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Transformation of in-plane p(T) in YBa,Cu;0,_; at fixed oxygen content
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This paper reveals the origin of a variation in magnitude and temperature dependence of the normal-state
resistivity frequently observed in different YBau;O, _ 5 (YBCO) single-crystal or thin-film samples with the
sameT.. We investigated temperature dependence of resistivity in,€B#,_ 5 thin films with 7— & be-
tween 6.80 and 6.95, which were subjected to annealing in argon at 400-420 K (120-140°C) or aging at
room temperature in air. Before annealifog aging these films exhibited a nonlineag,(T), with a flattening
[superlinearp,,(T)] below 220-230 K, similar tq,(T) and p,,(T) observed in untwinned and twinned
YBCO crystals, respectively. For all films the annealing causes an increase of resistivity and a transformation
of p.p(T) from a nonlinear(superlinear dependence towards a more linear dless flattening For films
annealed in argon with 7 5§=6.90 the increase of resistivity is also associated with an increa$g.iWe
proposed a model that provides an explanation of these phenomena in terms of thermally activated redistribu-
tion of residual @5) oxygens in the chain layer of YBCO. A good agreement between the experimental data for
pan(t,T), wheret is the annealing time, and numerical calculations was obtained.
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I. INTRODUCTION linear dependence on temperat{iFég. 1(b)]. This value of
resistivity is close to that of a nonlinear(T) measured at
Right after the discovery of high-temperature supercon300 K along the chain direction in some untwinned YBCO
ductivity (HTSC), it was observed that temperature depen-crystals®
dence of the normal-state resistivig{T) is linear in many Temperature dependence @f, measured irc-axis ori-
samples over a wide range of temperatures. Phillps  ented epitaxial YBCO thin films shows features similar to
plained this resultbelieved to be universal for all optimally those observed in twinned YBCO crystaf® Optimally
doped HTSCusing two-carrier percolation model. Later, the doped films with resistivity as low as 150Q cm at 300 K
observation of a lineap(T) was also used to support the have a nonlineap,,(T) with a flattening at temperatures
argument that non-Fermi liquid states are responsible for theelow 230 K(Ref. 9 (see Fig. 2 However, it appears that
normal-state properties of HTSC. the linear temperature dependencepgf(T) characterizes
The analysis of the experimental data fo(T) obtained films with higher resistivityabove~ 250 w{) cm at 300 K.
on untwinned and twinned YB&wO,_s (YBCO) single  Underdoped films withl.=84—85 K exhibitp,,(T) similar
crystals and YBCO thin films revealed however that the pureo that observed in optimally doped filfgsee Fig. 2
linear temperature dependence of resistivity is not a charac- Two different theoretical approaches were used so far to
teristic feature ofp(T) in HTSC. In fact, it has been found explain the observed nonlinea(T). The first one is based
that p,(T) measured along the chain direction in untwinnedon the classical electron-phonon Bloch-@eisen (BG)
crystals of YBCO(Refs. 3—6 exhibits a nonlinear behavior theory of metallic conductivity.It predicts a nonlineap(T)
with a flattening(superlinear behaviprat temperatures be- for temperatures less than the characteristic temperature
low 220 K [see Fig. 1a)]. On the other handy,(T) mea- =70y (where @ is the Debye temperature ang
sured in a direction perpendicular to the chains increases 1-2), and a lineap(T) for temperatures abovE*. The
linearly with an increasing temperature over a wide temperaother theoretical approach employs the thermal Frenkel dis-
ture range. The magnitude @f,(T) is about 2—2.5 times order of long-range-ordered chains of oxygen, a process dur-
larger than that of,(T) at the corresponding temperatures. ing which an oxygen atom jumps from its(D chain site to
An exception is the result of Welpt al,” who observed a @ nearby @6) interstitial (interchain vacant site'*
linear temperature dependence of bpthandp, . However, Poppeet al? attempted to explain the nonlinea(T) ob-
the absolute values of these resistivities are about two timeserved in YBCO thin films by assuming that the resistivity is
higher than those reported elsewhere for untwinned YBC@he sum of the temperature independent residual resistivity
crystals®=® p, due to impurities or defects, and the Bloch-@eisen re-
The in-plane resistivityp,,(T) measured in twinned Sistivity pgg(T). They found that BG theory can be applied
YBCO crystals withT,=93 K, AT,=0.2 K, and low resis- only if one assumes very high values of Debye temperature
tivity p.n(300 K)=130 xQ cnP displays a nonlinear tem- between 650 and 950 K. Martiet al** were able to obtain
perature dependence similar to that observed in many urgood theoretical fits to a nonlinegs(T) measured in
twinned YBCO crystals along the chain directipsee Fig. YBCO(124) films at temperatures up to 600 K, using the BG
1(b)]. Surprisingly, other YBCO twinned crystals with the theory and an effective transport Debye temperat@ig
sameT, and AT, and higher room-temperature resistivity = (2kg/G) 70 of 500 K. They argued thaf can be sub-
pan(300 K)=160 nQ) cm? are characterized by,, with a  stantially smaller tha¥* = 0, if the Fermi vectorkg is
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FIG. 2. Temperature dependence of the in-plane resistp4ty
measured irnc-axis oriented epitaxial YBCO thin films. The data
indicate that films with low resistivity exhibit a deviation from the
linear temperature dependence at temperatures bet®80 K
(Refs. 9,10.

