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Local magnetic order in superconducting YB&(Cu;_,M,)30; (M =Co,Fe
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We have examined the local magnetic order which is introduced intoGB®, by substituting low levels
(1-4 99 of Co or Fe. The order is evidenced through the appearance of an internal field on the ¥Pbdf
Mossbauer probes diluted at thé'Ysites. 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[S0163-1827)01737-3

In the cuprate superconductors, Cu-based magnetism amdossbauer probes diluted at thé'Ysites!* The measured
superconductivity both depend strongly on the hole densitysignal comprises a contribution from each of the probes in
and the interrelation between the two states remains a centéte sample. The present approach is analogous to that fol-
of interest. The evolution of the superconducting and maglowed by the muon-spin rotation-relaxatiGunSR) technique,
netic properties is well evidenced by the YarO, system, which has been extensively used to study magnetic ordering
which displays a number of the generic properties of theén the cuprate® where the static or fluctuating internal
cuprates. Here the hole and condensate densities are gdields are detected on implanted interstitial positive muon
erned by the oxygen level and its spatial distribution. In theProbes.
fully oxidized (x~7) superconducting samples Ty The *"%b** probes are nonintrusive in that their presence
~92 K), neutron scattering measurements evidence spin efas essentially no influence on superconductlwty or on any
citations above a gap of the order of B5(Refs. 1 and 2 Cu-based magnetic order. They are randomly distributed at

3+ i ida i ;
and no excitations at low energigsn the fully deoxidized the Y°" sites and thus provide information on the local mag-

(x~6) nonsuperconducting samples, neutron diffraction'€liC_Properties over the whole sample volurfighat the

measurements show that the C) of the Cu-O bilayers d.|str|but|on_ 1S random is _shown by the ﬂsba_uer an;lz(sr
orders antiferromagnetically T~400 K). Increasing the s:In addition 0 the main spectrum.due 0 |.solate .’b

0 used to extract information concerning the internal fields,
oxygen level up from the fully deoxidized state leads to

. . here is a second, minor spectrum which is identified with
reduction in the size of the long-range correlated momentsy 3+ gimers. The relative intensity of this spectruffor

to reductions of the correlation lengths, and to the introduc b3+/Y3*=0.025 it is~ 25%) roughly scales with the Y&

tion of temperature-dependent fluctuations of the Co”elategoncentration, so showing that the probes are distributed ran-
moments. Superconductivity is introduced and magnetic Ofgomly] When substituted into YBEu,O,, the YEB* ion
dering disappears when the oxygen level is increaseflas as'=1/2 ground state, well separated from the excited
through the range&~6.4 to ~6.6, where a gap opens in the crystal field levels. For the isolated Ybions in the studied
spin excitation spectrum with a size which rescales with theemperature range of up to 60 K, there are no fluctuations
value of T..2%In the intermediate oxygen level range, where petween the ground-state sublevels on thessbauer fre-

T. remains relatively low, phase separation into hole-richquency scale{5x10° s71), which is defined by the Y&

and hole-poor regions can occur and cluster spin-glass magyperfine interaction’ In this case, the Mssbauer absorp-

netic order continues to exist in parts of the sample up tQjon is interpreted with the standard slow paramagnetic re-
sample-averaged oxygen levels xf 6.55/7° A crossover |axation Hamiltonian

from a magnetically ordered (@) state to a superconduct-

ing state also occurs when Y is substituted for Pr in H=S-A-I-BH-g-S. (1)

PrBaCu;0,,'° and at intermediate substitution levels, the _ _ _ o _ _

samples show superconductivity, with relatively Igwval- ~ The first term in Eq(1) is the hyperfine interaction witA

ues, and spin-glass magnetic order. This coexistence aga‘ihe h)iperflne tensor and the second a Zeeman term where the

probably arises through phase separation. For the abovield H, if present, acts on the ¥b effective spin withg its

samples, whe, remains high and the whole sample vol- effectiveg tensor. The Mesbauer transitions take place be-

ume is superconducting, @) magnetic order is absent. tween the two ensembles of “static” electronuclear Breit-
We present results which show that the substitution ofRabi levels formed, according to E€l), by combiningS’

low levels of Co or Fe into YBZCwO; only slightly reduces  =1/2, respectively, with the ground =0) and excited

