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We present a detailed NQR, nuclear magnetic resonance(NMR), and mSR study of the magnetic phase
obtained during a topotactic chemical reaction of YBa2Cu3O6.5 high-temperature superconductor with low-
pressure water vapor.65Cu-enriched samples have been used for NQR/NMR studies which allows to get a good
resolution in the Cus1d NQR and Cus2d zero field NMR(ZFNMR) spectra. It is shown that the NQR spectrum
of the starting material transforms progressively under insertion of water, and almost completely disappears
when about one H2O molecule is inserted per unit cell. Similarly, a65Cu ZFNMR signal characteristic of this
water inserted material appears and grows with increasing water content, which indicates that the products of
the reaction are nonsuperconducting antiferromagnetic phases in which the copper electronic magnetic mo-
ments in the CuO2 bilayers are ordered. The use of65Cu-enriched samples allowed us to reliably resolve three
different copper resonances which correspond to different internal magnetic fields. The antiferromagnetic
phases are also felt by proton NMR which reveals two sites with static internal fields of 150 and about 15
Gauss, respectively.mSR studies performed on a series of samples prepared in the same way as the
65Cu-enriched ones reveal two muon sites with the same local fields as the proton sites, which vanish atT
<400 K. This indicates that muons preferentially occupy proton vacancy sites, and that the magnetic phases
have similar Néel temperatures as the other bilayer undoped cuprate compounds. An analysis of the internal
fields on the different spin probes suggests that they can be all assigned to a single magnetic phase at large
water content in which the Cus1d electron spins order with those of the Cus2d. The detailed evolution of the
spectra with the progressive increase of water content is shown to be compatible with a coexistence of phases
during the early stages ot the reaction. It appears that even samples packed in paraffin underwent a transfor-
mation of a substantial part of the sample after 6 years storage in atmosphere. Samples packed in Stycast epoxy
resin heated moderately to a temperatures200°Cd undergo a reaction with epoxy decomposition products
which yield the formation of the same final compound. It is clear that such effects should be considered quite
seriously and avoided in experiments attempting to resolve tiny effects in these materials, such as those
performed in some recent neutron scattering experiments.
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I. INTRODUCTION

The underdoped regime of high Tc cuprates is still a mat-
ter of intense investigation. Many questions about the origin
of the pseudogap remain. It is often proposed that the broken
symmetry in the superconducting state is complex and might
combine a superconducting order parameter and an orbital or
magnetic order parameter. Experimental investigation on
such kinds of order typically have to deal with weak signa-
tures which, for example, require high sensitivity neutron
scattering experiments.1,2 Such studies have been undertaken
on the so called ortho II phase of YBa2Cu3O6+x which is
stabilized forx=0.5. We had undertaken systematic Cu NMR
experiments in zero field(ZFNMR) on this compound in

which we had found sizable NMR signals in an internal field,
indicating the existence of an antiferromagnetic(AF) order.3

The spectroscopic features of these signals were totally dif-
ferent from those observed in the AF parent compound
YBa2Cu3O6 and had to be associated with a different mag-
netic phase. However, these signals were found to occur
mostly in samples aged for a long time in air and appeared to
result from a reaction with air moisture.4 These phases are,
therefore, serious potential contaminants of any experiment
aiming at studying magnetic responses of these materials.
Our preliminary results certainly have led some groups deal-
ing with neutron scattering to be concerned with this
problem.5 However, we did not up to now characterize in
detail the magnetic properties of these AF phases.
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We found out that intensive investigations on the degra-
dation of high-temperature superconductors by water vapor
have been performed since the very beginning of the HTSC
story. Attention was mainly focused on the loss of supercon-
ductivity due to water. Some papers reported that even pack-
ing the HTSC powder in epoxy6 or storing it in a desiccator7

did not allow one to completely avoid the reaction with wa-
ter, so that a small amount of the degraded phases is likely to
be present in practically all samples studied.

Most of the early papers on the reaction of 123 with water
reported the appearance of compounds such as Y2BaCuO5
(“green phase”), CuO, BaCO3, etc., which are the final de-
composition products, and display well known properties.
The more recent studies(see Ref. 8 and references therein)
done by high-resolution electron microscopy, thermogravim-
etry and x-ray investigations have shown that the 123 super-
conductors withx,0.9 react with water vapor in a topotactic
mechanism. The reaction occurs in two stages in the bulk of
the material in the rather narrow temperature range of
75–250°C(for YBa2Cu3O6.5). At small water uptake(up to
0.5 water molecule per YBa2Cu3O6.5 unit cell), performed at
temperaturesT,180°C, an intermediate phaseA1 is formed
(Fig. 1) which has a unit cell parameterc=5.029 nm. The
authors of Ref. 8 suggest that this phase has a Tc slightly
higher than that of the starting material. Upon heating, this
phase is transformed in a highly disorderedA phase(not
described well enough in Ref. 8 to be shown in Fig. 1) with
c=2.64 nm which quickly transforms at room temperature in
the presence of water vapor into a nonsuperconductingB
phase withc=2.72 nm. This final product of the reaction is
the so-called pseudo-1248 phase H2ZYBa2Cu3O6+x+Z, isos-
tructural with the familiar 1248 superconducting compound
but with 50% of Cus1d sites vacant. The fact that it can be
considered as a “parent” nonsuperconducting compound of
the 1248 family(which normally does not exist) has moti-
vated us to perform a systematic study of the changes of

electronic properties occurring in the process of conversion
of the 123 superconductor into the pseudo-1248 phase upon
the insertion of water.

Although this paper addresses a problem already consid-
ered in our preliminary publications,4,9 here, we study care-
fully the evolution of various spectral information as a func-
tion of water content in order to attempt to understand the
electronic properties and magnetic structure of the phases
observed upon hydration of YBa2Cu3O6+x compounds. Mea-
surements performed on a65Cu-enriched sample allowed us
to follow the disappearance of the NQR spectrum with water
contentZ, to separate clearly three different components in
the 65Cu ZFNMR spectra, and to follow their evolution with
the water contentZ.