good fit top(T) data measured for a granular YBCO taking
! ! ! _ o) the activation energyE =120 meV and defect resistivity
0 50 100 150 200 250 300 pg=2 mQ cm. Measurements performed on untwinned
TK) YBCO crystals by Gagnoet al® revealed however that the
temperature dependence of the excess resistivity above 300

FIG. 1. (a8 Ter_nperatu.re dependence of resistivitiggT) an_d K is linear and not at all exponential.
pa(T) measured in untwinned YBCO crystals along the chain di- The experimental results obtained on untwinned and
rection (b direction and along the direction perpendicular to the . p S
chains, respectively. Note the flattening@{T) below 220 K and tW|nped YBCO crystals and YBCO thin films could t,’e sum-
the linearity of p,(T) over a wide range of temperatures for all Marized as follows: Althougfp(T) for many untwinned
three samplegRefs. 4—6. (b) Temperature dependence of the in- Crystals ShOWS a nonllnean'rb(T) 'and a linearp,(T), with
plane resistivityp,,(T) for twinned YBCO crystals. Note that in the magnitude ofp,(T) being higher than that op,(T),
this case,,(T) exhibits either a nonlinear temperature dependencdhese two forms op(T) have also been randomly observed
(with flattening below 220 K or a linear dependence in the samplein twinned YBCO crystals and thin films. Surprisingly, the

with higher resistivity(Ref. 8. absolute values of resistivity of twinned YBCO crystals and
films are often lower than those measured in some untwinned
sufficiently smaller than the reciprocal-lattice vec@®r YBCO crystals along thé direction. Also, there is some

Goldschmidtet al 1 interpreted the nonlinear temperature correlation between the magnitude of resistivity and the spe-
dependence of resistivity in fully oxygenated polycrystallinecific form of p(T) (nonlinear or linearin twinned YBCO
YBCO in terms of a thermally activated process of Frenkelcrystals and in YBCO films. In these cases the resistivities of
pair formation, during which a chain oxygen jumps from ana linearp(T) are in general higher than the corresponding
O(1) site to a nearby (®) site. According to Goldschmidt ones for a nonlineap(T). In untwinned YBCO crystals, a
et al. this process accounts for an excess electron scatteringpnlinear and a linegs(T) has been attributed to the chain
with an increasing temperature. Each Frenkel pair creates aand plane conductivities, respectivélirherefore, the ran-
intrinsic defect resistivitypy which represents an excess re- dom appearance of a nonlinear and a line@F) in twinned
sistivity connected in series to the perfect chain resistivity.YBCO crystals or films of similafl; is surprising and should
The upturn in resistivity that occurs at temperatures abovée investigated.