T, below the optimum value, yet introduces locally magneti-(1 .x=2) nuclear states linked by thE%b Mdssbauer tran-

cally ordered Cu moments, with spin-glass-like behaviorsition. In the absence of any internal figlthe case of un-

over the whole sample volume. To detect the static or flucsubstituted YBgCu0O,), the line shapes are governed only

tuating ordered moments, we examine the static or fluctuaty the hyperfine interaction. When the line shape analysis

ing internal field they produce on paramagneli®yb®"  evidences the presence of an internal field on tHyb3*
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hyperfine parameters argl values for YB*.1! There is a
W marked difference between the case for no internal fiedd-
responding to unsubstituted YB2u;0,) and for the case of
w an internal field of 0.16 T which is representative of the
experimental values to be encountered below. Figure 1 also
illustrates a second feature of the present technique: The
M line shapes depend on the fluctuation rate of the internal
field, which can thus be followed over a fairly wide range.
Figure 1 shows the evolution as a function of the fluctuation
M frequency of the fieldof size 0.16 7 obtained using Eq.1)
with the line shapes calculated by allowing the field to fluc-
M tuate sto_ch_ast_icalIj‘/l.'12 The evolution through the three
characteristic line shapdsitially split, then collapsed, and
finally resplip identifies, respectively, “static” magnetic or-
W der, fluctuating magnetic order with an average fluctuation
15x10'1 57t rate near the middle of the accessible frequency window, and

w fluctuating order with rates above the window. For this last
0.16T 5x10t 571 case, the Zeeman term no longer influences the line shape

because it is “motionally narrowed.” The present technique
m has been used previously to examine the local magnetic or-
T R R A B der in YBaCu0O, (Ref. 11 and in Y; _,Pr,BaCus0; (Ref.
-3-2-10 1 2 3 13). The results are in basic agreement with specific features
v (cm/s) established by neutr8ni’ and uSR (Refs. 10 and 14mea-
surements.
FIG. 1. Simulated Mesbauer line shapes with the hyperfine  Single-phase polycrystalline samples of
parameters ang values for'?%b3* in YBa,C,0, . Topmost: no Y g7e- OYbg goBas(Cu; — M) 307 (M=Co,Fe, X

internal field on the YB'. For the remainder, an internal field of =0.01-0.04 were made using the standard carbonate
0.16 T is present and fluctuates at the rates shown. When the ratensethod with five intermediate grindings to ensure homoge-
below 1.0<10° s7%, the field is “static.” When the rate is high neity and a final ambiant pressure oxygen anneal to optimize
enough(bottommosy, the line shape returns to that for no internal T.. The Co and Fe enter the chain sitesiquely for Co,
field (topmos}. An appropriate subspectrum, centered @t predominantly for Fe The real oxygen level of the samples
=0cm/s, due to the Y dimers, observed experimentally is also \aries slightly with the substitution level, but is written here
included. simply as 7. The substitution of Fe or Co leads to an under-
doped stat€ and was found to lower the superconducting
probe, then this is an indication of magnetic ordering in thetransition temperatures by amounts in agreement with the
vicinity of the probe. The detected internal field is attributedliterature*® Our susceptibility measurements show essen-
to the combined influence of the molecular and dipolar fieldgially unchanged Meissner and screening fractions. In Fig. 2
arising from the neighboring ordered mometis. we present thé"’%vb Mossbauer line shapéb, =0, =2,
The sensitivity of the technique is illustrated in Fig. 1 E, =84 keV, 1 mm/s=68 MHz, source TrhB,,) observed
which presents line shapes simulated with the appropriaten superconducting YB&Cu, _,M,)30; with M,=Ca o,
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FIG. 2. Mossbauer absorption of"%b%" probes diluted into nonsuperconducting ¥%Ba,Ogs3s and into superconducting
YBay(Cly gdC 0 02307, YBay(Cly 9¢C0p 00307, and YBa(Cuy o &y.04307- At 1.4 K in each of the samples, magnetic order is evidenced
through the presence of “static” internal fields on the spins of all the isolated probes. At higher temperatures, the absorption is fitted by
allowing the fields to fluctuate and by including a distribution in the local rates. Each total line fit also includes a separate minor subspectrum
due to YB* dimers.
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(T.=84K), Cqyp4(T,=68K), and Fgos(T.=70K). Fig-