The paper is organized as follows. In Sec. II we give
details of the preparation of the samples and of water inser-
tion in our YBa2Cu3O6+x starting materials. Elementary
sample characterization was performed and allowed us to
demonstrate that the superconducting fraction is progres-
sively suppressed with water insertion, and that supercon-
ductivity disappears completely when one molecule of H2O
is inserted per unit cell. In Sec. III we recall the characteris-
tics of the NQR of the starting YBa2Cu3O6.5 material and of
the ZFNMR of the magnetic phase of the parent compound
YBa2Cu3O6, which are essential for the understanding of the
water insertion process. In Sec. IV the NQR of the water-
YBa2Cu3O6.5 samples allows one to follow the progressive
disappearance of the metallic phases. Similarly the Cu
ZFNMR spectra taken on the65Cu enriched sample allow us
to detect three Cu signals with different internal fields and
quadrupole frequencies. The modification of the spectra with
increasing water content are studied in great detail. Finally,
mSR spectra reveal the existence of two muon sites which
sense two distinct internal fields occurring in the magnetic
phases and which disappear at a similar Néel temperature.
Two internal fields are detected as well on the proton sites,
and have the same values as those found on the muon sites.
In Sec. V all these results are analyzed together and allow an
assignment of the Cu ZFNMR to the actual sites of the final
product determined by x-ray scattering. The combination of
all the information from the different techniques seems to
converge towards a solution for which both Cus2d and Cus1d
moments order magnetically in the water saturated phase.
Intermediate products of the reaction appear AF as well, with
minor changes in the magnetic spectral features. Since epoxy
resin is thought to protect the sample from water, a few
samples packed in epoxy were also studied. A brief descrip-
tion and analysis of the data on such samples are given at the
end of Sec. V.

II. SAMPLE CHARACTERIZATION

A. Sample preparation

We have synthesized a series of YBa2Cu3O6+x samples
with x ranging from 0.4 to 1 using conventional solid state
reaction of powdered Y2O3, BaO and CuO at about 940°C,
interrupted periodically for grinding. These samples with a
particle size of the order of 30mm were used in experiments
both as free powders and packed in Stycast 1266A epoxy

FIG. 1. Structures of the initial phase, intermediate phaseA1
and the final phaseB (from Ref. 8). The structurally equivalent
copper sites are labeled with the same numbers.
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resin. To get better resolution in copper NQR and ZFNMR
spectra a sample of YBa2Cu3O6.5 enriched with the65Cu
isotope(99.6%) was also synthesized. Although the results
for all samples were qualitatively similar, systematic mea-
surements were done on free powders of the65Cu-enriched
sample YBa2Cu3O6.5, and on two samples with natural cop-
per content, YBa2Cu3O6.5sTc=56 Kd and YBa2Cu3O6.42sTc

=20 Kd.
The free powders were annealed at 110°C in a closed

furnace in air with a vapor pressures70–80 mbard created by
evaporating an adequate amount of water. The water uptake
was determined by the weight increase of the samples. We
have found that the uptake rate is strongly modified if water
molecules have been absorbed on the powder surface in air at
room temperature. In the conditions mentioned above and
when the samples have been preliminarily dried in vacuum,
the water uptakeZ increases almost linearly in time with a
rate DZ/Dt<0.05 per day. A series of YBa2Cu3O6.5sH2OdZ

and YBa2Cu3O6.42sH2OdZ were produced with nominalZ
varying from 0.03 to 1.2.

B. X rays

The x-ray diffraction spectrum taken for the sample with a
maximum water uptakeZ=1.2 confirm that the main final
product of the reaction is as for Ref. 8 the tetragonal phase
with c=2.72 nm, i.e., the pseudo-248 structure with 50% de-
fects on chain copper positions(Fig. 1, phaseB). Definite
signs of small residual contamination by theA1sc
=5.03 nmd, the Asc=2.64 nmd and the starting 123 material
sc=1.17 nmd phases were present in the x-rays data taken on
the Z=1.2 sample.

C. Susceptibility data

The temperature dependence of the susceptibility for the
samples with different water uptake are shown in Fig. 2. It is
clearly seen that the superconducting volume fraction de-
creases with water uptake while Tc remains practically un-
changed. The sample with a maximum water uptake is com-

pletely nonsuperconducting. This indicates that the reaction
with water vapor creates new non superconducting phases,
which progressively replace the starting phase until no super-
conducting volume remains. We could not sense in these
susceptibility data any significant increase of the Tc onset,
which would be attributed to theA1 phase. So, if this phase
is present in our samples during the intermediate stages, it
does not appear to us to correspond to a higher Tc. As we
shall see later it might be magnetic as well.

III. COPPER NQR AND ZFNMR SPECTRA IN YBA 2CU3O6

AND YBA 2CU3O6.5

Before describing the actual data in the present
YBa2Cu3O6.5- water samples, we recall briefly as a reference
the well known results in the parent YBa2Cu3O6 AF com-
pounds from ZFNMR of the planar Cus2d site and by NQR
of the intercalated Cus1d3d10 site. Also we recall the NQR
signals of both sites obtained in the YBa2Cu3O6.5 metallic
phase, free of any water contamination. This then allows to
follow the evolution of the spectra detected with increasing
water content.

A. Copper ZFNMR and NQR in antiferromagnetic
YBa2Cu3O6

At low oxygen contentsx=0–0.2d the YBa2Cu3O6+x com-
pound is an insulating antiferromagnet with a Néel tempera-
ture of about 410 K for 0øx&0.1. The electronic magnetic
moments of Cu2+s2d ions are antiferromagnetically ordered
both within the bilayers and between the bilayers(AFI
phase) and form a quasi-2D antiferromagnetic network.
Cus2d nuclei experience a large hyperfine magnetic field pro-
duced by the on-site and four neighboring Cu2+ ordered elec-
tronic magnetic momentsmeff<0.65mB. The nuclear mag-
netic resonance(NMR) of Cus2d nuclei observed in this
internal magnetic fieldH int is usually referred to as Cus2d
zero field NMR(ZFNMR), since one does not need to apply
the external magnetic field to observe the Cus2d NMR.

The Cus2d ZFNMR spectrum is described by the nuclear
spin Hamiltonian10

H = − gn"H int · I +
eQVzz

4Is2I − 1dH3Iz
2 − IsI + 1d +

1

2
hsI+

2 + I_
2dJ ,

s1d

where gn is the nuclear gyromagnetic ratio(gn/2p=11.28
and 12.09 MHz/T for63Cu and65Cu nuclei, respectively),
the x,y,z axes are the principal axes of the crystal electric
field gradient(EFG) tensor chosen so thatuVzzu. uVxxu. uVyyu,
h= uVxx−Vyyu /Vzz the asymmetry parameter showing the de-
viation of the EFG symmetry from axial. Both naturally
abundant copper isotopes,63Cu (69.1%) and 65Cu (30.9%),
have a nuclear spinI =3/2, with different quadrupolar mo-
ments,63Q and 65Q. The on-siteA and near neighborB hy-
perfine couplings produce a total magnetic fieldHint= uA
−4Bu ·meff=80 kG at the Cus2d nucleus. Thus the ZFNMR
spectra of63Cus2d and 65Cus2d, observed in the frequency
range 70–110 MHz, consist of three lines for each copper

FIG. 2. Temperature dependence of the susceptibility for
YBa2Cu3O6.5 with different water uptakeZ, showing that Tc is not
modified and that the superconducting fraction diminishes.
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isotope. They are characterized byh<0, with the principal
axis of EFG parallel to the crystalc-axis, andH int'c.11

Quite generally the appearance of a copper ZFNMR in the
frequency range 70–180 MHz in a compound signals the
occurrence of long-range antiferromagnetic ordering of the
Cu2+ moments.