200 K, is explained as being due to an increase of Frenkel This paper provides alternative explanation of the pres-
pair density with an increasing temperature. The excess rence of a nonlineagsuperlinear and a linear dependence of
sistivity is defined as peycess Pchain— (PotaT) resistivity p,, on temperature in YBCO. Our studies were
=pqaCq(T), whereCy(T) is the temperature-dependent frac- focused on YBCQr-axis oriented thin films, both optimally
tional defect pair occupancy. Temperature dependen€ of doped (7 §=6.95, T,=90-91 K) and underdoped 75

was taken asCy=exp(—E4/kT) which corresponds to that =6.80-6.90,T,=81-85 K), with a nonlineap,,(T). We

for a two-level system with the energy barrigg between investigated the effect of oxygen orderifrgdistributior) on

the final O5) and the initial @1) oxygen sites. Consequently p,,(T) in those films. The applied experimental procedure
Pexcess= Pg €XP(—Ey/KT). Goldschmidt et al. obtained a included a systematic annealing of the samples in argon at
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400-420 K (120-140°C) or a long-time aging at room tem- 400 1 (@ annealed at To120°C in Ar
perature in air, followed by the measurementsogf(T) at -
temperatures betweér, and 300 K. [

The results revealed a transformation gf,(T) from a 300 >
nonlinear temperature dependence towards a more linear one [ 8 hrs
(less flattening This transformation is accompanied by an . 2 hrs
increase in the absolute value of resistivity. In underdoped E L ]
samples, annealing causes also a small increade .iNNe izoo )
present a possible explanation of this phenomenon, which is a S Not annealed
based on thermally activated redistribution of oxygen in the - ;
chain layer of YBCO. 100 ]

Il. EXPERIMENTAL PROCEDURE I a | | Fifm12

We investigated-axis oriented YBCO thin films, which % " s0 100 150 200 250 300
were deposited on different substrates: SgliQaAlO;, and T(K)
sapphire(with a CeQ buffer laye) using the standard off- 120 'b' o e
axis rf magnetron and laser ablation techniques. The standard - (®) Film 12 -
photolithography was used to produce @6 wide and 100 [ vaffiv.w. -l
6.4-mm long thin-film bridges with four measurement i wot?
probes. The distance between the voltage probes was 0.4 ¢ 80 ' oooffg)"oooBooooowwO 00 009
mm. Silver contacts were sputter deposited using rf- ° i LA !
magnetron technique. The sampiééns 11-13 were an- % 60 _ &5’ .' ¥ annealing time |
nealed in argon at temperatures 120-140°C several times < a0l . e 7 o ohrs] 1
for a total time between 8 and 24 h. The measurements of ; o *
pan(T) (in the a-b planes of the filmsat temperatures be- 20 L ¢ : . * 2hrs| |
tweenT. and 300 K were conducted after each 2-5 h an- i 2 - v 8hrs
nealing period. During these measurements a dc current of 0 lomesi et
5-10uA was applied to the sample in the form of short 85 86 87 88 89
pulses(of a duration less than 200 s order to reduce T(K)

Joule’s heating. The current was applied in two opposite di- ) o
rections in order to eliminate the effects of thermal emf in  FIG. 3. (@) Temperature dependence of the in-plane resistivity
the leads. The voltage was measured using a Keithley 218%b meagured in the-axis oriented slightly under_doped YBCO_thm
nanovoltmeter connected to a Keithley 236 current sourcd!!" 12 With Tc=85.4 K, before and after annealing for 2 h in
with the nanovoltmeter working as a triggering unit for the argon at 120°C. Note a systematic increase in resistivity and a
current source. The nanovoltmeter operated ind fode reduction of a deviation from a linear temperature dependence of
which allows L:)ne to perform very fast multiple meas,ure-pab with an increasing annealing timga) Temperature dependence

of resistivity close tdr . measured before and after annealings. Note
ments_of th_e vqltage from two voltage measurements for tw% small systematic increase T with an increasing annealing time.
opposite directions of the current. Temperature was moni-
tored by a carbon-glass thermometer and stabilimsthg an
inductance-less heater and a temperature Cont)'(}”'ﬁhin upward deviation from a linear temperature dependence; see
+10 mK. straight solid line in Figs. @ and 4a)] at temperatures be-

