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A set of oxygen deÙcient pow der and granular samples of Y Ba 2 C u3 O7 À £

ceramics w as studied by means of thermogra vi metric and magneticall y mod-
ulated microw ave absorption metho ds. Esp eciall y the last metho d has turned
out to be a powerf ul metho d, w hich w as used to determine the dependence

of critical temp erature T c on the oxygen parameter £. U sing these metho ds
it has been show n that the remo ving of oxygen evokes the inhomogeneou s
oxygen distributi on in the samples and a change in carrier concentration
till to the loss of superconducti ng prop erties. A superconducti ng phase w ith

T c = 60 K , w hich occurs in oxygen deÙcient Y Ba 2 Cu3 O 7À £ sample, is an
unstable phase.

PAC S numb ers: 74.72.{h, 74.62.Bf , 74.62. {c, 74.25.N f

1. I n t rod uct io n

Oxyg en stoichi ometry in YBa Cu O £ (YBCO) decides on copp er charged
state and charge carri er concentra ti on [1, 2]. The concentra ti on of oxygen a˜ects
YBCO superconducti ng properti es, hence i t is relevant to understa nd the m ech-
ani sm of spi n pai ri ng and phase diagram of high- tem perature superconducto rs
(HTCS). Inho m ogeneous charge and spin distri buti on seems to be the origin of
stro ng carri er density Ûuctua ti ons, responsi ble for the app earance of superconduc t-
ing phase tra nsiti on at a given . The oxyg en content in YBCO is characteri sed
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by two parameters: x -oxyg en content in the sam pl eand £ -concentra ti on of oxygen
vacancy at O(1 ) site in the elementa ry uni t cell (£ = 7 À x ). The parameter £

changes whi le the sam ple is heated in vacuum or in the noble gas atm osphere.
Therm ogravi m etri c studi es show tha t the oxygen param eter £ l inearl y depends on
the loss of weight Â m as £ = À 0 [3 ]. The 1.65% loss of wei ght corre-
sponds to the change in from 0 to 0.7. Oxyg en desorpti on is accom panied by the
expansi on of the uni t cell along the -axi s di recti on [4, 5]. The dependence is
described as and gives param eter wi th 10% accuracy.
If the process ta kes pl ace close to the tra nsiti on from ortho rhom bic to tetra gonal
phase, whi ch is an order{ di sorder tra nsi ti on for oxyg en at O(1 ) and O(5 ) sites,
the oxygen param eter can be determ ined f rom the vo lum e of the elementa ry uni t
cell [6].

D espite extensi ve studi es on oxygen deÙcient sam ples [7], there are sti l l ques-
ti ons regardi ng the m echanism of rem ovi ng the oxyg en and hom ogeneit y of su-
perconducti ng phase in the who le range of possibl e oxygen concentra ti on. In the
present study the oxyg en deÙciency and relevant phenomena are intensi vely inv es-
ti gated by means of the m agneti cal ly m odul ated microwave absorpti on (MMMA)
m etho d. The phenom enon of MMMA is associated wi th a lossof microwaveenergy
due to the Co oper pai r exci ta ti on to a quasi-parti cle state. The metho d can serve
to determ ine the cri ti cal tem perature of the tra nsiti on from norm al to super-
conducti ng state, cri ti cal Josephson Ùeld and to inv estigate the Ûux pi nning
phenom enon as the wi dth of MMMA hysteresi s loop is proporti onal to the num ber
of tra pp ed Ûuxions [8, 9]. It is also especial ly useful below the percolati on thresh-
old, where tra nsport m easurements cannot be appl ied, and low concentra ti ons of
superconduct ing phase do not al low m easuri ng the magneti c suscepti bi l i ty .

Here, the changes observed in the tem perature dependences of MMMA and
the changes of sam ple pro perti es at di ˜erent levels of oxyg en concentra ti on point
to at least two- phase model of YBCO as oxygen is rem oved [10].