In the AF YBa2Cu3O6+x compounds the nuclei of diamag-
netic Cu+s1d ions only sense small(about 1 kG) hyperfine
magnetic fields Hint transferred from the two adjacent
Cu2+s2d ions. In the AFI phase these Cus2d electronic mag-
netic moments are antiparallel, and their contributions toHint
cancel. So, for Cus1d nuclei one observes a pure NQR spec-
trum described by the second term of Hamiltonian(1). This
observation is in fact also a direct evidence that the spins on
the Cu2+ are indeed AFM ordered between bilayers. For each
Cu isotope, the NQR spectrum consists of a single line at a
frequency10

nQ =
eQVzz

2h
Î1 +

1

3
h2, s2d

which is equal to 30.2 MHz for63Cus1d in YBa2Cu3O6. The
NQR line for 65Cu is observed at a frequency63Q/ 65Q
=1.081 times smaller than for63Cu.

The AF order can be modified if some trivalent or mag-
netic ions are inserted in the chains of YBa2Cu3O6, for ex-
ample, Al3+ when Al2O3 crucibles are used for the synthesis,
or upon intentional substitution of Ni on the chain sites.12

Above a critical impurity concentration a ferromagnetic or-
dering of the Cus2d magnetic moments neighboring the
Cus1d occurs at lowT. The hyperfine magnetic fields from
the two adjacent Cu2+s2d ions then add at the Cus1d nuclei,
which lifts the degeneracy of the Cus1d pure NQR levels. In
this so-called AFII phase the corresponding splitting of the
NQR line allows to determineHint=2 kG.12

B. Copper NQR in superconducting YBa2Cu3O6.5

Doping the chains with oxygen increases the concentra-
tion of mobile holes in the CuO2 planes, so that forx
ù0.35 the long-range antiferromagnetic order is lost, the in-
ternal magnetic field at Cus2d sites averages to zero, and one
can then observe the pure NQR spectra of Cus2d. This oxy-
gen insertion in the chains also converts neighboring Cu+

into Cu2+. The disruption of the Cu2+ chains by Cu+, and/or
mobile holes left in the chains, prevent any static ordering of
the Cu2+s1d electronic magnetic moments. Hence, the ab-
sence of static internal field at the Cus1d nuclei again allows
the observation of pure NQR spectra of Cus1d.

The NQR frequencies of both Cus2d and Cus1d in
YBa2Cu3O6+x are well known for all oxygen contents.13 For
x<0.5, the case of interest here, the observed copper NQR
spectra are quite intricate as the oxygen order is not perfect
in the chains in real samples, so that diverse copper sites
occur with different oxygen coordination. For simplicity we
shall discuss here the65Cu copper NQR spectrum of the
65Cu-enriched sample(Fig. 3). The corresponding lines for
63Cu in natural copper samples are located at frequencies
1.081 times higher than those for65Cu. Since the nuclear

spin-lattice relaxation rate of the “plane” copper is in general
significantly faster than that of “chain” copper,3 it is possible
to separate their spectra[Figs. 3(b) and 3(c)]. The large dif-
ference of their transverse relaxation rates can be used as
well to distinguish the two components. The fast relaxing
part of the65Cu NQR spectrum beyond 24 MHz[Fig. 3(c)]
is assigned to the plane copper nuclei, and consists of two
lines at 28.3 and 25.7 MHz. The corresponding sites have
different oxygen coordination in the neighboring chain.

The assignment of the Cus1d NQR lines is done in Ref.
14. The main ordered phase forx<0.5 only contains two
Cus1d sites located either in “full” . . .-Cu-O-Cu-. . . chains
between “empty” . . .-Cu-Cu-. . . chains, or conversely. The
former is a fourfold coordinated copper which corresponds
to the fast relaxing line at 20.8 MHz, typical of the Cus1d
site in the YBa2Cu3O7 Ortho I compound. The second two-
fold coordinated copper labeled as Cus1d2A in Ref. 14 corre-
sponds to the sharp slow relaxing65Cu NQR line at
29.15 MHz. Other twofold coordinated copper give resolved

FIG. 3. Copper NQR spectra for the65Cu-enriched
YBa2Cu3O6.5 sample with different water uptakeZ: (a) Nonsat-
urated spectrum taken with a 1s repetition time.(b) was obtained as
the difference of spectrum(a) and of a scaled spectrum with short
repetition times20 msd, which emphasizes then the slow-relaxing
part of the spectrum[dominated by the Cus1d]. (c) was obtained as
the difference of the spectrum with short repetition times20 msd
and a scaled spectrum(a), which emphasizes then the fast-relaxing
part of the spectrum(dominated by the Cus2d). Solid lines—as-
prepared sample; dashes, short dashes, dots, short dots—Z=0.03,
0.38, 0.59, and 0.93, respectively. The spectra are 10 times en-
hanced in the frequency range below 23 MHz. See the text for
details on the assignments of the various signals.

A. V. DOOGLAV et al. PHYSICAL REVIEW B 70, 054506(2004)

054506-4



lines depending on the occupancy of the neighboring chains.
The line at 28.7 MHz is from copper Cus1d2B of empty
chains of small islands composed of one full and two empty
chains. The line at 27.8 MHz corresponds to Cus1d2C with no
oxygen in the chains, typical of YBa2Cu3O6. Finally, the
slow relaxing sharp65Cu line at 22.2 MHz is ascribed to the
threefold coordinated Cus1d3 at the ends of disrupted Cu-O
chains.

IV. WATERED SAMPLES

A. Copper NQR

As was already found earlier for samples with natural
copper isotopes,4 the copper NQR spectrum intensity de-
creases rather inhomogeneously when water uptake in-
creases. The overlap between the65Cu and63Cu spectra does
not take place anymore in the65Cu-enriched sample so that
we could study in some detail the evolution of the copper
NQR spectrum(Fig. 3) with water uptake. The spectrum for
the as-prepared powder sample is shown by a thick line in
Fig. 3. After keeping the sample for two weeks in ambient
atmosphere at roomT we found that the intensity of the
25.7 MHz Cus2d line was slightly reduced. We attribute it to
a very small water uptake from ambient atmosphere.