In addition, we performed measurements of resistivitytweenT. and ~220-230 K. The annealing causes a small
versus temperature on underdoped YBCO santfilm 4)  increase inT [see Figs. &) and 4b)], an increase in resis-
which was subject to a long-time agiig42 day$ in air at  tivity, and a transformation of the temperature dependence of
room temperature. resistivity from a nonlinear behavior to a linear one. The

Oxygen content was determined from x-ray-diffractionincrease inT. depends on the sample, i.e., it is about 1 K
measurements of theeaxis lattice parameters before aging or after 8-h annealing at 120 °C for film 12, but only 0.5 K after
annealing for underdoped films 4 and 12. These paramete&i-h annealing at 140 °C for film 13. Temperature depen-
are 11.70 A and 11.67 A which correspond to an oxygerdence of resistivityp,,(T) measured for optimally doped
content of 6.8 and 6.9 for films 4 and 12, respectivély. YBCO film with T,(R=0) about 90 K is shown in Fig.(8)

as a function of annealing time in argon at 120 °C. Anneal-
IIl. EXPERIMENTAL RESULTS ing of this sample leads to an increase in the magnitude of
pap(T) and a reduction of the flattening betwe&p and

Temperature dependence of resistivity,(T) measured 230-240 K. However, no change ©f was observed in this
for slightly underdoped YBCO films withT,(R=0) case[see Fig. 8)]. Temperature dependence @f,(T) at
=85-86 K is shown in Figs.(@ and 4a) as a function of temperatures above 220 K is linear(see solid lines in Figs.
annealing time in argon at 120—140 °@,,(T) for unan- 4 and 5. A deviation from the linear dependence at tempera-
nealed samples exhibits a flattenfisyiperlinear behavior: an tures below 220 K is shown in Fig. 6 as a function of tem-
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FIG. 4. (8 Temperature dependence of the in-plane resistivity 92 93 94 95
pap Measured in the-axis oriented slightly underdoped YBCO thin T(K)
film 13 with T.=85.4 K before and after annealing for 15 and 20 h . o
in argon at 140°C. Note a systematic increase in resistivity and a " 'C- 5 (8 Temperature dependence of the in-plane resistivity
reduction of a deviation from a linear temperature dependence witRab mea§ured in the-axis oriented optimally o!oped YBCO thin
an increasing annealing timén) Temperature dependence of resis- 1M 11 with T;=90.4 K before and after annealing @ h in argon
tivity close toT, before and after annealings. Note a small system-2t 120 °C. The resistivity increases with an increasing annealing
atic increase ifT, with an increasing annealing time. time. Deviation from a linear temper_ature _depeno_lence at tgmpgra—
tures below 230-240 K decreases with an increasing annealing time
ésee Fig. 6 for more detajls(b) Dependence of resistivity on tem-
perature close td@; measured before and after annealifig.was

found to be independent of the annealing time.