13
ure 2 also shows the line shapes observed in nonsupercon- iglz { L_;__l_+'__'__'__'__ ]
ducting YBaCuyOg 3511 All the experimental data for the = ot . -
isolated YB* ions can be interpreted with the slow paramag- 2 oof $ T YBoyCug0y s ]
netic relaxation Hamiltonian of Eq(l) with the field H =t non-superconducting
“static” or fluctuating. Each line fit contains an appropriate 108 J_TAT_z__.'__._*”.__'.
minor contribution due to Y dimers. At 1.4 K in each of 102} S S
the samples, all of the isolated®b3* probes experience a & otf ---—=——- - ]
“static” fi(_eld. _(The line shapes are basically similar =010t ¢ YBay(Cut g0 )0 1
to those in Fig. 1 for rates below X110° s™1.) For =00t 4 T, = 84K
nonsuperconducting YB&u;Og 35 and superconducting 10° b S
YBay(Cly o & 0430+ the mean value of the local field is 02| n ]
~0.22 T, for YBa(CuygdC0p 04307 it is ~0.14 T, and for St T T L I
YBay(Cuy 9dC 0y 02)307;~0.08 T. In all cases the fields show a 3 1010 + f YBay(Citg 5000 )0
distribution in size of up to~30% of the mean value. These =t T, = 6K
“static” fields can only arise from “static” correlated mag- 108 -
netic moments in the vicinity of each probe. For Co substi- ef PR
tution levels as low as 2%, we find théthort-range corre- - 1011 1 *“$ ______
lated magnetic order is visible over the whole sample lrglow F W (Ba(Ca Fo 10
volume. For the 1% Co level at 1.4 K, a field is detected on = 107F T
the majority of the probes, showing that local magnetic order 108 | ¢———— o ]
exists over the major part of the sample volume. For the 1% 10" =70 20 30 40 50 60 70
Fe level at 1.4 K, local magnetic order is also detected over T (K)

part of the sample.

When the temperature is increased, the spectral line shape FIG. 3. Temperature dependence of the average fluctu...sttion rate
for each of the samples first tends to collapse and then tef the internal field acting on the spin of isolatéé’Yb®* Mdss-
split again. This behavior is analogous to that shown in FigPauer probes in nonsuperconducting ¥8&0g.ssand in supercon-
1 and is due to the thermally driven increases in the fluctuaducting  YBa(ChefC0y02307  YB&(Clh odC0h.045O7  and
tion rates of the fields acting on the spins of thQy b3+ YBaz(CLb_ga:Q)_oagQ7. The dashed_lmes mdma@e the accessible fre-
probes. In each of the samples we detect the coexistence @fency window with the upper limit depending on the observed
quite different local fluctuation rates and we find that thestrength of _the field. The fluctuation rates of the field correspond'to
average fluctuation rate slows down as the temperature Itlswe ﬂuctuatloln. rates of .the short-range correlated moments which
lowered. This is symptomatic of spin-glass behavior. The'® at the origin of the field.
existence of a wide distribution in the local rates is clearlyproperties reported here are expected from plant@@ and
seen, for example, for the YB&udC0y )30, Sample neutron scattering measurements.
where the line shape does not collapse to a single line at a We now consider the possible origins of the internal field,
single intermediate temperature. Figure 3 presents the thefecusing chiefly on the case of the Co substitutions. The
mal dependence of the average fluctuation rates. The verticdipolar fields on the Y&" spin coming from assumed iso-
bars represent the approximate range of the rates that aleted and blocked Co moments are too small to account for
Simu|taneous|y present_ the ObSQrVEd f_ields: Assu_ming CO mc_)ment_s WBZ the

