at the Cu~1! sites. This situation is shown in Fig. 2
where the next-nearest-neighboring moments on Cu~2! sites
so
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are antiferromagnetically coupled along thec axis. In con-
trast, however, the Cu~2!•••Cu~2! coupling along thec axis
in the AFII structure is ferromagnetic~Fig. 2!, and the mag-
netic Cu~2! ions induce a dipolar and magnetic hyperfi
field at the Cu~1! site, which leads to a splitting of the Cu~1!
NQR line. This has been shown by Lu¨tgemeier and Rupp39,40

in the Fe-doped system at low temperature, who observe
well-resolved splitting of the NQR lines by a magnetic fie
of about 170 mT.

The NQR spectra of our YBa2Cu2.94Al 0.06O6.18 single
crystal are shown in Fig. 3. By careful analysis and li
profile fitting we were able to resolve the spectra in Fig.
Zeeman splitting sets in below 11 K and reaches its
value of 198 mT at 5 K. The spectra rule out a simple co
istence of pure AFI and AFII states of varying populatio
with temperature. It is evident from Fig. 3 that continuo
spectral changes of the Zeeman splitting occur through in
mediate values of the hyperfine field. If there are any disc
tinuities, they occur between AFI and the intermediat
states, rather than between AFI and AFII. Unfortunately
spread of values of local hyperfine fields indicates that
crystal is inhomogeneous with respect to its magnetic pr
erties.

It is important to note that in the case of Fe doping,
similar linear increase with decreasing temperature has b
found.43 However, at a comparable doping lev
(xFe50.048,xAl50.06 for the crystal investigated here!, the
transition starts at a much higher temperatureT2 of 140 K.
By careful analysis and line profile fitting we were able
resolve the spectra in Fig. 3 into two to three compone
with different values of the local field and relative intensi
@Figs. 4~a! and 4~b!#. For example at 8 K, only 25% of the
Cu~1! sites experience the full local field~198 mT! of the
AFII configuration and 19% of the sites experience no fie
at all; the remaining 56% of the sites experience a redu
field of the order of 122 mT. It should be noted, howev
that the two to three components may be a crude represe
tion of a more continuous distribution of hyperfine fields. T
distinguish between a continuous second-order transi
mechanism or a first-order transition with defect-induc
phase coexistence it is important to address the questio
hysteresis. Neither the neutron-diffraction studies of Ka
owaki et al.11 on an apparently undoped crystal nor our ow
neutron-diffraction studies on Al-doped single crystals34

gave any indication for a hysteresis at the AFI-AFII tran
tion. Probing the local magnetic configurations by NQ
which is more appropriate to analyze defect-related effe
we did not find any hysteresis either. Figures 5~a! and 5~b!
show the cooling-down and heating-up NQR spectra at 7
Within the experimental error the spectra are identical wit
Zeeman splitting of about 158 mT.

IV. DISCUSSION

Our neutron-diffraction studies as well as th
temperature-dependent NQR studies on
YBa2Cu2.94Al0.06O6.18 crystal show that the AFI↔AFII reor-
dering takes place within a limited temperature interv
While above about 12 K the pure AFI phase exists, bel
about 5 K the pure AFII phase is present. A possible orig
of the AFI↔AFII transition was suggested in our previou
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paper34 on the magnetic structure of Al-doped single cry
tals. From structural-chemical principles we concluded t
the Al-doping and Al31-defect distributions may have sig
nificant influence on the AFI↔AFII reordering. In particular,
a random Al distribution will give rise to Al31-O22-Cu21

fragments with free Cu21 spins within the Cu~1! layer. If
these moments on the Cu~1! sites couple magnetically to th
Cu~2!O2 layer, there will be frustration of the antiferromag
netic arrangement of the moments on the neighboring C~2!
sites which may be resolved in the AFII phase. That this

FIG. 3. Cu~1! NQR line as a function of temperature. At 4.2
the NQR line shows a Zeeman splitting; the hyperfine field take
value of 198 mT, indicating the presence of the AFII phase.
creasing the temperature results in a decrease of the Zeeman
ting.
-
t

s

indeed the case has recently been established by Ande
and Uimin50 who show that polarization of free spins in th
Cu~1! layer mediates an effective ferromagnetic coupling b
tween adjacent Cu~2!O2 bilayers at low temperatures.

a
-
lit-

FIG. 4. Relative intensity~a! and hyperfine field~b! at different
temperatures, determined by fitting the NQR spectra in Fig. 3 w
up to three contributing components.

