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Local magnetic order in superconducting YBa2„Cu12xM x…3O7 „M 5Co,Fe…

C. Vaast, J. A. Hodges, P. Bonville, and A. Forget
DRECAM-SPEC, Centre d’Etudes de Saclay, 91191 Gif sur Yvette, France

~Received 3 June 1997!

We have examined the local magnetic order which is introduced into YBa2Cu3O7 by substituting low levels
~1–4 %! of Co or Fe. The order is evidenced through the appearance of an internal field on the spin of170Yb31

Mössbauer probes diluted at the Y31 sites. Low substitution levels only marginally influence the supercon-
ducting properties, yet introduce local magnetic order over the whole sample volume. The local order concerns
the Cu sublattices and fluctuates with rates that depend on the substituted ion, its concentration, and the
temperature.@S0163-1829~97!01737-2#
a
it
n

ag

th
g

th

e

io

a
nt
uc
te
o
se
e
th
re
ic
a
t

t-
in

he

g
o
l-

o

ti
ior
uc
ua

in
fol-

ring
l
on

ce
any

at
g-

ds,
ith

ran-

ed

ons

-
re-

e the

e-
it-

ly
sis
In the cuprate superconductors, Cu-based magnetism
superconductivity both depend strongly on the hole dens
and the interrelation between the two states remains a ce
of interest. The evolution of the superconducting and m
netic properties is well evidenced by the YBa2Cu3Ox system,
which displays a number of the generic properties of
cuprates. Here the hole and condensate densities are
erned by the oxygen level and its spatial distribution. In
fully oxidized (x;7) superconducting samples (Tc

;92 K), neutron scattering measurements evidence spin
citations above a gap of the order of 3.5Tc ~Refs. 1 and 2!
and no excitations at low energies.3 In the fully deoxidized
(x;6) nonsuperconducting samples, neutron diffract
measurements4,5 show that the Cu~2! of the Cu-O bilayers
orders antiferromagnetically (TN;400 K). Increasing the
oxygen level up from the fully deoxidized state leads to
reduction in the size of the long-range correlated mome
to reductions of the correlation lengths, and to the introd
tion of temperature-dependent fluctuations of the correla
moments. Superconductivity is introduced and magnetic
dering disappears when the oxygen level is increa
through the rangex;6.4 to;6.6, where a gap opens in th
spin excitation spectrum with a size which rescales with
value ofTc .1,6 In the intermediate oxygen level range, whe
Tc remains relatively low, phase separation into hole-r
and hole-poor regions can occur and cluster spin-glass m
netic order continues to exist in parts of the sample up
sample-averaged oxygen levels ofx;6.55.7–9 A crossover
from a magnetically ordered Cu~2! state to a superconduc
ing state also occurs when Y is substituted for Pr
PrBa2Cu3O7,

10 and at intermediate substitution levels, t
samples show superconductivity, with relatively lowTc val-
ues, and spin-glass magnetic order. This coexistence a
probably arises through phase separation. For the ab
samples, whenTc remains high and the whole sample vo
ume is superconducting, Cu~2! magnetic order is absent.

We present results which show that the substitution
low levels of Co or Fe into YBa2Cu3O7 only slightly reduces
Tc below the optimum value, yet introduces locally magne
cally ordered Cu moments, with spin-glass-like behav
over the whole sample volume. To detect the static or fl
tuating ordered moments, we examine the static or fluct
ing internal field they produce on paramagnetic170Yb31
560163-1829/97/56~13!/7886~4!/$10.00
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Mössbauer probes diluted at the Y31 sites.11 The measured
signal comprises a contribution from each of the probes
the sample. The present approach is analogous to that
lowed by the muon-spin rotation-relaxation~mSR! technique,
which has been extensively used to study magnetic orde
in the cuprates,8,10 where the static or fluctuating interna
fields are detected on implanted interstitial positive mu
probes.