In general, the results obtained for the65Cu enriched
samples confirm our previous findings, but a more homoge-
neous disappearance of the copper NQR spectrum with water
uptake was observed. This is likely due to the higher water
vapor pressure used for loading the65Cu-enriched sample
with water as compared to our previous series of samples.4

Anyhow, the narrow NQR line of the Cus1d2A nuclei belong-
ing to the empty . . .-Cu-Cu-. . . chains and the Cus2d line at
25.7 MHz disappear faster with water uptake than the other
parts of the NQR spectrum. This confirms the conclusion that
the insertion of water molecules proceeds through the empty

Cus1d chains. The broad fast relaxing Cus2d NQR line at
25.7 MHz might then be assigned to Cus2d nuclei belonging
to the well-developed OrthoII phase, most likely to those
located just above or below the empty Cus1d chains. The
intensity of the Cus1d3 NQR line does not change signifi-
cantly at the beginning of the reaction and disappears only at
rather high water uptake. A similar behavior can be noticed
also for the Cus1d4 NQR line, which confirms that water
diffusion is hampered in areas of oxygen-filled chains within
the crystallites.

B. Copper ZFNMR in the ordered magnetic phases

Here, we study the ZFNMR of Cu which gives informa-
tion on the appearance of ordered magnetic phases. To get a
better sensitivity, all measurements were done atT=4.2 K.

The copper ZFNMR spectra of free-powder annealed
samples are shown in Figs. 4 and 5. As-prepared samples did
not exhibit any traces of copper ZFNMR spectra, but after
two weeks in ambient atmosphere, distinct spin echo signals
were detected at copper ZFNMR frequencies. The signal in-
tensities were, however, too small to allow us to record a full
spectrum, but this confirms that water contamination starts
readily at roomT. Even minute amount of water reacting
with the 123 compound induces the appearance of magnetic
phases altogether with the changes in the copper NQR spec-
trum mentioned in the previous Section.

The spectrum consists of three groups of lines which, con-
trary to the data published earlier,4 are well resolved in the
65Cu-enriched sample(Figs. 4 and 5). The low-frequency
s58–95 MHzd and high-frequencys110–132 MHzd groups
both consist of three lines and resemble the Cus2d ZFNMR
spectrum in YBa2Cu3O6. From the frequencies of the three
65Cu ZFNMR lines, it is impossible to extract the four pa-
rameters of Hamiltonian(1), that isHint, Vzz, h, and the angle
Q between the internal magnetic field and the principal axis
of the EFG. The only parameter which could be reliably
estimated isHint, as the frequency of the centralm=
−1/2↔ +1/2 transition is determined mainly byHint and

FIG. 4. Copper ZFNMR spectra for YBa2Cu3O6.5 synthesized
with enriched65Cu with different water uptakeZ. Solid, dashed,
short dashed, dotted, short dotted, and dash-dotted lines correspond
to Z=0.93, 0.77, 0.59, 0.38, 0.185, and 0.085, respectively. The
amplitudes of the spectra are normalized by the water uptakeZ. The
fact that the low-frequency spectrum slightly shifts to lower fre-
quency with water uptake is emphasized in the inset.

FIG. 5. Frequency corrected copper ZFNMR spectrum for65Cu
enriched YBa2Cu3O6.5sH2Od0.38. The sharp lines of the lower fre-
quency and higher frequency parts of the spectrum are fitted with
six Gaussians. The central part of the spectrum( magnified by a
factor 2 in the figure) is obtained after subtraction of the fitting
curve from the experimental spectrum.
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depends on the quadrupolar effects only through second or-
der perturbation.10 If we assume further thath=0 and Q
=90°, as for Cus2d in YBa2Cu3O6, one can fit both spectra
fairly well with Hint=62 kG, nQ=26 MHz for the low-
frequency andHint=101 kG, nQ=16 MHz for the high-
frequency one.

The above mentioned assumptionsh=0 andQ=90° do
not hold for the third, central part of the spectrum which
does not exhibit three, but only two poorly resolved lines. If
we assumeh=0, the spectrum might be fitted withHint
=85 kG,Q=55°. If, on the contrary, we assumeQ=90°, one
getsh<0.5 andHint=85 kG. In any case, the central spec-
trum is very different from the two others, and corresponds
to a value ofHint which is rather insensitive to the choice of
Q andh.

The intensities of the three spectral groups scale linearly
with water uptake for smallZ (Fig. 4), while for Zù0.5 the
component at 96–112 MHz begins to grow faster than others
and reaches its maximal intensity in the sample with maxi-
mum water uptake. To perform a more quantitative analysis,
we have corrected the spectra of Fig. 4 by extrapolating the
spin echo intensity to zero time delay and determined the
signal intensity asesfsvd /v2ddv for the three components of
the spectra. The variation with water uptake of their intensi-
ties is reported in Fig. 6. It can be seen that the evolution
with water uptake for the two outer spectra is identical which
suggests that they pertain to the same phase, which grows
regularly with water content. They apparently correspond as
well to a similar number of Cu nuclei. The central part of the
spectra corresponds to less nuclei than the two others and
increases faster at a large water content.

At high temperature, the spectra can no longer be taken
with good accuracy, but we could however follow the high-
frequency part up to 200 K. It can be seen in Fig. 7 that the
frequency of the central transition of the spectra, which is
determined mainly by the internal field, decreases with tem-
perature, as expected for an AF phase.

C. Zero field mSR

In order to get a better insight into the nature and the
T-evolution of the AF phases detected by NMR, we per-

formed mSR studies on a series of compositions in
YBa2Cu3O6.4sH2OdZ, with Z=0.62, 0.9, and maximum 1.2
water content up to high temperatures where the ZFNMR is
not observable. In contrast to a previous report9 all our
samples here were treated by the same process, as described
in the sample preparation section. Auniquebehavior, as de-
scribed below, is observed in all our samples at variance with
our previous preliminary publication.9 We ascribe this to the
way ourZ=0.64 and 0.2 samples had been produced, i.e., by
annealing theZ=0.9 batch in vacuum. For those samples, we
suspect some sample decomposition occurred while anneal-
ing, which leads to a signal similar to that in YBa2Cu3O6
with a typical frequency of 4 MHz.15 The data presented
here were taken at the Paul Scherrer Institut(Switzerland)
and at ISIS(England) facilities using conventional zero field
mSR and weak transverse field techniques as described be-
low.