YBCO powder f rom Superconducti ve Components Inc. wi th a gra in size of
1 m was the master sam ple. oxyg en desorpti on on a therm ogravi m et-
ri c analysis (TG ) balance was perform ed to determ ine the set of four tem perature
values, at whi ch the rate of oxyg en loss is not fast. Duri ng the TG analysis the
powder was heated at the rate of 5 K/ min in contro l led Ar/ 5%H atm osphere. The
set of oxyg en deÙcient sam ples wa s prepa red by heati ng the powder for 10 m in
in argon atm osphere at temperatures determ ined from the TG analysis and then
quenched to room tem perature.

Ano ther sampl ewa s a hi ghly granul ar piece of YBCO ceramics characteri sed
by mass of m g, porosity of 30%, and avera ge diam eter of the gra ins equal

m . The sam ple was placed in a quartz tub e and heated under vacuum to
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523 K. Af ter 10 min of heati ng the tub e wi th the sam ple was sealed and cooled
to room tem perature. Im mediatel y after cool ing the cri ti cal tem perature T c of
the sampl e was m easured. The next m easurements of Tc were perform ed af ter
heati ng the sampl e duri ng 10 m in in selected higher tem peratures up to the l im it
of 773 K. For the accurate measurements of the cri ti cal tem perature T c and thus
the determ inati on of small changes in £ param eter the MMMA non-conta ct metho d
wa s used. The techni cal deta i ls of the m etho d can be found elsewhere [8, 11].

The MMMA m easurem ents were perf orm ed using an X band EP R spectro m-
eter equipped wi th Oxf ord hel ium -Ûow ESR 900 cryo stat. The second m odul ati on
of the appl ied m agneti c Ùeld was used. The frequency of the second m odul ati on
wa s equal 100 kHz and i ts am pl i tude was 1 mT . There was a standard conÙg-
ura ti on of the m agneti c Ùelds in m icrowave cavi ty , i .e. the microwav e m agneti c
Ùeld was perpendi cular to the appl ied magneti c Ùeld and to the Ùeld of second
m odul ati on.

3. R esul t s an d d iscu ssio n

Fi gure 1 presents TG curve for the powder sampl e. Using the data f rom
Fi g. 1 the set of oxyg en deÙcient sampl es was prepared by heati ng the powder for
10 m in in argon atm osphere at tem peratures determ ined from the TG analysis,
i .e. 523 K, 803 K, 833 K, and 898 K and then quenched to room tem perature.

Fi gure 2 presents MMMA signals versus tem perature for 4 oxyg en deÙcient
powder YBCO sam ples, heated at 4 previ ously selected tem peratures (i .e. 523 K,
803 K, 833 K, and 898 K). Each oxygen loss due to heati ng destro ys adequatel y
the superconduc ti ng state. For a heati ng tem perature of K the cri ti cal
tem perature is sti l l 90 K as f or the untrea ted sam ple of YBCO. Hi gher
tem peratures of 803 K and 833 K were resulted in decrease in to 60 K ( )
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Fig. 2. T he amplitud e of MMMA vs. temp erature for untreated and deoxygenated

Y BC O at di ˜erent temp eratures.

and in reducti on of MMMA signal ampl itude. There is no MMMA signal associated
wi th superconducti vi ty for T 4 = 8 9 8 K.

The granul ar YBCO sampl ewa s heated more caref ul ly. The heati ng tem per-
ature was increased from 523 K to 773 K. The interv al between two consecuti ve
tem peratures selected f or heati ng the sam ple was equal 20 K, especial ly in the
range of 673{ 773 K. Af ter each of the heati ng cycl e the cri ti cal tem perature T c

wa s m easured usi ng MMMA. The resul ts obta ined are presented in Fi g. 3. The
cri ti cal tem perature rem ains constant and equal Tc = 90 K for heati ng tem per-

Fig. 3. T he critical temp erature T c vs. heating temp erature T H and versus £ coe£cient

af ter data of K ubo et al. [12] and C onder [13] .
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atures up to 573 K. The sharp drop of cri ti cal tem perature begins at a heati ng
tem perature of 673 K and ends at 723 K, where T c reach the value of 55 K.
For even hi gher heati ng tem peratures up to 773 K there is the plateau of cri ti cal
tem perature because the 90 K YBCO phase is converted to 60 K phase.