The 170Yb31 probes are nonintrusive in that their presen
has essentially no influence on superconductivity or on
Cu-based magnetic order. They are randomly distributed
the Y31 sites and thus provide information on the local ma
netic properties over the whole sample volume.@That the
distribution is random is shown by the Mo¨ssbauer analysi-
s: In addition to the main spectrum due to isolated Yb31,
used to extract information concerning the internal fiel
there is a second, minor spectrum which is identified w
Yb31 dimers. The relative intensity of this spectrum~for
Yb31/Y3150.025 it is;25%! roughly scales with the Yb31

concentration, so showing that the probes are distributed
domly.# When substituted into YBa2Cu3O7, the Yb31 ion
has aS851/2 ground state, well separated from the excit
crystal field levels. For the isolated Yb31 ions in the studied
temperature range of up to 60 K, there are no fluctuati
between the ground-state sublevels on the Mo¨ssbauer fre-
quency scale (;53109 s21), which is defined by the Yb31

hyperfine interaction.11 In this case, the Mo¨ssbauer absorp
tion is interpreted with the standard slow paramagnetic
laxation Hamiltonian

H5SW 8•A• IW2bHW •g•SW 8. ~1!

The first term in Eq.~1! is the hyperfine interaction withA
the hyperfine tensor and the second a Zeeman term wher
field HW , if present, acts on the Yb31 effective spin withg its
effectiveg tensor. The Mo¨ssbauer transitions take place b
tween the two ensembles of ‘‘static’’ electronuclear Bre
Rabi levels formed, according to Eq.~1!, by combiningS8
51/2, respectively, with the ground (I g50) and excited
(I ex52) nuclear states linked by the170Yb Mössbauer tran-
sition. In the absence of any internal field~the case of un-
substituted YBa2Cu3O7!, the line shapes are governed on
by the hyperfine interaction. When the line shape analy
evidences the presence of an internal field on the170Yb31
7886 © 1997 The American Physical Society
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56 7887BRIEF REPORTS
probe, then this is an indication of magnetic ordering in
vicinity of the probe. The detected internal field is attribut
to the combined influence of the molecular and dipolar fie
arising from the neighboring ordered moments.11

The sensitivity of the technique is illustrated in Fig.
which presents line shapes simulated with the appropr

FIG. 1. Simulated Mo¨ssbauer line shapes with the hyperfi
parameters andg values for170Yb31 in YBa2Cu3Ox . Topmost: no
internal field on the Yb31. For the remainder, an internal field o
0.16 T is present and fluctuates at the rates shown. When the r
below 1.03108 s21, the field is ‘‘static.’’ When the rate is high
enough~bottommost!, the line shape returns to that for no intern
field ~topmost!. An appropriate subspectrum, centered atv
50 cm/s, due to the Yb31 dimers, observed experimentally is als
included.
e

s

te

hyperfine parameters andg values for Yb31.11 There is a
marked difference between the case for no internal field~cor-
responding to unsubstituted YBa2Cu3O7! and for the case of
an internal field of 0.16 T which is representative of t
experimental values to be encountered below. Figure 1
illustrates a second feature of the present technique:
line shapes depend on the fluctuation rate of the inte
field, which can thus be followed over a fairly wide rang
Figure 1 shows the evolution as a function of the fluctuat
frequency of the field~of size 0.16 T! obtained using Eq.~1!
with the line shapes calculated by allowing the field to flu
tuate stochastically.11,12 The evolution through the thre
characteristic line shapes~initially split, then collapsed, and
finally resplit! identifies, respectively, ‘‘static’’ magnetic or
der, fluctuating magnetic order with an average fluctuat
rate near the middle of the accessible frequency window,
fluctuating order with rates above the window. For this la
case, the Zeeman term no longer influences the line sh
because it is ‘‘motionally narrowed.’’ The present techniq
has been used previously to examine the local magnetic
der in YBa2Cu3Ox ~Ref. 11! and in Y12xPrxBa2Cu3O7 ~Ref.
13!. The results are in basic agreement with specific featu
established by neutron4,5,7 andmSR ~Refs. 10 and 14! mea-
surements.

