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Distinguishable effects of oxygen and rhenium in HgBguO,.. ; superconductors
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Muon spin relaxation and magnetization experiments on_kReBa,CuQ,, s ceramics with different
oxygen and Re contents allow us to discern the effects of the incorporation of both elements in this supercon-
ductor. For all compositions]. ando~\ 2 are strongly dependent ahand display a maximum at optimal
doping. The optimall; and o values are nearly independentxofthus indicating that the Re substitution has
only second order effects on the basic superconducting properties of this compound, near optimal doping.
Samples with Re have higher oxygen contents, due to the high valence of this cation. However, the shift of the
T.(8) and () curves toward higheé values as increases suggests that the oxygen atoms coordinating the
Re cations are less effective to doping than the excess oxygen atoms present in Re-free samples.

INTRODUCTION to reflect the behavior of the individual superconducting
CuG, planes. Herer~1/\2~ns/m* is the muon relaxation
Cuprate superconductors containing mercury, with genrate, ng the density of Cooper pairs, amd* the effective
eral formula HgBaCa,_;Cu,0,,4 24 5, have been the sub- mass of the charge carriers. Deviations to the right of this
ject of considerable interest since their late discovatye to  line have been observed for cuprates with coupled L£uO
their high critical temperatures—particularly, the3 mem-  planes(Y-123)**! and for overdoped compoundfsand are
ber of the series displays the highdstever reported for a therefore considered an indication of interlayer metallization.
superconductorT .= 134 K. These highl.'s have been as- Recent convincing evidence of the progressive anisotropy
cribed to the large Cu—O apical bond distances, and to theeduction with overdopin§ support this interpretation.
absence of buckling of the Cu—0O plarfes. SR measurements on Hg-based superconductors are
Studies of these materials soon revealed two importarscarce. Two Re-doped ceramics=(1,2) were studied by
hindrances: their unstability and difficult synthesis, and theirTallon et al;*° these samples displayed a marked deviation
large anisotropy,and consequently, low bulk pinnifigCon-  from the Uemura line, and therefore gave ground to the ar-
siderable efforts have been therefore devoted to searching fguments of the interlayer metallization induced by Re. Nev-
chemical substitutions’ which would both stabilize the ertheless, one of these samples was not optimally
phases and reduce their anisotropy. The most promising reloped; according to the above paragraph, overdoping
sult was reported by Shimoyama and co-workengho ob-  could account for the observed deviation. NewSR
served that the partial substitutioh0%—15% of Hg for Re  experiments were carried out recehflyn two Re-doped
not only stabilized the compounds but also resulted in gowders of composition HgRe 18SHLCaCuyOg, s and
marked increase of their irreversibility lifeThis effect has  Hgy g R 1888CaCu0s. 5, close to optimal doping. The
been associated with a possible decrease of the supercameasuredl (o) data are in quite good agreement with the
ductor anisotropyl’=m./m,,, which would be due to a Uemura line and thus do not reveal any evidence for inter-
metallization of the blocking layerst® This would be in-  layer metallization induced by Re. Data on the unsubstituted
duced by the oxygen atoms incorporated in thg He,Os  compounds have just been reported for thel member of
planes because of the high valence of Re. Magnetic measurthe series?
ments on grain alignefHg, Re-1223 powders point indeed These scarce and controversial results therefore require
to an effective anisotropy decredde? Nevertheless, no for more systematic studies of these interesting materials.
conclusive determinations df have been reported, due to For instance, other still open, important questions regard the
the difficulties in obtaining single crystal samples of theseeffect of the Ba substitution for Sr, and the effect of excess
compounds. oxygen atoms. It was reported that oxygen treatments may
Besides providing one of the best ways to estimate theensibly modifyT. and, especially, the irreversibility line of
magnetic field penetration depth, muon spin relaxation these superconductots? furthermore, it has been recently
(uSR) experiments constitute a useful technique to detecargued that the-axis shortening resulting from the Sr sub-
possible interlayer metallization effects. In fact, Uemurastitution might have consequences as important as those due
et alX® observed thaT (o) of most high-temperature super- to Rel”?°|t is important also to stress that the effects of Re,
conductors(HTS’s) under and close to optimal doping fall Ba/Sr, and oxygen are not independent, since the cell param-
on a unique line, the so-called Uemura line, which is thougheters and presence of Re modify the oxygen sites occupancy.
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In this paper we undertake the study of the simplest mem-
ber of the series, with a single Cy®lane. Through the
measurements of Hg,ReBa,CuQ, , s samples with differ- -
ent oxygen doping and Re content, we analyze the distinct
effects of these two parameters on two basic superconducting &
propertiesT. and\. T.(8) anda(5) are found to shift with ~ =
X, indicating that the oxygen atoms in tkidg, ReO; planes -
bound to the Re atoms provide a reduced charge transfer to
the superconducting Cy(lanes, as compared with the ex- L
cess oxygen atoms present in Re-free samples. The oxygen
content is observed to have significant effects on 35 ‘ ‘ , ,
~ng/m*, whereas ther values of optimally doped samples 0 0.2 0.4 0.6
are independent of their Re content, thus evidencing that this 5
cation has little effect on the superconducting properties of
this phase.
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FIG. 1. Evolution of the critical temperature with oxygen excess
8, for samples with different Re contert (Insed Low field dia-
magnetic transitions of=0 samples with different oxygen doping.
EXPERIMENT
due to this modulated field distribution, isr~1/\?
ng/m*.
The muon precession was measured at temperatures be-