Aside from a weak high frequency signal(,18 MHz at
T→0) analogous to that attributed to a small fraction of
muons sitting near the AF ordered CuO2 planes in
YBa2Cu3O6+x,

15 ZF mSR data taken in the range 15–420 K
reveal a single damped oscillating signal with a characteristic
frequency around 2 MHz atT→0, as can be seen from the
representative asymmetry spectra forZ=1.2 andZ=0.62 dis-
played in Fig. 8. This, hereafter named “2 MHz” signal, is
the majormSR signature of the existence of an internal field
of the order of 150 G, hence of the magnetic ordering in our
samples. Moreover, forZ=1.2, we could clearly observe an
additional large Kubo-Toyabe(KT) component displaying a
characteristic dip, corresponding to muons feeling a small

FIG. 6. Dependence on water uptakeZ of the intensities of
different parts of the copper ZFNMR spectra(after frequency and
T2 correction). Circles, squares and triangles correspond to the in-
tensities of the low-frequency, high-frequency and central part of
the spectra, respectively.

FIG. 7. Temperature dependence of the high-frequency part of
copper ZFNMR spectrum in a sample with natural copper. The
dashed line follows the temperature variation of the high-frequency
central transition for63Cu. Its corresponding frequencies are given
on the right hand side of the spectra.
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and distributed static field,10 G. We will show hereafter
that these two signals can be associated with a single AF
phase and two muon sites, likely located near Os4d and Os1d
for the 2 MHz and KT signals, respectively. Analogous data
can be obtained using proton NMR up to 420 K and the
locations of the muon and the proton will be discussed fur-
ther on, in the analysis section of the paper.

The data forZ=1.2 was extensively fitted, using the sum
of a Gaussian damped oscillating term(2 MHz signal) and a
Kubo-Toyabe term(quasi zero internal field signal).16 In ad-
dition, dynamical relaxation was accounted for by an expo-
nential damping of the long-time tail of the asymmetry
which yields for the total asymmetryA

A = Aoscexps− s2t2dcoss2pftd + AKTGKTstd

+ Alongexps− ltd,

whereGKTstd is the Kubo-Toyabe function,s represents the
damping rate of the 2 MHz signal andl the long-time expo-
nential damping, associated withT1 processes. ForZ=0.6,
since there is no clear evidence for a KT- dip, we rather
followed the 2 MHz signal only with 0–5ms fits allowing a
reliable determination of the frequency and of the damping
of the oscillating signal. Whatever the fits performed, the
determination of the frequency is quite stable and accurate.
The results for the oscillating frequency are presented for
both samples in Fig. 9. The absence of variation withZ of
both theT→0 frequency and itsT-dependence is one of the
most striking results of this study.

The frequency forZ=1.2 is found to follow 1.99s2d* s1
−T/TNd0.215s20d MHz with the Néel transition at TN

=395s5dK. The T-dependence scales perfectly with that of
the ZFNMR as shown in Fig. 9. Above the transition, the ZF
asymmetry is slowly relaxing, with a Gaussian KT relaxation
ratesP=0.21ms−1, about twice as large as the nuclear dipole
relaxation found in pure YBa2Cu3O6+x superconductors. This
difference may be partly due to the additional1H nuclear
moments. A better accuracy on the transition temperature can

be achieved by following the purely paramagnetic response
to a small 20 G external field applied perpendicular to the
muon polarization. ForZ=1.2, we findTN=411 K, in fair
agreement with the value determined from the frequency
variation. As expected from the similarity of theT-variations
of the internal field detected forZ=1.2 andZ=0.6, we find a
transition temperature for theZ=0.6 sample,TN=420s5dK,
of the same order of magnitudeas forZ=1.2. The transition
is found slightly broader and the frozen fraction smaller as
expected from the superconducting to nonsuperconducting
fraction determined from susceptibility measurements. No-
tice the occurrence of a 30% loss of the paramagnetic frac-
tion due to the screening of the external field at the super-
conducting transitionTc=60 K.

Finally, in Fig. 10, we plot the Gaussian KT relaxation
rate, sKT, after subtraction of the nuclear contribution,sp.
Above 300 K, an increase in the dynamical relaxation rate
obscures the KT dip behavior(dotted curve), and makes ex-
traction ofsKT less reliable.sKT decreases faster withT than
the frequency of the 2 MHz line(dashed curve), but dies
approximately in the sameT-range, which is an indication in
favor of the existence of 2 muon sites probing thesameAF
phase.

In conclusion, ourmSR study shows the existence of a
magnetic phase, whose Néel temperature and characteristic
internal field does not vary with the water-composition. Two
signals can be identified with internal fields of 150 and 10 G,
which are likely to originate from the same phase as indi-
cated by the similarity of the temperatures at which the in-
ternal fields vanish.

FIG. 8. Plot of the muon asymmetry versus time for theZ
=0.6 and 1.2 samples. A 2 MHz component is evident for both
samples. Notice the “dip” in the asymmetry of theZ=1.2 sample
which is characteristic of a Kubo-Toyabe additional component.

FIG. 9. Top panel: Temperature dependence of the ZFmSR
frequencies in theZ=0.6 and 1.2 samples. TheT-dependence of the
Cu ZFNMR local field and the width of the proton line I both scaled
to the 2 MHz signal are represented by open squares and circles,
respectively. Bottom panel: Plot of the oscillating paramagnetic
component obtained in a weak transverse field(ISIS), both for z
=0.6 and 1.2. A value of 0.07 is typical for the background obtained
for our sample geometry. The “paramagnetic” component corre-
sponds to the unfrozen fraction of the sample.
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D. Proton NMR

The protons of the inserted water are also good probes of
the magnetism of the new phases. We have, therefore, taken
proton NMR data on the YBa2Cu3O6.4sH2Od0.6 randomly ori-
ented powder sample used formSR. The spectrum at low T
is almost identical to that published earlier7,17 and is shown
in Fig. 11. It exhibits broad components and can only be
obtained by monitoring the spin echo intensity and sweeping
the field. The spectrum consists of three lines: Two lines I
and II with rectangular shapes and respective widths of 300
and 28 G at lowT and a narrow one(III ). The features with
flat tops are consistent with protons in the presence of an
internal magnetic field. Since the sample consists of ran-
domly oriented crystallites, the internal field is oriented at
random with respect to the external field. The expected NMR
lineshape is “rectangular” with edge steps corresponding to
the limiting cases where the internal field is parallel or anti-
parallel to the external field. Thus the distance between the
steps, i.e., the NMR linewidth, is twice the internal field.
Therefore we can distinguish two protons sensing local fields
of 150 G for site I and 14 G for site II at lowT, while the
narrow line III corresponds to protons which do not sense a
significant internal field.