The overal l dependence of cri ti cal temperature T c on heati ng tem perature
is simi lar to the dependence of wei ght loss versus heati ng (see Fi g. 1). It pro ves
tha t the loss of oxygen is the m ost importa nt facto r inÛuencing the tem perature
of tra nsiti on to sup erconducti ng state T c .

The present resul ts are compared in the sam e Fi g. 3 wi th the data reported
by Kub o et al . [12] and Conder [13]. The last two autho rs determ ined also the
relati ons between £ -coe£ ci ent and cri ti cal T and heati ng tem perature . Our
resul ts seem wel l corresp ond to the data obta ined by Kub o et al . However there
is som e disagreement wi th the data of Conder. The reason for the di spari ty is
pro babl y due to a di ˜erent oxyg en di ˜usi on rate caused by di ˜erences in the
structure of the sampl esl ike, for exam ple, size and shape of the gra ins, and sampl e
porosity [13].

Ca reful investi gatio n of MMMA signal dependence on temperature and m ag-
neti c Ùeld presented in Fi g. 4 allowed one to discover two di ˜erent tra nsi ti ons in
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the sam ples wi th £ -coe£ cient above ¤ 0 : 3 . They are evidenced by abrupt changes
in ampl i tude of MMMA vs. tem perature A M M M A ( T ) . The hi gh- tem perature tra n-
siti on occurs near 90 K, where MMMA increases whereas the low- temperature
tra nsiti on app ears close to 60 K. Obvi ousl y, the two tra nsiti ons corresp ond to two
di ˜erent YBCO phases present in the same sam ple. Mo reover, f rom 90 K to 60 K
the ampl itude A M M M A depends almost l inearly on tem perature, whereas below
60 K A M M M A i s l ike the one for untrea ted YBCO conta ining pure 90 K phase
| Fi g. 4a.

Beside the tem perature dependences of MMMA the microwave hysteresi s
loops were registered for tem peratures 40 K and 70 K, i .e. below the low- and
hi gh- temperature tra nsiti on, respectively. There is a substa nti al di ˜erence in wi dth
for both loops (40 K and 70 K) com pared to loops for untrea ted YBCO sampl e
observed at the sam etem peratures | Fi g. 4b. The loop at 70 K in oxygen deÙcient
sam ple corresponds to the l inear dependence. Thi s loop is broad. A
very narrow hysteresis loop was recorded at 40 K.

The broader m icrowave hysteresi s loop impli es a stro nger m agneti c Ûux
tra ppi ng in the sampl e because the m icrowave hysteresi s wi dth is di rectl y
related to the mean value of m agneti c Ûux tra pp ed inside the sampl e:

[9]. Here, is a coe£ ci ent dependent on the structure and ge-
om etry of the sam pl e. The m agneti c Ûux can be tra pped in a form of inter- or
intra granula r Ûux, whi ch corresp onds to the pi nni ng of Abri kosov or Josephson
vo rti ces, respectivel y. The present case is even more com plex as the sam ple is
composed of two superconducti ng phases,i .e. 60 K phase and 90 K pha se.The m i-
cro wave hysteresi s loop recorded at 70 K is due to the pi nni ng in 90 K phase onl y,
wherea s the 60 K phase contri butes to the tota l pi nning and inÛuences microwave
hysteresi s m easured at 40 K. Thus, the low temperature micro wave hysteresi s is
an addi ti ve e˜ect of the pi nning forces in the two superconduc ti ng phases.