High quality Hg - «ReBa,CuQ,, s ceramics withx=0, ™
0.10, and 0.15 were synthesized by the sealed quartz tube

techni described elsewh&r- d neutron dif- .
echnique, as described e1sew ray and nedtron o tween 10 K and abové@.. The recorded data display two

fraction as well as scanning electron microscéB¥gM) did R ; . )
not show any trace of segregated or impurity phases. Eleé:_ontnbutmns. a dominant one with fast amplitude decay plus
a nearly constant one, which becomes apparent at longer

tron dispersion spectroscopy indicated that within the experi<, di b The | h .
mental resolution the grains have an homogeneous cationane"s and 1s preseng.a O\TQH € attelr]:. V\llét : plric?es(sjlon
composition, which is close to the nominal one. Addition- requency corresponding to the external field, is likely due to

ally, the cell parameters and bond lengths, determined frorgOMe amount of nonsuperconducting material in the sample,

Rietveld refinements of neutron diffraction data, display iy nonscreened Hg-1201 phase. The first contribution arises

monotonic variation with Re content, thus indicating afrom the vortex lattice in the superconductor, as evidenced

gradual incorporation of this cation to the structti@rofile 0¥ its slightly lower precession frequency, which results

refinements of the neutron diffraction data do not reveal thd"°M the negative magnetization of the superconductor.

existence of inhomogeneities of the Re content. No traces OL In order t°d°bt?"” the muogzrelﬁxatmn rgtt(ej a_ssocllated o
eventual superlattice ordering were observed in Re—he st_Jpe(;con ucting staterpch “ t grgccr)]r ? sighal was
substituted phases. thus fitted to a two-component function; the first component,

The oxygen content of the ceramics was modified by dif-2 Gaussian exp(o™/2), accounts for the decay due to the

ferent treatments under oxygen pressures within the rang!d modulation inside the superconductor; the second, mi-
180 and 1.X 10" atm, and temperatures between 180 and'®" component accounts for the background contribution,

550 °C: high pressure annealings under pure oxygen, anneéi-bserved also in_the normal state. The pbtained fits and
ings under He—@ atmospheres with controlled ,(partial values were verified to not depend on this background con-

pressure, and under ultra high vacuum. The annealing procér-'b\x/thon' . idlv d . ianal b
dures had to be varied depending on the Re content of thek en measurlrr:g rar1]p| dy ecayw(;g s:gna S Ca"ta must be
sample. As-grown samples were progressively overdoped 4&<€N t0 ensure that the determined relaxation eatg not

their Re content increased; at the same time, oxygen grad mited by the finite Widtﬂ of the muon pgls(d(l) ns atdIS(IjSid .
ally lost mobility. Therefore, ag increased higher tempera- 1 OUr measurements, the asymmetry signal recorded during

tures and lower oxygen pressures were required to obtait)'s experimental runs prowdmg the Iargesv/alugs was not |
optimally and underdoped sampfés. ifferent from that obtained in runs corresponding to signifi-