As shown in Fig. 3, the upper threshold of the accessiblélipolar field will show a wide distribution with an upper
the field. For YBa(Cuh dC.09:07 the threshold is ex- Pi€s only the C() site and pulls in extra oxygen, forms
ceeded on average below 40 K, whereas fordimers _and clusters. These clusters will presumably_ be
YBa,(Cly 0dC00.00:0-, the average rate is still within the magnetically coupled at low temperatures and the dipolar

: . fields they create will still show a wide distribution with an
window at 60 K. For YBACly.eg-8,00307, the threshold is average value much lower than the measured value. Rather,

exceeded on average near 20 K, and at 60 K, some of ﬂ'\ﬁe identify the observed fields as coming from locally or-
rates are within the W!ndow and some are above the UPP¥ered Cu moments which themselves are introduced by sub-
threshold. The fluctuation rates show a weaker thermal varidsituting Co. For 2% Cdthe lowest level which introduces
tion for YBay(Clp 96C00,04307 than — for  magnetic order over the whole sample volyraed assum-
YBay(Cup 9C0p 07307 and a very much weaker variation for jng'a random distribution of Co dimers, these would be sepa-
YBay(Cly 06C0p 04307 than for YBa(Cly of&.04307- The  rated on average by roughly six lattice spacirigsor b).
substitution of Co rather than Fe thus leads to a morerhat such low densities trigger local magnetic ordering over
strongly coupled system which is less easily set fluctuatinghe whole sample indicates that the order must involve ex-
by increases in temperature. Increasing the substitution levéénsive long-rangé€oscillatory?y polarization of the Cu mo-
also leads to a more strongly coupled system. The differments.

ences between the details of the local magnetic ordering in- This long-range polarization will involve the Cb)-O
troduced by the Co and Fe substitutions probably stem fronchains into which the Co is substituted. However, the purely
the different single-ion magnetic moments and anisotropieslipolar field coming from induced QL) moments will not

of the two ions. Further details concerning the magnetidoe large enough to account for the fields observed on the
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Yb3" which are sandwiched between the(2eO biplanes shown that spin-glass-like freezing is pre$gft with the
and are rather distant from the chains. Direct superexchandeeezing attributed to the blocking of the spin fluctuations of
between the chain moments and the*¥Is also inoperative the substituted magnetic cations.

because the cations of the chains and thé*Ydo not share In conclusion, from measurements of the internal field
a common oxygen neighbor. Cation-anion-anion-cation suappearing on paramagnetid®yb®" Méssbauer probes di-
perexchange, passing through two intermediate oxygens, cafited at the ¥* sites, we find that substituting low levels of
exist!® but such interactions are not common. We suggesto or Fe into YBaCu,0,, such that theT, remains high,
that t'he 'f|eld prqduced on the % con'talns a significant jntroduces spin-glass-like magnetic ordering over the whole
contribution coming from interactions with locally correlated sample volume. The correlated moments which develop with
Cu(2) moments which are also introduged by the substitutionhe co/Fe substitutions concern the(Quand Cu2) sublat-

of Co. In this respect, we recall that in YBau,Op, Where  tices The local probe Mssbauer technique, as used here, is
only the Cy2) carries ordered moments, the bexperi- el suited to the study of the static or fluctuating magnetic
ences internal fields of a size-0.16 T) (Ref. 11 compa- — order which can be identified even if the local correlations
rable to those observed here. Previous neutron diffractiogytend only over distances comparable to that of the unit
measurements have shown that the low level substitutiongg|| The present results indicate that in underdoped super-
into. YBa,C;O; do not introduce long-range magnetic ¢onducting cuprates with highi, values, it is possible for

order? (although this becomes visible when the substitutiongperconductivity and local €2) magnetic order to coexist.
level is high enough to remove superconductfityvhereas

Cu nuclear quadrupole resonarib)R) measurements have  We thank Isabelle Mirebeau and Martine Hennion for
evidenced some induced Cu moments and magnetigseful discussions and Nadine Genand-Riondet for experi-
ordering®>?2 Neutron time-of-flight measurements have mental assistance.
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