perature for different annealing times. Deviation is defined a
[Pab(T) = piinear(T) 1/ pan(T1), whereT, is the temperature
at which a maximum upward deviation @fy,(T) from
piinear(T) occurs. This deviation initially decreases with an
increasing annealing time, however it reaches saturation dthey carried out room-temperature annealing of sintered
longer annealing times. The magnitude of resistiyify(T) ~ samples of underdoped YBC@ith 7—6=6.41 and 6.2p
for all samples studied was found to increase gradually withvhich were quenched first from a temperature of
an annealing tim¢see Figs. 4— b 100-150°C down to a liquid-helium temperature. Room-
Figure 7 shows a transformation of the temperature detemperature annealing led to a dramatic change of the trans-
pendence of resistivity from a superlinear to a perfectly lin-port and structural properties of this compound, i.e, an in-
ear one for film 4 withT,=81 K due to long-time aging at crease inT, and a decrease in lattice parameters with
room temperature in air for 742 days. After aging, the resis@nnealing time. This behavior was explained in terms of a
tivity of this sample at 300 K increased 2.5 times but thelocal ordering of oxygen atoms at room temperature, which
corresponding increase iR, was only about 0.1 K. causes formation of oxygen superce{lternating partial
and full chaing in the chain layer. Veagt al’ reported ob-
IV. DISCUSSION servation of a time-dependent behavior at room temperature
in the superconducting and structural properties of
According to Jorgensen, annealing of YBCO atYBa,Cu;O, single crystals, with stoichiometries controlled
120-140°C causes redistribution of oxygen in the chairwithin the range 6.8 x<<6.6 by quenching the samples from
layer, without any change in the overall concentration 0f520°C down to a liquid-nitrogen temperature. They pro-
oxygen in the sampl& Low-temperature annealing was per- posed two explanations of this behavior. One interpretation
formed previously by Jorgensasi al® and Shakeckt all®  was that oxygens, quenched int@SDsites, move to neigh-
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pap Measured in the-axis oriented underdoped YBCO thin film 4
with T.=81 K before and after aging for 742 days in air. Note the
FIG. 6. Upward deviation of,,(T) (measured for films 11, 12, transformation op,,(T) from a §uperlinear to a perfect linear tem-
and 13 from the linear temperature dependence of resisti{fy), ~ Perature dependence after agirly) Temperature dependence of
defined asAp(T)/p(Ty)=[pan(T) = p(T)V/pan(T1), WhereT, is resistivity close tQTC before and after agindc) Upward _de_\natlon
the temperature at which the maximum upward deviatiop,gfT)  ©f Pan(T) from a linear temperature dependence of resisti(f),
from a linearp(T) occurs. Note the saturation dfp(T)/p(T,)  9efined asdp(T)/p(T1) =[pan(T) ~p(T) )/ pap(T1), WhereT, is
after annealing times of 6 h for film 11, and 20 h for fim 13, (N€ temperature at which the maximum upward deviatiop§(T)
respectively. from a linearp(T) oceurs. Note_ tha_mp_(T)/p(Tl) is |nde_'pendent
of temperature after aging, which indicates a perfect linear behav-
boring O(1) chain sites thus enhancing the order in th&)0O '
oxygen vacancy array in the chain layer. The other one sug-
gested that the ordering associated with a low-temperatur@nnealing in argon. There are several arguments against this
annealing likely involves formation of alternating full and interpretation. The lowes®. reported for an overdoped
empty (oxygen-fre¢ chains in the chain layer. Andersen YBa,CuO; is not less than 89—-90 KRefs. 19,20 (which is
etal’® investigated ordering kinetics of ortho- abou 3 K less than that of an optimally doped YBCO with
superstructures in the chain layers of YBCO single crystald .=92-93 K). This includes recent measurements on an
as a function of temperature up to about 150 °C and an oxyeverdoped YBCO single crystal of-76=6.99 by Suther-
gen doping level over a range between 6.3 and 6.8. Thelandet al?! Film 12 with T,=85.4 K has an oxygen content
provided a structural phase diagram of the superstructure oof 6.9, corresponding to a-axis lattice constant of 11.67
dering in YBCO(see Fig. 5 in Ref. 18 According to this before the first annealing and therefore cannot be considered
diagram, our samples with an oxygen content of about 6.90verdoped. Furthermore, in order to strengthen this argument
and 6.95 should have the ortho-I structure with no sign of ave measureg,,(T) for an additional YBCO thin film 4
superstructure formation between room temperature andith T,=81 K (oxygen content 6.8, corresponding to a
150°C. c-axis lattice constant of 11.F70which was subject to an
The data presented in Figs. 3 and 4 for underdoped filmaging in air at room temperature for 742 dagee Fig. 7.
12 and 13 withT.(R=0)=85.4 K show an increase of re- The result of this aging is a large increase of resistivity ac-
sistivity and T, with an increasing annealing time in argon. companied by a very small increaseTg (about 0.1 K and
This behavior may appear to be similar to that of an overa transformation op,,(T) from a superlinear to a perfect
doped sample whose oxygen content is decreasing duriniinear dependence on temperature. These changes are similar
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to those observed for the corresponding quantities for films b
12 and 13. The transformation from a superlinear to a linear [ YBGorGhalmlayer
temperature dependence appears to be independént of vy = 2 e e e e e e
Accordin_g_to Vealet al_.17 room-temperature an_nealing of O O O e O O O
oxygen-deficient YBCO in air causes redistribution of oxy- e oe0e e0Oe o e 00O
gen in the chain layer and is unlikely to produce a changein Q@ Q@ © © =~ O O ¢ O O
the oxygen content of the sample. Following these facts we o O 0O OO O d® Oo
assumed that redistribution of oxygen during annealing at e o o o o © ? o o
temperatures of 120-140°C in argon or room-temperature ? Ov < ° o? E?o? (“) ? ?
aging in air takes place in the chain Iayers( of YB??. It is D ©® O O O O() O O
known that even optimally doped RB2u;O, (RBCO) (in- ° ? 2 ° ° 2 09 o 9
cluding YBCO contains a few percent of an interchain oxy- o (,) ¢_© C,) C‘,) C,) C") ? (,,) ?
gen Q5) in the chain layer$*?®?? Therefore, we assume O O ¢ O O O O o O
that Q(5) oxygens form linkgbridges between the partially - S-S S-S G- Q-
occupied chains of oxygen (©. These links could be OC.) (.) ('DOC.) (..) C.)OS? OVO C.>
formed by @5) oxygens during cooling of the films from a O o P O O P ¢ O O
H ey o ° [} p [} ® ® 4 ® ®
high erosmon temperatur@isually arc_>und 650—.750 Q). oo bod o o
The links allow the transport current in the chain layer to eQ e S e o o o o
zigzag between the chains via®) sites, thus reducing the C.) C.) . C.D C.) C.) C.) C.) C.> C.)