The oxygen content was determined by thermogravimetgaml_y sm_aller_relaxation rates. _Th_us, the maxi_m_anrval_ues
fic and neutron diffraction analysésThe critical tempera- °Ptained in this study are not limited by the finite width of
ture was obtained from the diamagnetic onset in the Iow-fielc}he muon pulse. Further support to this conclusion IS pro-
temperature-dependent dc magnetization of ceramic bargfded by the fact that Fhe. temperature dependence &f
measured with a commercial superconductor quantum imele_ssentlally the s_ame-_W|th|n th_e error ba_rs—for all the mea-
ference device magnetometer. Further characterization of ti'€d samples, in spite of their rather different values of
superconducting properties of these samples with differe ndo at low temperatureésee Fig. 2 and related discussion
oxygen and Re contents will be published elsewi&re. elow).

Transverse fielghSR experiments were performed at ISIS
(Rutherford-Appleton Laboratory, United KingdomThe RESULTS
powders were cooled in a closed-cycle cryostat, after apply-
ing a fieldH=500 Oe. This value was shown in a previous Figure 1 shows the evolution of the critical temperature
work!’ to be high enough to ensure that the intervortex spacT with the oxygen exces4 for the measured samplék, is
ing in the superconductor is at most of the order of the penebtained from the low fieldfl = 10 Oe) magnetic transition.
etration depth\, and thus the observed muon relaxation rate,The inset in Fig. 1 displays some of these transitions, having
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el EX
e Fes RN for Re-free Hg-1201 ceramics. In this work none of the mea-
o 2.0 * K SN P sured samples showed any indication of saturation; for in-
AN stance, the change of for the optimally doped sample be-
‘. tween 20 and 10 K is about 0.3 %, much larger than that
1.0 x=0.15 N observed in our equivalent sample, and significantly above
* é our error bars. It should be remarked, however, that the ex-
(b) perimental incertitude in the values on Fig. 2 allows for a
0.0, 2'0 4'0 6‘0 8'0 100 residual temperature dependenceooét low temperatures;
T (K) these data are thus not in contradiction with the likely

d-wave nature of these materials.

Figure 3 displays the values of the muon depolarization
rate of the(Hg, ReBa,CuQ,, s ceramics recorded at 10 K,
as a function of their excess oxygen. Th€l) dependence,

) _ shown in Fig. 2 and discussed in the previous paragraph,
typical widths of a fewK. The powdered samples showed jndicates that these low temperature values are a good ap-
only partial field screening, as usually reported for Hg-baseghroximation to those correspondingTe= 0. Any monotonic
superconductor¥"?>The dependence of the superconductindenhancement ofr(x,8) from its 10 K value towardT =0
volume fraction ond andx will be further addressed below. il not modify any of the systematic trends and behavior

The T¢(6) points belonging to the Re free samples de-discussed in the following.
scribe a well defined bell-shaped curve, as commonly found The data belonging to the Re-free compounds clearly dis-
in thesé*?® and the other HTS'$! The data points of play a maximum at optimal doping. The Re-substituted
samples with Re appear to also describe a bell-shaped curvghases seem to display the same kind of behavior, but with
with nearly the same maximui;, but shiftedA6~0.23  the o(5) curve shifted progressively to highérvalues. The
and 0.37 forx=0.10 andx=0.15, respectively, with regard maximum value ofr is nearly insensitive to the Re content.
to that of Re-free compounds. Superconducting Reqin fact, o(8) behaves much likd.(8): both have a maxi-
substituted phases display thus higher oxygen contents thafum at optimal doping, fairly independentxfand display
the unsubstituted ones. Moreover, Fig. 1 reveals that samplggentical shifts ins asx increases.
with Re, with oxygen contents equal to those of heavily The nonmonotonic dependence efwith doping is in
overdoped Re-free samples, halevalues corresponding to  agreement with that reported for Re-free Hg-1201 ceramics
optimal doping. in Ref. 18. However, we should mention that although dhe