FIG. 5. Warming-up~a! and cooling-down~b! Cu~1! NQR spec-
tra at 7 K. Within the experimental error the hyperfine field at Cu~1!
takes the same value of 0.155 T.
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For the characterization of the nature of the transit
from the AFI phase to the AFII phase two different pos
bilities must be taken into account: The reordering betw
the AFI phase and the AFII phase can take place either v
direct, strictly first-order transition with phase coexistence
in a more or less continuous way by two possibly seco
order transitions via an intermediate phase AFI% II. The
symmetry of the intermediate phase is the common subgr
of AFI and AFII, and the structure may be envisaged a
vectorial superposition of AFI and AFII components. Th
superposition leads to a canted spin structure, where the c
ing angle is able to rotate continuously between the AFI a
the AFII configuration@cf. Fig. 2~b!#.

Kadowaki et al.11 developed a simple model calculatio
for the energy of the spin system within the molecular-fie
approximation. A very similar but more extensive calcu
tion has recently been published by Mirebeau a
co-workers.30 However, both these models rely on the pre
ence of anorderedmagnetic moment in the Cu~1! layer,
which is not observed experimentally, and they cannot
count for the temperature dependence of the transition f
the AFII to the AFI phases. A more comprehensive acco
is given by Andersen and Uimin.50 These authors show tha
the effective ferromagnetic coupling between the Cu~2!O2
bilayers, which is mediated by polarization of free spins
the Cu~1! layers, stabilizes the AFII phase at low tempe
tures, and in agreement with the present experimental res
their model predicts that the AFI↔AFII reordering takes
place via a distinct intermediate turn angle phase AFI% II.

As previously mentioned34 neutron diffraction is not able
to discriminate between either a AFI-AFII phase coexiste
in different parts of an inhomogeneous crystal on the o
hand or the turn angle phase on the other hand. This prob
will be briefly discussed in the following. In the case of
direct first-order transition from the AFI phase@cf. Fig. 2~a!#
and the AFII phase@cf. Fig. 2~b!# the coexistence of mag
netic Bragg peaks of the AFI and AFII phase must be att
uted to inhomogeneities in the sample. Therefore the r
between the intensitiesIAFI(T) andIAFII(T) at a certain tem-
peratureT is directly proportional to the ratio of the volu
minaVAFI(T) andVAFII(T) and can be simply expressed b

IAFII~T!

IAFI~T!
5
VAFII~T!

VAFI~T!

uFW AFIIu2

uFW AFIu2
}
VAFII~T!

VAFI~T!
. ~4.1!

The constantuFW AFIu2 corresponds to the square of th
structure factor of a magnetic AFI peak at a temperatu
where the peaks of the AFII phase completely vanish~e.g.,
20 K in Fig. 1!, and accordinglyuFW AFIIu2 to the square of the
structure factor of a magnetic AFII peak at a temperatu
where the peaks of the AFI phase completely vanish~e.g., 5
K in Fig. 1!.

In the case of an intermediate turn-angle phase, the st
ture factor of the noncollinear intermediate phase can be
terpreted as the vectorial superposition of the structure
tors of the AFI and AFII phases. Therefore this noncolline
structure results in magnetic peaks with integer as wel
with half-integer l 8. The geometrical part of the structur
factor of the intermediate phase shown in Fig. 2~b! takes the
form
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uFgeo
AFI% II~kW !u

}H 2^S&Cu~2!cosbsin~2p l I8z! for l I85 integer,

2^S&Cu~2!sinbcos~2p l II8z! for l II85half-integer,

~4.2!

wherekW is the scattering vector,̂S&Cu(2) is the thermal av-
erage of the ordered moment on Cu~2! sites, andz the dis-
tance between the Cu~1! and Cu~2! layers as a fraction of the
unit cell lengthc. b describes the canting angle as defined
Fig. 2~b!. The ratio of the square of the magnetic structu
factors with integerl I8 and half-integerl II8 , which we will

name for simplicityuFW AFI(T)u2 and uFW AFII(T)u2, at a certain
temperatureT can be written as

uFW AFII~T!u2

uFW AFI~T!u2
5tan2b~T!S cos~2p l II8z!