overall resistivity in the chain layer. For a twinned sample,
the over_all r(_esistivityoatJ is_an average b, andpy in the_a O Oxygen O(1) © Oxygen O(5) ® Copper Cu(1)

and b directions, respectively, i.eg.p,=(patpp)/2. It is

also equal to the plane- and the chain-layer-resistivities con- FIG. 8. Representation of the proposed local structure of the

nected in parallel according to the formula chain layer. Chain oxygen (@ ions are represented by open
circles, interchain oxygen (B) by shaded circles, and copper ions
1 1 1 by black dots. Black solid line represents a possible zigzag path of
= + () the transport current through(®) sites in the chain layer.

Pab Pplane Pchainlayer

or . .
ever no calculations Qb.p.in(T) have been performed using

the relevant phonon frequencies for YBCO.

Pplane - )
Pab:p—- 2 In an underdoped YBCO, and even in an optimally doped
1+ —plane YBCO, the chains are not fully occupied. As mentioned
Pchainlayer above, in the presence of an interchai50oxygen, the

According to the experimental results obtained on ur]_f[ransport current could therefore zigzag between the chains

twinned YBCO crystalé;® the temperature dependence of n the chain Iaygr via @) pridges along a path of the lowest
resistivity in the pianes is linear, i.e., reIS|stancéseTe Fig. & In this case, electrical transport yvould
still be quasi-1D and the resistivity should be proportional to
Ppland T)=as+a,T, ©) T2. One also could expect thai§) bridges lower the overall
. resistance in the chain layer. The activation energy for the
wherea; anda, are constants. On the other hand, accordingy,qtion of Q5) oxygen between the chains in thelirection
to Refs. 4,5, temperature dependence of the chain resistivity very smalP® and during annealing at relatively low tem-
in untwinned YBCO crystals contains both linear and QUa-peratures of 120—140 °C, oxygeri8should be highly mo-
dratic components. The latest re_fe_re_(hcevealed however e in this direction. High mobility of @6) during annealing
that on average the chain resistivity of four untwinned g4 change the electrical properties of the chain layés) O
YBCO crystals follows almost purg” dependence over a g fijl some @1) vacancies in the chains, which leads to a
temperature range between 130 and 300 K, i.e, higherT.. On the other hand, the motion of(%) between
penain(T)=by+b,T2, 4) EE: Icorzl\a;\ier; :ggir;?a(r:lrggincg:;cntion could intgrrupt the paths qf
, g an overall increase of resistiv-
whereb; andb, are constants. In Eq3) and(4), resistivity ity in the chain layer. One could make a counterargument
and temperature are in units a2 cm and K, respectively. that even in the absence of an interchaif6)Coxygen, an-