Figure 2 display the evolution with temperature of theygjues for the optimally doped samples are nearly coincident
muon depolarization rate for some of the measured ceramicg; poth works, some discrepancies exist for the overdoped
with different Re content and doping level. The transition Ofsamples. Indeed, the value of ours=0.20 sample is sig-

o is much broader than that of dc magnetizatjepmpare pificantly smaller than that reported in Ref. 18 for a heavily
for instance Fig. @) with the inset on Fig. 1, corresponding overdoped sample witd=0.37. The reason for such a dif-

to the same samplgshis is a feature commonly observed in ference is not presently understood; however, the reported
HTS materials, and attributed to thehwave nature. Never- extreme sensitivity o, to the charge carrier density in the

theless, a tendency toward saturationoofit low tempera-  oyerdoped reginfé may be of relevance.
tures may be clearly appreciated in Fig. 2. The dependence
of o(T) may be described by a las(T) ~1—(T/T)", with
n~2-3 for all the samples studied; and, particularly, the
enhancement af when decreasing the temperature from 20 The shift of theT (6) curve in Fig. 1, roughly propor-

to 10 K is lower than the error bars of in all our samples. tional to the Re content, indicates that the superconducting
This saturation trend contrasts with data reported in Ref. 1®hases with Re have higher oxygen contents than the Re-free

FIG. 2. Temperature dependence of the muon relaxationorate
for Hg-1201 ceramics with different doping level, fio=0 (a) and
x=0.15(b).

DISCUSSION
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ones. In fact, this is what should be expected, since each Rerred octahedral coordination of Re, and the four oxygen
cation tends to form Re{bctahedra. In order to fulfil them, atoms brought by each Re cation to the structure. Thus, al-
four oxygen atoms should be incorporated into thethough the valence of the(@) atoms may be higher than that
(Hg, ReO; plane for each Re atohi.Indeed, the oxygen of the Q3) atoms, they transfer less holes to the supercon-
excesss in as-grown Re-substituted samples is found to beducting planes, because they are tightly bound to the high
very close to 4.2%?Neutron diffraction data have provided valence Re cations. This reduced hole doping per oxygen
evidence that in Re-substituted samples nearly all the oxygeatom is overbalanced by the higher content of oxygen in
atoms in the (Hg,ReO; plane are bound to the Re Re-substituted samples, and thus as-grown samples with in-
cations? creasing Re contents are progressively overdoped.

Figure 1 shows also thati) the shift of theT(5) curves We now move to the behavior @f with oxygen doping
for samples with different Re is lower tharx4A6~0.23  and Re substitution, shown in Fig. 3. The similarity of the
and 0.37 forx=0.10 and 0.15, respectivglyand (ii) the  T.(5,x) and o(8,x) curves suggests that~ng/m* is
oxygen excess corresponding to optimal doping deviates pramainly reflecting the changes in the charge carrier density.
gressively from & [Sop(x=0.10)=0.42, andd,,(x=0.15) At a givenx, o increases when going from under to optimal
~0.53, i.e., as grown samples become overdoped &  doping, indicating an increase of the superfluid density. This
creases. These two facts reveal that the oxygen atoms in tlie a common observation in HTS. Hole doping is known to
(Hg, ReO; plane bound to Re must contribute to the dopinglead to an increase of the carrier density and a suppression of
of the compound, but their role must be different from that ofthe pseudogaf*?° in the underdoped regime, both effects
the excess oxygen atoms present in the fig@ane of Re- result in an enhancement of the superfluid density. As Fig. 3
free phases. Following the crystallographic notafiband in  reveals,o reaches a maximum for optimal doping and then
order to lighten the text, we will refer to these two oxygendecreases again in the overdoped regime. This fair &r
sites as @) and Q3), respectively. The (B) atoms are overdoped samples has also been observed in other HTS,
located at the center of the Hg-square network, whereas thepecially in T1-based compountfsit may be due to a re-
O(4) ones are displaced toward the Re cations. duction of the Cooper pair density, or to an enhancement