sin~2p l I8z!
D 2

3S f 2~kW II !

f 2~kW I!
D 2^12~ k̂ II

•Ŝ!2&

^12~ k̂ I
•Ŝ!2&

}tan2b~T!. ~4.3!

f (kW ) is the magnetic form factor for Cu21, for which we
used an aspherical expression calculated for a 3dx22y2 elec-
tron distribution.6 Equations~4.1! and~4.3! demonstrate tha
the ratio of uFW AFI(T)u2 and uFW AFII(T)u2 of any pair of mag-
netic peaks with integer and half-integerl 8 can be expressed
either by a ratio of the volumina of the AFI and AFII phase
which may vary continuously as a function of temperatu
or by a function of a canting angleb, which also varies with
T. Therefore, from the magnetic structure factors, no inf
mation can be extracted about the question, if the temp
ture interval, in which the reordering takes place, cor
sponds to a mixed phase region or arises from a noncollin
structure. It should be noted that the ratio of the magne
structure factors for both types of magnetic behavior is
ways constant; i.e., the ratio between the structure fac
remains unaffected in the transition region.

Our NQR investigations, however, demonstrate that
hyperfine field at the Cu~1! site changes with temperature
This hyperfine fieldBHF at the Cu~1! site which results from
the moments within the Cu~2! layer is indicated in Figs.
2~a!–2~c!. In the case of the AFI phase@Fig. 2~a!#, the anti-
ferromagnetic arrangement of the moments on neighbo
Cu~2! sites cancels at the Cu~1! site, so that no resulting
hyperfine field exists there. In the case of the AFII pha
@Fig. 2~c!# the moments on neighboring Cu~2! sites are anti-
ferromagnetically arranged, leading to a hyperfine field
about 198 mT at the Cu~1! sites.40 For the noncollinear struc
ture shown in Fig. 2~b! the canted moments on Cu~2! sites
result in a temperature-dependenthyperfine fieldBHF(T)
which is smaller than in the case of the collinear AFII stru
ture. Therefore the canting angleb can be directly related to
the hyperfine fieldBHF at the Cu~1! site and takes the form
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b5arcsin
BHF~T!

BHF~0!
. ~4.4!

BHF~0! expresses the hyperfine field at the Cu~1! sites in the
pure AFII phase. The canting angleb takes the value
b590° ~AFII phase! for BHF(T)5BHF(0), and isequal to 0
for BHF(T)50 ~AFI phase!. Thus, by the temperature depe
dence of the hyperfine field at the Cu~1! site the NQR ex-
periment is able to demonstrate experimentally the existe
of an intermediate phase and therefore directly clarifies
question about the nature of the transition. For a pure fi
order phase coexistence the observations would be c
pletely different: The intensity ratio between the AFI a
AFII NQR signals would vary while the hyperfine fields of
mT for the AFI signal and 198 mT for the AFII signal woul
remain constant.

Figure 2~d! indicates our interpretation of the transitio
mechanism in order parameter vector space. Ordering
AFI periodicity @qWAFI5( 12

1
20)] has a higherTn than potential

ordering with AFII periodicity@qWAFII5( 12
1
2
1
2)] and sets in first

with decreasing temperature. However, AFII ordering ga
more internal energy and it is thus the stable phase at
temperature. In the intermediate regime a crossover ta
place: The increasing AFII component depresses the
component continuously across the stability range of an
termediate turn angle phase AFI% II, where both order pa-
rameters are nonzero and superimposed. The vectorial su
position of the two orthogonal order parameters leads to s
canting and a continuous rotation of the spin direction. S
a mechanism has been formulated in terms of Landau th
of order-parameter coupling at a structural phase transit
e.g., by Schmahl.51

Figure 6 shows the canting angle deduced from magn
structure factors according to Eq.~4.3! and from the mag-
netic hyperfine field according to Eq.~4.4!. Although the
same crystal has been used for both experiments, the ca
angles determined from the NQR experiment seem to
shifted systematically to lower temperatures compared to
diffraction result. Besides a possible systematic error in te
perature calibration it is clear that both methods will gi
different values for the canting angle, if the crystal is inh
mogeneous with respect to the magnetic properties.
NQR data indicate such an inhomogeneity~Fig. 3!. Further,
the decay of the (12