Single-phase polycrystalline samples
Y0.975

170Yb0.025Ba2(Cu12xMx)3O7 ~M5Co,Fe, x
50.01– 0.04! were made using the standard carbon
method with five intermediate grindings to ensure homo
neity and a final ambiant pressure oxygen anneal to optim
Tc . The Co and Fe enter the chain sites~uniquely for Co,
predominantly for Fe!. The real oxygen level of the sample
varies slightly with the substitution level, but is written he
simply as 7. The substitution of Fe or Co leads to an und
doped state15 and was found to lower the superconducti
transition temperatures by amounts in agreement with
literature.16 Our susceptibility measurements show ess
tially unchanged Meissner and screening fractions. In Fig
we present the170Yb Mössbauer line shapes~I g50, I ex52,
Eg584 keV, 1 mm/s568 MHz, source Tm*B12! observed
in superconducting YBa2(Cu12xMx)3O7 with Mx5Co0.02

is
ced
fitted by

spectrum
FIG. 2. Mössbauer absorption of170Yb31 probes diluted into nonsuperconducting YBa2Cu3O6.35 and into superconducting
YBa2~Cu0.98Co0.02!3O7, YBa2~Cu0.96Co0.04!3O7, and YBa2~Cu0.96Fe0.04!3O7. At 1.4 K in each of the samples, magnetic order is eviden
through the presence of ‘‘static’’ internal fields on the spins of all the isolated probes. At higher temperatures, the absorption is
allowing the fields to fluctuate and by including a distribution in the local rates. Each total line fit also includes a separate minor sub
due to Yb31 dimers.
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7888 56BRIEF REPORTS
(Tc584 K), Co0.04 (Tc568 K), and Fe0.04 (Tc570 K). Fig-
ure 2 also shows the line shapes observed in nonsuper
ducting YBa2Cu3O6.35.

11 All the experimental data for the
isolated Yb31 ions can be interpreted with the slow parama

netic relaxation Hamiltonian of Eq.~1! with the field HW

‘‘static’’ or fluctuating. Each line fit contains an appropria
minor contribution due to Yb31 dimers. At 1.4 K in each of
the samples, all of the isolated170Yb31 probes experience
‘‘static’’ field. ~The line shapes are basically simil
to those in Fig. 1 for rates below 13108 s21.! For
nonsuperconducting YBa2Cu3O6.35 and superconducting
YBa2~Cu0.96Fe0.04!3O7, the mean value of the local field i
;0.22 T, for YBa2~Cu0.96Co0.04!3O7 it is ;0.14 T, and for
YBa2~Cu0.98Co0.02!3O7;0.08 T. In all cases the fields show
distribution in size of up to;30% of the mean value. Thes
‘‘static’’ fields can only arise from ‘‘static’’ correlated mag
netic moments in the vicinity of each probe. For Co sub
tution levels as low as 2%, we find that~short-range corre-
lated! magnetic order is visible over the whole samp
volume. For the 1% Co level at 1.4 K, a field is detected
the majority of the probes, showing that local magnetic or
exists over the major part of the sample volume. For the
Fe level at 1.4 K, local magnetic order is also detected o
part of the sample.

When the temperature is increased, the spectral line sh
for each of the samples first tends to collapse and the
split again. This behavior is analogous to that shown in F
1 and is due to the thermally driven increases in the fluct
tion rates of the fields acting on the spins of the170Yb31

probes. In each of the samples we detect the coexistenc
quite different local fluctuation rates and we find that t
average fluctuation rate slows down as the temperatur
lowered. This is symptomatic of spin-glass behavior. T
existence of a wide distribution in the local rates is clea
seen, for example, for the YBa2~Cu0.98Co0.02!3O7 sample
where the line shape does not collapse to a single line
single intermediate temperature. Figure 3 presents the t
mal dependence of the average fluctuation rates. The ver
bars represent the approximate range of the rates tha
simultaneously present.

As shown in Fig. 3, the upper threshold of the access
frequency window changes slightly~it depends on the size o
the field!. For YBa2~Cu0.98Co0.02!3O7, the threshold is ex-
ceeded on average below 40 K, whereas
YBa2~Cu0.96Co0.04!3O7, the average rate is still within th
window at 60 K. For YBa2~Cu0.96Fe0.04!3O7, the threshold is
exceeded on average near 20 K, and at 60 K, some of
rates are within the window and some are above the up
threshold. The fluctuation rates show a weaker thermal va
tion for YBa2~Cu0.96Co0.04!3O7 than for
YBa2~Cu0.98Co0.02!3O7 and a very much weaker variation fo
YBa2~Cu0.96Co0.04!3O7 than for YBa2~Cu0.96Fe0.04!3O7. The
substitution of Co rather than Fe thus leads to a m
strongly coupled system which is less easily set fluctua
by increases in temperature. Increasing the substitution l
also leads to a more strongly coupled system. The dif
ences between the details of the local magnetic ordering
troduced by the Co and Fe substitutions probably stem f
the different single-ion magnetic moments and anisotrop
of the two ions. Further details concerning the magne
n-
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properties reported here are expected from plannedmSR and
neutron scattering measurements.