As stated above, Re-free phases only ha¥8) ©xygen of the effective mass* of the charge carriers within the
atoms, whereas in Re-substituted phases almost all the egtanes. Since increasingabove optimal doping results in a
cess oxygen atoms arg4). On the other hand, the optimal progressive increase of the normal state carrier density in
doping of the Re-free Hg-1201 structure corresponds to #lg-1201 compounds, at least 6« 0.222* a reduction of,
hole concentratiop,,~0.162*?° Preliminary Seebeck mea- would imply the existence of enhanced pair breaking in the
surements on our Re-substituted samples indicate that thisserdoped state, as argued in Ref. 15. On the other hand, an
value is not modified by the Re preserfé@s the invariance increase ofn* cannot be disregarded as there is increasing
of the optimalT, already suggests. These observations allowdisorder in the BaO layers when increasing the oxygen con-
an estimate of the effective valence of the excess oxygetent: a displacement of Ba toward tttég, ReO; plane takes
atoms @3) and Q4), as well as their charge transfer to the place, induced by the strong bonds between Ba and extra
superconducting Cugplanes. Assuming that whef=0 the  oxygens in this plan&
compound is an insulator, which is true for the Re-free Figure 3 reveals that the changes in the oxygen content—
phas€? and knowing that excess oxygen atoms occupy and therefore in doping—have more important effectsoon
single site[either O3) or O(4)] at fixedx, one can roughly than the substitution of Re for Hg. Even more, the maximum
estimate the charge transfer of th€3Dand 44) atoms by ¢ value, corresponding to optimal doping, is shown in Fig. 2
dividing P, by the excess oxygen corresponding to optimalto be nearly independent of the Re content, within the error
doping Jyp(X). This simple calculation reveals that in Re- bars. This observation, together with the absence of any sig-
free samples each(B) atom provides nearly one hole to the nificant effect of Re on the optimdl,, allows some impor-
CuG, planes. This value is in very good agreement with bothtant conclusions to be drawn. The insensitivity of the optimal
theory and detailed Seebeck measurements, which indica®, to the Re presence implies that the optimal density of
that the effective valence of the(8) atoms lies between 0.7 Cooper pairs is not affected by the Re incorporation. Thus,
and 1?*% For thex=0.10 and 0.15 samples, our estimatethe invariance of the optimat value reveals that the effec-
indicates that each @) provides 0.38 and 0.30 holes, re- tive mass of the charge carriers remains also basically unal-
spectively, to the superconducting planes. Thd)Gitoms  tered by Re, at least at optimal doping. That is, Re appears to
appear therefore less effective to doping than tlt8 ©nes, have minor effects on the basic superconducting parameters
i.e., there is a reduced charge transfer from the oxygen atontf Hg-1201 compounds. In fachone of the Re-substituted
coordinating the Re cations in the (Hg, Be)lane, as com- samples has largerr values than those corresponding to
pared to that of excess oxygen atoms in the Re-free conpptimally doped Re-free sampleBven more, the slightly
pound. underdoped sample witk=0.15 displays ar value as small