In order to compare the intensities of the lines, one has to
correct the spectrum of Fig. 11 from transverse relaxation
effects which are found different for the various sites. The
transverse relaxation timeT2 was found much shorterfT2

=13s1dmsg for the protons of line II than for the those of line
I fT2=111s4dmsg. Extrapolating to zero time delay the spin
echo signals of these two lines allowed us to conclude that
they have equal intensities within 16% accuracy. The inten-
sity of the central narrow line III which is characterized by a
long T2,400 ms was found to be comparatively very small
(about 2%) and appears then to correspond to spurious pro-
tons located on defect sites, or at the surface of the sample
and of the probe coil.

The temperature dependence of the width of the broad
line (DBB in Fig. 11), i.e., the value of the internal magnetic
field at the protons site I, has been, after scaling, superim-
posed on that of the 2 MHzmSR signal in Fig. 9. One can

see that the linewidth scales with the temperature depen-
dence of the 2 MHzmSR signal and collapses at about
400 K, the same temperature at which the 2 MHzmSR sig-
nal is lost, indicating that the protons of I are located in the
same magnetic phase as the muons and confirming its Néel
temperature of 400 K. Let us point out that 2 MHz for the
muons corresponds exactly to an internal field of 150 G, so
that the muons apparently sit on a site identical to that of the
proton. This is quite natural as these positively charged par-
ticles have the tendency to fill the same positions in the
crystal structure. One could then think that muons preferen-
tially sit on proton vacant sites. We could not determine theT
dependence of the width of line II, since it is obscured at
high T by the spurious proton signal, which also narrows at
high T (due to surface water mobility, for example). There-
fore, we have no direct evidence that the protons of line II
belong to the same magnetic phase as those of line I. How-
ever, this is quite likely, as their number is similar to that of
protons of line I, and they feel internal fields of the same
magnitude as the muons giving a KT term, as pointed out in
the previous Section.

V. ANALYSIS AND DISCUSSION

Although the presence of magnetic phase(s) in
YBa2Cu3O6+x samples with inserted water molecules is evi-
dent from our data, the fact that three copper ZFNMR signals
and two1H and muon signals are detected raises some ques-
tions about the assignment of these signals to a single or to
multiple phases.

Obviously the proton NMR only shows up two signals
with similar intensities, both sensing an internal field. As
both A1 andB phases deduced from x rays display two dis-
tinct proton sites with equal weight, it is then clear that either
a single watered phase already occurs forZ=0.6, or watered
phases are AF with a similarTN of the order of 400 K and
similar internal fields on the proton sites. AsTN=420 K is
well known to correspond to the characteristic temperature
for the AF of weakly coupled undoped CuO2 bilayers,18 we

FIG. 10. Gaussian relaxation rate of the 2 MHz signal(filled
circles) and Gaussian KT relaxation rates(open squares). The
dashed curve is theT-dependence of the 2 MHz frequency scaled to
the low T value ofsKT. The dotted curve indicates that the KT dip
is not clearly observable in thisT-range.

FIG. 11. Proton NMR spectrum for the YBa2Cu3O6.4sH2Od0.62

sample taken at 77 K. The decomposition of the spectrum is illus-
trated. The line shown by open squares corresponds to line I. Line II
is obtained by subtraction of line I and of the narrow line III from
the total spectrum and is expanded in the inset.
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might expect that bothA1 andB phases considered are in-
deed AF.

But one still needs to understand why we observe three
different copper sites detected by ZFNMR. Let us first con-
sider the case where only the single well orderedB phase in
Fig. 1 is present in the sample.

A. Are all the Cu ZFNMR signals due to the B phase?

One can easily distinguish three types of copper ions in
this phase, those numbered as 1, 2, and 3 in Fig. 1, so it
would be natural to expect three ZFNMR signals with equal
intensities. Of course the AF order which is established by
insertion of water in the structure involves an ordering of the
Cu2+s2d moments. But Cus1d, which is known to have a
valence of 2+ in filled chains,19 could order magnetically as
well and exhibit a ZFNMR spectrum. This is quite plausible
inasmuch as the Cus1d NQR signals disappear in the water-
loaded samples. As one can see in Fig. 6, the intensities of
the high- and low-frequency parts of the spectrum are almost
equal. That of the central part is substantially smaller and
increases faster than others at high water uptake. The high-
and low-frequency parts of the spectrum can likely be as-
signed to the CuO2 bilayer copper sites, while the central
ZFNMR spectrum would correspond to the chain copper sig-
nal.

In the “watered” samples, holes are localized in the chains
by transforming Cu+ into Cu2+, which totally suppresses
charge carriers in the plane and restores an AF state in the
CuO2 bilayers. However, the watered chains certainly
modify the geometrical structure of the bilayer with respect
to that of the YBa2Cu3O6 compound. This can be at the
origin of the modification of the on-site and/or supertrans-
ferred hyperfine interactions of Cus2d ions. For example, the
watered chains might change the Cu-O bonding angles so
that one bonding angle increases up to almost 180° and the
other one decreases. This is quite possible in this phase as
two hydrogens occupy asymmetric positions with respect to
the CuO2 planes of the bilayer. The value of the supertrans-
ferred hyperfine magnetic field on Cus2d is known to depend
on the bonding angle, being maximal for 180° and zero for
90°. Thus the hyperfine magnetic field on the Cus2d nuclei of
two planes of the bilayer might become quite different which
would explain the occurrence of the low-frequency and high-
frequency parts of ZFNMR spectrum.

As for the central part of the spectrum it could be as-
signed to the magnetically ordered copper in the chains.
Since Cus1d in phaseB directly neighbors the “defective”
chain, its surrounding might be rather asymmetric. The non-
zero value of the asymmetry parameterh<0.5 and/or the
angle Q<55° between the internal magnetic field and the
principal axis of the EFG tensor characteristic for the central
part of the spectrum would support this assignment.

All the local magnetic observations: Three copper signals,
two proton andmSR signals would support then the forma-
tion of this unique B magnetic phase. However, the slowest
increase of the Cus1d signal with water uptakeZ would sug-
gest thatthe AF ordering of the chain copper is not perfect
and only improves with increasing Z.