T2 dependence of resistivity was observed in quasi-onenealing could cause more disorder in the chains, resulting in
dimensional (1D) organic conductorgsee, for example, an increase of resistivity. This however should be accompa-
Wegeret al?%). Abrikosov and Ryzhkiff developed a theory nied by a decrease if.
of the temperature dependence of resistivity in quasi-1D We considered a model that could explain an increase in
metals. According to this theory in quasi-1D metals with aresistivity with annealing time in twinned YBCO thin films.
long mean free path, electron-phonon scattering prodiites In the presence of oxygen(8), the electrical transport in the
dependence of resistivity. Such model may be applied to thehain layer is determined by the resistance of the chain frag-
chains of YBCO, since in a pure YBCO the mean free pathments and the interchain bridges througfbsites. The re-
should be much larger than the lattice constant. So far howsistance of the interchain bridgésbetween any two neigh-
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FIG. 10. Experimental data and theoretical fitting curves ob-
tained between 120 and 300 K, using the proposed model described
in the text, forp,u(t,T) measured in the optimally doped film 11.
The assumed resistivity of the plangganed T) in Eq. (9) is rep-
resented by the solid line markeg,ne at temperatures between
120 and 300 K.

The total average resistance offered to the current by any
two chains could be written as the sum of the resistances due
to chain fragmentgwhich we consider time independgnt
and that due to the time dependentcDbridges[Eq. (7)].
Therefore, the overall resistivity in the chain layer as a func-
tion of annealing timé and temperaturé can be expressed

FIG. 9. Experimental data and theoretical fitting curve obtainedin the following form:
between 120 and 300 K, using the proposed model described in the

text, for p,p(t, T) measured in slightly underdoped films 12 and 13.
The assumed resistivity of the plangganedT) in Eq. (9) is rep-
resented by the solid line markeg,,ne at temperatures between

120 and 300 K.

boring chains could be considered as that of “effective”
bridges(through which the current flowsonnected in par-
allel, i.e., R=Ry/N, whereR, is the resistance of a single
effective bridge and\ is an average number of effective
bridges. During annealing at 120—140°C in argon or agin
at room temperature in air, due to high mobility of oxygen
0O(5), the number of effective bridged could be reduced.
We assumed that this process is completely random and tr}
number of effective bridge disintegrations that occur is pro-
portional to the number of effective bridges present, i.e.,

dN
i

—aN,

where « is a decay constant. DependenceNobn time is

then

N=N,exp—at),

wheret is annealing time andll, is the number of effective
bridges att=0. The resistanc® should then increase with

time t according to the expression

1+ Cexpat)

pchain—layer(taT):PO(T) 1+C

_DatbeT® C t 8
=3¢ | explat)], (8
wherepo(T)=b;+b,T? is the total chain-layer resistivity at
temperaturél’ and annealing timé= 0 [which includes con-
tributions due to both chain fragments antbbridgeq, and
is the normalization constant which ensures that=ad
he total chain-layer resistivity equatg(T).
Then the overall resistivity,,(t,T), including the con-
gbution due to the planes, could be written as

Pplane(T)
PplaneiT)
pchain—layer(tuT)

pan(t,T)= 9

1+

©)

We assumed thatp ., T) in this equation depends on
temperature according to E@) and not on annealing time,
so all changes in resistivity due to annealing occur in the
chain layers.

We performed computer calculations ef,(t,T) and

(6)  compared them with the data obtained for twinneexis

oriented YBCO films. The fits to the experimental data are
shown in Figs. 9 and 10. The fitting parameters aye «,
and C. Constantsa; anda, in the equationppandT) =a;
+a,T are shown in Table | for films 11, 12, and 13 and for
untwinned YBCO crystals. The slopes pfjane CUrves in