The tra ppi ng of intra granular Ûux due to Abri kosov vo rti ces pi nni ng is es-
pecial ly a˜ected by the oxyg en content in the sam ple and to the pro cess of oxygen
desorpti on. It is because one of the e˜ecti ve pinni ng centres f or the vorti cesare oxy-
gen vacanci es. The oxygen vacanci es are e˜ecti vely generated duri ng deoxyg ena-
ti on pro cessand thi s is why 60 K phase is much richer in pinni ng centres tha n 90 K
phase. The elementary pinni ng force of an Abri kosov vortex by oxygen vacancy,

[14, 15], is proporti onal to the therm odyna mic Ùeld and
the radi us of vacancy . The density of vacanci es and thei r size are not the onl y
parameters determ ining the to ta l pinni ng force. The other ones are m ateri al pa-
ram eters l ike: the coherence length and the penetra ti on depth . Thi s is because
the condensati on energy and so the pinni ng in La rki n{ Ovchinni kov
m odel [16] is equal to (where is the Ûux quantum ). As and

param eters are di ˜erent for 60 K and 90 K phase (f or exam pl e: ¡A
and ¡A for 60 K and 90 K pha se,respecti vely [17]), theref ore i t is di £ cul t
to say whi ch phase dominates in the to ta l pi nni ng. Anyway , the pi nni ng in 90 K
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phase increasesas the temperature decreasesand addi ti onal ly at low tem peratures
60 K phase becom es superconduct ing and contri butes to the pi nning. The increase
in the to tal pi nning force should expand a m icrowave hysteresi s wi dth very much.
The opposite e˜ect is observed.

The behavi our of microwavehysteresi s wi dth, however, can be well expl ained
in term s of pinni ng of interg ranul ar Ûux in a f orm of Josephson vorti ces. The vor-
ti ces are coreless and thus pi nned in interg ranul ar voids and gra ins of norm al
phase. The elementa ry pinni ng force is pro porti onal to the strength of interg ran-
ul ar Josephson j uncti ons and the num ber of pi nni ng centres to the porosity of
the sampl e and to the amount of norm al pha se. Here, the porosity of the sampl e
is constant contra ry to the amount of the norm al phase, whi ch is tem perature
dependent. At a tem perature of 70 K the 60 K phase is obvi ously norm al and
contri butes to the to ta l pinni ng. However, it becom es superconducti ng at 40 K
and Josephson vo rti cesare pinned in interg ranul ar voids, onl y. Theref ore the to ta l
pi nni ng force and tra ppi ng of m agneti c Ûux decreases and a narrow microwave
hysteresi s occurs. Opp osite, in the range of linear A M M M A (T ) dependence in
60 K < T < 90 K, the hi gher to ta l num ber of vo rti ces pinned is expected.

The e˜ect of \ ageing" observed in the deoxygenated sam ples (£ ) points
also to tw o-phase tra nsiti on to superconducti ng state for an oxygen deÙcient sam -
pl e. Af ter 3 weeks of keeping the powder sampl e in argon atm osphere the phase
wi th 60 K disappeared. The recovery of stro ng MMMA signal at 90 K
wa s observed, whi ch means tha t 60 K phase was repl aced by 90 K phase as a resul t
of \ f ree" oxyg en redi stri buti on in the sam ple. The expl anati on of the e˜ect is tha t
the oxyg en leaves O(1) sites wi tho ut leavi ng the sampl e, hence the ageing pro cess
gives oxygen back at O(1 ) site. Thus one can concl ude tha t the 60 K phase is
unsta ble. We reported the simi lar e˜ects of oxygen and charge redistri buti on for
arti Ùcial ly inhomogeneous superconducto rs [18].

The resul ts presented in thi s paper show tha t the oxygen loss in YBCO is an
inhom ogeneous pro cess. The deoxyg enati on under hi gh temperature and vacuum
or noble atm osphere removes oxygen ato ms f rom O(1 ) sites in YBCO structure.
Simul taneousl y a decrease in tra nsi ti on tem perature down to 60 K is observed.
The 60 K phase seems to be unsta ble due to \ ageing" e˜ects associated wi th the
recovery of oxyg en ato ms to O(1) sites and the recovery of 90 K phase. There are
two superconducti ng phaseswi th two di ˜erent tra nsiti on tem peratures equal 60 K
and 90 K in the sampl es heated at interm ediate tem peratures.

The observed evoluti on and the changes of MMMA signal wi th tem perature
are due to superconduct ing tra nsiti ons of the two phases and to the interg ranul ar
Ûux pi nni ng in the form of Josephson vorti ces. The contri buti on f rom the pi nned
Abri kosov vorti ces can be neglected.
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