We now consider the possible origins of the internal fie
focusing chiefly on the case of the Co substitutions. T
dipolar fields on the Yb31 spin coming from assumed iso
lated and blocked Co moments are too small to account
the observed fields: Assuming Co moments of 2mB , the
dipolar field will show a wide distribution with an uppe
limit of only 14 mT. In fact, the substituted Co, which occu
pies only the Cu~1! site and pulls in extra oxygen, form
dimers and clusters.17 These clusters will presumably b
magnetically coupled at low temperatures and the dipo
fields they create will still show a wide distribution with a
average value much lower than the measured value. Ra
we identify the observed fields as coming from locally o
dered Cu moments which themselves are introduced by
stituting Co. For 2% Co~the lowest level which introduce
magnetic order over the whole sample volume! and assum-
ing a random distribution of Co dimers, these would be se
rated on average by roughly six lattice spacings~a or b!.
That such low densities trigger local magnetic ordering o
the whole sample indicates that the order must involve
tensive long-range~oscillatory?! polarization of the Cu mo-
ments.

This long-range polarization will involve the Cu~1!-O
chains into which the Co is substituted. However, the pur
dipolar field coming from induced Cu~1! moments will not
be large enough to account for the fields observed on

FIG. 3. Temperature dependence of the average fluctuation
of the internal field acting on the spin of isolated170Yb31 Möss-
bauer probes in nonsuperconducting YBa2Cu3O6.35and in supercon-
ducting YBa2~Cu0.98Co0.02!3O7, YBa2~Cu0.96Co0.04!3O7, and
YBa2~Cu0.96Fe0.04!3O7. The dashed lines indicate the accessible f
quency window with the upper limit depending on the observ
strength of the field. The fluctuation rates of the field correspond
the fluctuation rates of the short-range correlated moments w
are at the origin of the field.
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56 7889BRIEF REPORTS
Yb31 which are sandwiched between the Cu~2!-O biplanes
and are rather distant from the chains. Direct superexcha
between the chain moments and the Yb31 is also inoperative
because the cations of the chains and the Yb31 do not share
a common oxygen neighbor. Cation-anion-anion-cation
perexchange, passing through two intermediate oxygens
exist,18 but such interactions are not common. We sugg
that the field produced on the Yb31 contains a significan
contribution coming from interactions with locally correlate
Cu~2! moments which are also introduced by the substitut
of Co. In this respect, we recall that in YBa2Cu3O6, where
only the Cu~2! carries ordered moments, the Yb31 experi-
ences internal fields of a size (;0.16 T) ~Ref. 11! compa-
rable to those observed here. Previous neutron diffrac
measurements have shown that the low level substitut
into YBa2Cu3O7 do not introduce long-range magnet
order19 ~although this becomes visible when the substitut
level is high enough to remove superconductivity20! whereas
Cu nuclear quadrupole resonance~NQR! measurements hav
evidenced some induced Cu moments and magn
ordering.21,22 Neutron time-of-flight measurements ha
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shown that spin-glass-like freezing is present23,24 with the
freezing attributed to the blocking of the spin fluctuations
the substituted magnetic cations.

In conclusion, from measurements of the internal fie
appearing on paramagnetic170Yb31 Mössbauer probes di
luted at the Y31 sites, we find that substituting low levels o
Co or Fe into YBa2Cu3O7, such that theTc remains high,
introduces spin-glass-like magnetic ordering over the wh
sample volume. The correlated moments which develop w
the Co/Fe substitutions concern the Cu~1! and Cu~2! sublat-
tices. The local probe Mo¨ssbauer technique, as used here
well suited to the study of the static or fluctuating magne
order which can be identified even if the local correlatio
extend only over distances comparable to that of the u
cell. The present results indicate that in underdoped su
conducting cuprates with highTc values, it is possible for
superconductivity and local Cu~2! magnetic order to coexist

We thank Isabelle Mirebeau and Martine Hennion f
useful discussions and Nadine Genand-Riondet for exp
mental assistance.
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