(7) Figs. 9 and 10, which are represented by constastsvere
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TABLE |. Parameters.,, a,, «, andC, which were used inthe  time at 120-140°C led us to conclude that the resistive
ca_lculation of pap(t,T) for YBCQ films 11, 12, and 13. For un- properties of the chain layeflocated between two CuO
twinned YBCO crystals, experimental values af and a; are o, hie planescould have a dramatic effect on the magni-
shown. Notez, anda, for untwinned YBCO crystals 1—(Ref. 6 tude and the temperature dependence of the total resistivity
represent the average values for all four crystals. «, andC are .. . .
the fitting parameters. pap(T). We suggest.t.hat the resusyve properties of the_cham

layer could be modified by a residual amount of the inter-

Material a, a a C Ref. chain oxygen @) which allows a current to flow between
the chains along a path of the lowest resistance. Following
this suggestion, annealing at 120-140°C in argon or aging
in air at room temperature causes a redistribution of oxygen
O(5) and a resulting disruption of low-resistance paths and

YBCO film 11 0 0.54 0.066 5 This work
YBCO film 12 25 1.12 0.442 10 This work
YBCO film 13 25 0.92 0.042 2 This work

YBCO untwinned crystal 1 16.5 1.00 ° an increase of the chain-layer resistivity. Distribution of oxy-

YBCO untwinned crystals 1-4 0 1.00 ° gen Q5) in the chain layer could therefore be responsible for
YBCO untwinned crystal —105 0.79 ! the change of the resistive state of this layer from a metal-
YBCO untwinned crystal ~ —10.3 0.76 ° liclike state to an insulating one. Halbrittrmrgued that the

resistivity of the chain layer in YBCO affects the resistivity

assumed to follow roughly the slope of the experimental datglongc axis z_;\nd consequently_the amsotropy_ of the normal-
for p,y(t,T) at temperatures above 250 K. Constantsand State resistivity. Small con_ductlwty in t_he cham_ Iayer_ should
b, for penai(T) [Se€ Eq(4)] were calculated using Eq&) f[herefore cause higher anisotro@nd h!gherc-aX|§ r_eS|st|v-_
and (3) and the experimental data fpry(t=0,T) in unan- ity) than that expected for YBCO with metalliclike chain
nealed YBCO films. A good agreement between the experil@yers. Our recent measurements of the angular dependence
mental data and the proposed model was obtained for bot®f resistivity in thea-b planes close to the superconducting
0pt|ma||y doped and S||ght|y underdoped YBCO films. transition temperature revealed Iarger than eXpeCted Changes
According to Eq.(9) the total resistivityp,,(t,T) ap-  Of resistivity in some YBCO thin films, when the angle be-
proaches that of the planéshich increases linearly with an tween the direction of an external magnetic field andatte
increasing temperaturéf the chain-layer resistivity is very planes was changed from 0° to 99°These large changes
high (i.e., it exhibits a semi-insulating or an insulating be- suggest large anisotrogggnd strong pinning of magnetic flux
havion. This could happen after a long annealing tinifthe  between the Cu@plane$, which could be caused by an
decay constani [which describes the process of disintegra-insulating state of the chain layers in these samples. On the
tion of O(5) bridges between @) chaing is independent of  other hand, the changes of the chain-layer resistivity may be
time. On the other hand, if the chain-layer resistivity is smallalso responsible for different temperature dependencies of
(i.e., metalllcllké, then the chain Iayer contributes Substan'the c-axis resistivity observed in different YBCO Singie crys-
tially to the total resistivity. In this case, one could expect aia|s. Surprisingly, thec-axis resistivity of YBCO crystals
deviation ofp,(t,T) from a linear temperature dependencegydied so far exhibits either aTLdependend@?or a linear
towards a quad'raucllke one, due toT& dependenge.qf temperature dependent®31A small increase i, of un-
penain(T). Equation(9) shows that the change of resistivity yorqoned samples during annealing in argon at 120-140°C

from a small towards a large one in the chain lagehich or long-time aging in air could result from a large activation

corresponds to a transition from a metal-like to an inSUIathenergy for a jump of an interchain(8) oxygen into the site
behavioj causes an increase in the total resistivity,(T) of a chain oxygen Q)
of )

and a transformation of its temperature dependence from
nonlinear towards a linear one. This could explain why so
many YBCO single-crystal sample®@r YBCO thin-film
samples with similar T, have very different magnitudes and
temperature dependencies of resistivity.
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