1
2
3
2) magnetic diffraction peak with in-

FIG. 6. Comparison between the canting angle deduced f
neutron-diffraction studies and the averaged canting angle from
NQR studies.
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creasing temperature shows a different slope in the reg
between 6 K and 10.5 K and between 10.5 and 12 K whi
may be related to inhomogeneities. The superimposed s
tra of more than one Cu~1! NQR line with different Zeeman
splitting have to be interpreted as due to regions with diff
ent transition temperaturesT2 and possibly different transi
tion widths. Therefore, apart from the intermediate tu
angle phase, the crystal shows regions with AFI and A
phases@Fig. 4~a!#. These inhomogeneities may arise from
locally different O content within the Cu~1! layer, or more
likely from a slightly inhomogeneous distribution of th
Al31 defect ions. The latter possibility can be directly relat
to the occurrence of Al clusters during reduction at hi
temperatures.24 In summary, within certain limits the NQR
experiment allows in principle a separation of these inhom
geneous regions, while the neutron-diffraction experim
averages over the inhomogeneous regions. Therefore
canting angles deduced from the magnetic structure fac
are less well suited to describe the variation of the cant
angle b(T) as a function of temperature. In contrast, t
canting anglesb(T) deduced from the NQR experiment a
related to thelocal magnetic hyperfine field at a certain re
gion of the crystal. Consequently, the variation of the hyp
fine field directly reflects the variation of the canting angle
this particular region.

V. CONCLUDING SUMMARY

We studied the reordering from the high-temperatu
AFI phase to the low-temperature AFII phase of
YBa2Cu2.94Al0.06O6.18 single crystal by neutron-diffraction a
well as by the NQR experiments. The reordering takes pl
via an intermediate turn angle phase. From the neutr
diffraction experiments the structures of the three pha
were characterized. It has been found that the averaged m
netic moment on the Cu~2! sites is about 0.55mB in all
phases, and noorderedmagnetic moment is present on th
Cu~1! sites. The spin direction is oriented within the~001!
plane. From the paramagnetic state the system orders int
antiferromagnetic AFI state atTN5403 K. The periodicity of
the collinear antiferromagnetic long-range order AFI phas
characterized by the wave vectorqWAFI5( 12

1
20). The periodic-

ity of the collinear magnetic ordering scheme in the grou
state, AFII, is characterized byqWAFII5( 12

1
2
1
2). The reordering

between AFI and AFII takes place in a limited temperatu
range between 12 K and about 6 K. Within this temperat
range long-range order with both periodicities can be
served by the simultaneous presence of both sets of co
sponding magnetic superlattice peaks. The NQR experim
unequivocally demonstrates that this intermediate state i
independent phase with a noncollinear spin structure~rather
than AFI/AFII phase coexistence!: The observed continuou
shifts of the hyperfine field at the Cu~1! site with temperature
can be directly related to a continuous change of the s
canting angle in this intermediate phase. Further, the in
sity variation of the magnetic neutron Bragg scattering w
temperature in the intermediate phase is well described b
spin canting model, if an appropriate vectorial superposit
of the competing AFI and AFII spin structures is assum
The rotation of spin canting is due to a suppression of
AFI ordering amplitude by the growing amplitude of AF

m
he



n
e
th
tin

a

t

ro
et

h,
is-
his
nd
ring
the
y
the
c-

56 947NEUTRON DIFFRACTION AND NQR STUDY OF THE . . .
ordering or vice versa. The large volume fraction of the no
collinear material suggests that this intermediate structur
a true thermodynamically stable phase. By analogy to
linear temperature dependence of the hyperfine-field split
in the Fe-doped system43 we conclude that the transition
mechanism between the AFI and the AFII phases via
intermediate turn angle phase AFI% II is the same in the Fe-
and the Al-doped systems, although the magnetic momen
the Fe31 ions leads to a far higher onset temperatureT2. In
summary we have shown that the combination of neut
diffraction and NQR is most suitable to get a more compl
picture on the magnetic properties of these compounds.
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