Let us recall that the studies of magnetic impurities sub-
stituted in the chains in YBa2Cu3O6 has allowed to evidence
that the presence of magnetic moments in the chains fixes the
actual 3D magnetic ordering of the AF Cus2d bilayers in the
c direction. The interaction(ferro or AF) between the plane
Cu moments and the impurity moment yields a ferromag-
netic ordering of the adjacent bilayers in the AFII phase.12

Here the geometry of Cu2+s2d orbitals with respect to
Cu2+s1d ones, would result in a ferromagnetic coupling of
their magnetic moments from the semiempirical
Goodenough-Kanamori rules.20 One therefore expects in the
B phase not only a freezing of the Cus1d moments but the
occurrence of an AFII phase for the Cus2d moments. As re-
called hereabove, in this phase of the YBa2Cu3O6 parent
compound it has been clearly shown that the supertransferred
magnetic field from Cu2+s2d on Cus1d nuclei is only about
1 kG. If the transferred field from Cu2+s2d to Cu2+s1d is as
small for the water-loaded compound, the hyperfine field of
85 kG at Cus1d nuclei site is produced mainly by the on-site
interaction and the two antiferromagnetically coupled neigh-
bors. The estimates of the hyperfine interaction in the filled
Cu2+s1dO chains of YBa2Cu3O7 give A'=30 kG/mB,B
=55 kG/mB,21 and one needs a value of the magnetic mo-
ment at the Cu2+s1d site to be about 1mB to explain the
hyperfine field of 85 kG. Of course, a modification ofA' and
B by the presence of hydrogen certainly occurs as well and
might yield a smaller value of the local moment on the
Cu2+s1d site.

One can as well wonder whether the ordering of the
Cus1d could affect the spectra of theCus2d ZFNMR?Experi-
mentally, with increasingZ, the positions of the lines of the
high-frequency part of the ZFNMR spectrum remains totally
unchanged, but the low-frequency part is slightly shifted(by
about 1 MHz) towards low frequencies(Fig. 4, inset). A
slight splitting of the lines of this part of the spectrum is
already seen for low water uptake. These changes might then
be explained by the ordering of the Cus1d moments with a
hyperfine field of about 1 kG supertransferred from Cus1d3

on Cus2d2 [but not on Cus2d1]. Such a magnitude of the
supertransferred fields would agree with that known from
Cus2d to Cu1+s1d in YBa2Cu3O6. Furthermore, the super-
transferred magnetic field from Cu2+s1d should have the sign
of the on-site hyperfine field for Cus2d. Since the local mag-
netic field at the Cus2d nuclei site is dominated by the trans-
ferred field from the four antiferromagnetically coupled
neighbors(30 kG each for YBa2Cu3O6) which is opposite to
the onsite one, the ferromagnetic coupling with Cus1d should
reduce the value of the magnetic field at Cus2d nuclei, which
agrees with the experimental observation.Such an effect
would allow us then to assign the high-frequency and low-
frequency ZFNMR spectra respectively toCus2d1 and
Cus2d2.

Is this scenario supported by proton NMR andmSRdata?
Usually the muon senses mainly dipolar fields and occasion-
ally a hyperfine coupling if it stays very near from a mag-
netic site. Here the fact that the muon and the proton sense
the same field suggests that the dominant coupling to their
neighbors is dipolar, as the contact hyperfine couplings of the
two species should a priori differ. So for consistency, we
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need to understand whether we can find sites with dipolar
magnetic fields of 14 and 150 G in a fully ordered lattice of
electronic magnetic moments. Proton locations should be
about 1Å away from the lattice oxygens, which is the typical
length of the OH− bond. In HighTc cuprates, them+ is also
known to bond to an oxygen to form a,1 Å Om− bond. The
4 MHz line which is commonly detected in pure or doped
AF YBa2Cu3O6+x corresponds to muons near the apical oxy-
gen Os4d.22

So, in the present case, we performed calculations of the
maps of the dipolar fields for phaseB with lattice parameters
a=b=0.39 nm,c=2.724 nm. We took magnetic moments of
0.65mB on both Cus2d and Cus1d, directed perpendicular to
the CuO chains, with the stacking sequence of the AFII
phase. We find that a dipolar field of 150 G occurs between
the CuO chains without Cu vacancies and the CuO2 plane on
a site 1Å far from the chain oxygen(diamonds in Fig. 12).
Two quite plausible sites for muons and protons with a
150 G field are also found if the Cus1d and Cus2d magnetic
moments are taken parallel to the CuO chains(crosses and
stars in Fig. 12). For one of them(stars) the field sensed is
independent of the Cus1d magnetization. Let us point out that
a 2.2 MHzmSR signal has been reported23 in the case of
PrBa2Cu3O7, which has an AF phase similar to YBa2Cu3O6.
The closeness of this field value to that found in watered
YBCO6.5 might be associated with an analogous localization
of the muon in these phases. In that case the site near the
apical oxygen(stars) which does not sense the Cus1d mag-
netization would be consistent with both results. Indeed as
the Cu chains are filled with O2− in PrBa2Cu3O7 the local-
ization of the muon around the Os4d site might indeed
slightly differ from that obtained in the empty chain com-
pound YBCO6.

The calculations for magnetic moments perpendicular to
the chains also give dipolar magnetic fields of about 14 G at

the site of the missing Cus1d ions in the chains, which is a
very natural location for hydrogen to ensure charge balance.
If the Cus2d magnetic moments are directed along the chain
direction, the calculated field at this site is also low(about
6 G) and does not depend on the Cus1d magnetization. So
this site is a very good candidate for the proton and muon
site location whatever the actual AF ordering.

B. What about the other phases?

Although we did not perform systematic x-ray studies of
our samples with different water content, published x-ray
data suggest that different phases such asA1 andA appear as
well. PhaseA1 should occur at lowZ and should disappear
progressively forZ.0.5. It corresponds to 2 inequivalent
bilayer copper sites, analogous in their local structure to
those of theB structure, but with weights 3:1. Such a phase
corresponds in fact to the formation of a single cell of phase
B intercalated with a cell of the starting material. The un-
doped layers could as well be ordered magnetically through
the metallic layer, and one might observe then identical con-
tributions to the low-frequency and high-frequency Cus2d
signals as in phaseB, probably without ordering of the chain
copper.TN being only weakly affected by the interbilayer
coupling,11,18the ZFNMR signals might be unaffected by the
occurrence of this mixture of phases except the absence of
A1 in the Cus1d ZFNMR signal, and the absence of the su-
pertransferred field induced by the Cus1d. So the progressive
transformation of phaseA1 into phaseB with increasingz
would be in perfect agreement with our ZFNMR observa-
tions.

The only question which seemsa priori incompatible
with this scenario is the fact that the proton(muon) internal
fields are identical forZ=0.6 andZ=1.2. This would imply
that the magnetic ordering of the Cus1d moments does not
modify significantly the dipolar field on the proton and muon
sites! However, we do find that such a situation might occur
if the Cus1d and Cus2d moments are aligned in the direction
of the chains. Indeed, at the location at which a 150 G field
occurs, that is in the places shown by stars in Fig. 12 which
are 1Å away from the apical oxygen sitting near the defec-
tive chain, the dipole contribution of the Cus1d moments is
very small (few Gauss), so that the proton NMR andmSR
should be little affected by the Cus1d ordering.