An alternative estimate may be obtained by simply mak-as those of more underdoped samples without Re.
ing a charge balance, assuming that the effective valence of The observed insensitivity of the superconducting proper-
Re is roughly 6, as the Re—O bond length summation ties of these compounds to the Re presence is to some extent
suggesté? The O4) valence obtained in such a way is unexpected, since the incorporation of this cation is known
roughly 1.3, both forx=0.10 and 0.15. Facing this and the to have important effects on the crystal structure of the Hg-
above estimates, it seems clear that ea¢h @om borrows based phases. The high valence of Re, and much shorter
one electron from the Re cation and about 0.3 from the LuOlength of the Re—O bond as compared to the Hg—O bond,
planes. Such a conclusion is fully consistent with the pretesult in structural modifications, evidenced specially in the
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value is found to beé ,,= 135+ 3 nm forx=0. On the other
hand, if the superconducting grains have an averageasize
comparable to\,,, the screened volume of the ceramic
sample is a factor (% \,,/a)? smaller than its overall vol-
ume, and thu$sc~ (1—\,5/a)2. The correlation of sc and
= ® o revealed by Figs. 3 and 4 suggests that, indeed, the non-
monotonic behavior of the superconducting volume fraction
might be reflecting the dependence )ofwith doping. Al-
L .-/1 A though SEM images of some of our ceramic samples indicate
A the existence of grains as large ag®>\,,, this by no
351 . . means excludes the existence of subgrain boundaries which
0 0.2 0.4 0.6 might reduce the effective grain size: the extreme sensitivity
S of Hg-based compounds to mechanical stress points in this
direction?® In summary, the fact that the effective grain size
of Hg-based superconducting ceramics is comparable, o
would allow the observation of a dependence of the super-

shortening of thec-axis length. One would therefore expect conducting volume fraction on doping, and establish a rela-
relevant changes in the tails of the band structure of 1201ionship betweerfsc and the measured.
compounds. In spite of it, the present results indicate that the
Re-induced structural changes do not modify the conduction
band near optimal doping. In this sense, it would be interest- CONCLUSIONS
ing to perform uSR measurements on Re-substituted
samples far away from optimal doping, particularly in the |n conclusion, measurements of the muon relaxation rate
underdoped regime, where changes in the band structure affl Hg-1201 superconductors with different oxygen and Re
disorder induced localized states should be more evidengontents have revealed their distinct effects on some funda-
These samples, however, are hard to obtain, due to the tigh{ental parameters of these superconductors. Oxygen has sig-
Re-0 bonds, which reduce considerably 'the mobi[ity of OXY-nificant effects onr andT,, which display a maximum as a
gen atoms and make oxygen removal difficult. In view of ourg,tion of 5. Re-substituted samples display higher oxygen
resglts, (()jther mte_restlngf e);ﬁerlmetn(;sﬁbsré(;uld t;n;/'?htled th&ontent, due to the high valence of the Re cation, and con-
study and comparison of other catigRb, C)y substitute : :
Hg-based superconductors, with depressed opfirgal ls;equentlyTC(ag an(: U(b;)j z;re Shhlfted FO r:|gh|er5 values. |

It had been also suggested that thaxis shortening and . owever, we have foun that their optllmg values are nearly

insensitive to Re. Thus, the Re substitution does not appear

metallic character of ReGshould result in an interlayer met- d | t ch th timal C .
allization, and thus a change in the dimensionality of thesd? Produce any relevant changes on the optimal Cooper pair
density, nor on the effective mass of the charge carriers

superconductors, which would manifest by a significant en- ) 4 X
hancement ofr.X° The present data do not show any evi- along the superconducting planes and the effective dimen-

dence of it, in accordance with some recent results obtainegfonality of the material. It is found that the oxygen atoms
for the Hg-based compounds with 2 and 3 Cu—O layérs. bound to Re in th€Hg, R8O, planes are less effective to
Finally, we would like to draw attention to the implica- doping than the interstitial oxygen atoms in Re-free samples;
tions of theo(8) behavior shown in Fig. 3, regarding the field this reduced charge transfer is nearly counterbalanced by the
penetration depth and field screening response. Figure 4 difigher oxygen content due to the Re presencexfe0.10;
plays the superconducting volume fractibg as a function ~as-grown samples with higher Re content are progressively
of the excess oxyge#, for all our samplesf s is defined as overdoped. On the basis of the present results early sugges-
the ratio between the screened and total volume of th&ons of flux pinning enhancement due to a Re-induced an-
sample,fsc=Vsc/V, and was obtained from the slopes of isotropy reduction should be reconsidered.
the low fieldM (H) data in powder samples. The observation
of only a partial field screening in the Meissner state is com-
mon in Hg-based superconductdf$>'® Comparison of ACKNOWLEDGMENTS
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