Of course, if this is not the actual orientation of the inter-
nal field, we are led to consider as an alternative possibility
that the central ZFNMR is not that of ordered Cus1d. Then
the central part of the ZFNMR spectrum could come from a
phase different from phaseB (from the products of sample
decomposition, for example). In this case the analysis of the
low-frequency and high-frequency Cu ZFNMR spectra as
due to two Cus2d sites with different neighborhood would
remain the same. There are many sites with dipolar fields of
14 and 150 G in this case, so it is easy to explain bothmSR
and proton NMR results. In any case Cus1d is always 2+ and
would exhibit a magnetic moment either paramagnetic or in
a frozen disordered state. In the latter case the loss of the
NQR spectra of the chain copper is expected. In the former,

FIG. 12. Possible locations of hydrogen or muon sites sensing a
150 G internal field, obtained from contour plots of the dipolar field
calculated with different magnetic structures: diamonds—both
Cus1d and Cus2d magnetic moments are ordered and directed per-
pendicular to the chains; crosses and stars—both Cus1d and Cus2d
magnetic moments are ordered and directed along the chains; at
sites marked by stars the internal magnetic field is 150 G(within
few Gauss) for both ordered and disordered Cus1d moments.

A. V. DOOGLAV et al. PHYSICAL REVIEW B 70, 054506(2004)

054506-10



the fluctuations of the local moment of Cus1d2+ could as well
induce a fast spin lattice relaxation of the Cu nuclear spins
which would prevent the detection of the Cus1d NQR signal.
Protons might not be present in the phase giving the central
part of the ZFNMR spectrum.

However, the main argument against attributing the cen-
tral Cu ZFNMR signal to a phase distinct from B is that we
did not detect a specificmSR signal which could be attrib-
uted to such an ordered magnetic phase.

C. Samples packed in Stycast

The changes of the copper NQR spectra for the
YBa2Cu3O6+xsx=0.4–0.7d samples packed in Stycast and
annealed at 200°C in air are in general the same as those for
the free-powder annealed samples. During the first two hours
of annealing of thex=0.5 powder packed in Stycast, the
NQR spectrum intensity decreased by 50% and then slowly
reduced to 20% of the initial intensity after 80 hours of an-
nealing.

The ZFNMR spectrum after 80 hours annealing is similar
to that of theZ=1.2 free-powder annealed spectrum(Fig. 1
in Ref. 4), the only difference being the less resolved spectra
at 45–96 and 96–140 MHz. The superconducting volume
fraction decreased during the annealing at the same rate as
the copper NQR intensity, but slower than for free powders.
A 80% decrease of the NQR signal was achieved after 80
hours. Similar low intensity ZFNMR spectra were observed
also in Stycast-packed samples stored for few years at room
temperature. This indicates that minute amounts of the
samples are already transformed after long time reaction with
Stycast at roomT.

In order to check whether only YBa2Cu3O6+x compounds
with semi-empty chains, i.e., those withx,1, are subject to
topotactic reaction with water vapor or Stycast decomposi-
tion products, one YBa2Cu3O7 sample packed in Stycast was
annealed at 200°C for 5 hours. The superconducting volume
fraction decreased by about 30% after such treatment, as was
reported earlier.4 At the same time, a magnetic phase ap-
peared in the sample with a copper ZFNMR spectrum with
slightly lower hyperfine magnetic fields than watered
YBa2Cu3O6.5 samples.

Since Stycast somehow protects the samples from air
moisture, the sample degradation most likely occurs through
insertion of the products of Stycast decomposition. It is
known that the polymer chains of most types of epoxy resin
contain OH-groups which apparently can readily tear off the
polymer chain, especially shortly after polymerization, and
react with the superconductor material. Elevated tempera-
tures promote fast polymerization and thus stop the emission
of OH-groups in a shortwhile. The result of the reaction with
OH-groups is most likely the same as that with water - ap-
pearance of an additional chain in the crystal structure and
conversion of the 123 compound into the nonsuperconduct-
ing pseudo-248. The faster decrease of the superconducting
volume fraction in samples reacting with water than with
Stycast could be explained by the extra hydrogen in the H2O
molecule which binds a hole in the CuO2 plane24 and thus
promotes a faster decrease of the superconductivity.

VI. CONCLUSIONS

Our copper NQR/ZFNMR,mSR and proton NMR studies
of the YBa2Cu3O6+x compounds reacted with water vapor
give straightforward evidence that water insertion proceeds
dominantly through the empty Cus1d chains. The most or-
dered regions of the crystallites are most easily transformed.
The water insertion is very slow at room temperature, but
takes place in a few days at 100–200°C. The products of the
reaction are non-superconducting antiferromagnetic phases
in which the bilayer order atTN<400 K. The two copper
sites of the magnetic bilayers display quite different ZFNMR
signals with internal fields of 62 kG and 101 kG. A third
ZFNMR signal with an internal field of 85 kG appears al-
ready for low water uptake and its intensity increases mark-
edly for high water uptake.

We have shown above that phaseB would explain all the
results for the highest water content with or without deciding
unambiguously whether the 85 kG Cu ZFNMR spectrum is
due to chain ordered Cus1d moments. It could be eventually
attributed to a parasitic phase. However, an assignment of
this central part of the ZFNMR spectrum to Cus1d seems
quite reasonable if the moments are aligned along the chain
axis. In that case our data are compatible with the appearance
of a mixture of phasesA1 andB at low water content with a
progressive ordering of the Cus1d moments and the corre-
sponding transformation from the AFI to the AFII 3D mag-
netic order with increasing water content. Such a scenario
explains both the slight frequency shift of the low-frequency
Cu ZFNMR spectra associated with the progressive increase
of AFII phase content, and the absence of detectable modi-
fication of themSR and proton NMR spectra.

YBa2Cu3O6+x samples are very sensitive to air moisture,
and even samples packed in paraffin underwent a transfor-
mation of a large part of the sample after 6 years storage in
the ambient atmosphere.3 Samples(both YBa2Cu3O6.4−6.7
and YBa2Cu3O7) packed in Stycast heated at 200°C, for
which pure Stycast does not fully collapse, still undergo
some epoxy decomposition and yields the formation of the
same AF compound(about 20% after 80 hours for
YBa2Cu3O6.5 with a grain size of about 20 microns). Traces
of such a reaction could be found even in samples packed in
Stycast and stored at room temperature for few years. It is
then quite clear that such effects should be considered quite
seriously and avoided in experiments attempting to resolve
tiny effects in these materials, such as for instance those
performed by neutron scattering.
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