PHYSICAL REVIEW B VOLUME 57, NUMBER 13 1 APRIL 1998-I

Concentration dependence of oxygen diffusivity in GdBsgCu;0s., films
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Oxygen diffusion in the perovskite-related nonstoichiometric oxide GGB#g, , has been investigated
situon thin films using high-temperature resistive measurements. Except for a step change in the vicinity of the
orthorhombic-tetragonal structural transition, the diffusivity shows no concentration dependence over a wide
interval (0.3<y<0.8). The activation energy is constant in the whole measured intdeyat 1.2 eV). It is
proposed that oxygen diffusion propagates via vacancy mechanism, involving the oxygen atoms at the ex-
tremes of the -O-Cu-O- chains in the basal pldi$0163-182808)07309-3

Recently, investigations on oxides have evoked a considon NdGaQ (110) substrates. Diffusivity evaluation was
erable interest due to their unusual electrical, magnetic, andased on electrical resistance measurements perforniad:
structural properties. In this context, the nonstoichiometricat fixed temperatur&=880 K and variable oxygen pressures
oxides, in which the oxygen content can be easily changed iP=2x10°-1® Pa; (b) at fixed pressure®=100 Pa and
some interval, are particularly intriguing: the oxygen varia-variable temperaturé=750-950 K. The investigated pres-
tions lead to drastic changes of the material properties. l§ure and temperature intervals correspond to the oxygen con-
follows that the control of the oxygen content, i.e., the oxy-centrations of 6.3—6.8.
gen diffusion properties, is crucial for the understanding and Details on film deposition, their structure and morphology
applications of these materials. are given elsewhef®’ After film deposition, four gold con-

The triple perovskitedBa,Cu;0s., (M=Y, rare earth  tacts were deposited by thermal evaporation to which gold
are convenient model objects for studying the general trendwires were directly bonded. The diffusion measurements
of oxygen diffusion in nonstoichiometric oxides. Due to awere performed in a vacuum chamber filled with pure oxy-
very strong dependence of the electrical resistance on oxygeagen using a low-mass stainless steel sample holder/heater. Its
content, one can investigate the diffusion process by perthermal response was carefully calibrated at any given work-
forming simple resistive measurements. Furthermore, higling pressure by means of thin-film gold thermometers depos-
quality epitaxial films ofMBa,Cu;Og., Which are rou- ited on identical substrates. We estimate the temperature
tinely available now, provide samples with the geometricalvariation during each series of measurements to be lower
definition and chemical homogeneity necessary to perfornthan =2 K, while the absolute error can be higher % K)

such measurements. due to variations of the thermal contact between sample and
In spite of a number of articles on the subject published irheater.

the last yeargsee, for example, Ref)) s5ome important fea- It is well known that in the 123 system any variation of

tures of oxygen diffusion mechanism W BaCuOg., y, the oxygen conteny changes the sample resistivity via a

such as the nature of the barrieg or the oxygen paths’ charge transfer from the oxygen deficient Gutlane, char-
probabilities, remain unclear. In our opinion, the dependencecterized by the presence of the -O-Cu-O- linear chains or
of oxygen diffusivity D on oxygen concentration is one of fragments of linear chains, to the Cu@lanes. It should be

the keystones to understand the diffusion process. A fewoted that the isolated oxygen atoms cannot be detected by
experimental groups reported a linear Arrhenius behavior ofesistive measurements, as only the finite length chains con-
D with temperature at constant oxygen presguf@his is a  tribute to the charge transfét.On this basis, a method of
strong, though indirect, proof of the independenc®ofer-  oxygen diffusivity evaluation from simple resistive measure-
sus oxygen content, which varies along the Arrhenius line. I)ments has been developéfbr a detailed description, see

fact, the Arrhenius equation can be expressed as Yamamotoet al®). The oxygen conteny depends on tem-
perature and oxygen pressure, varying from (Bigh
D=Dg, exp(—Eq/kT). (1)  temperature/low pressyréo 1 (low temperature/high pres-

sure. All our data points were measured in isobaric condi-

A linear dependence betweenDnand 1T in the Arrhenius tions by imposing small and rapid temperature changes in-
plots can be seen only if bofd, andE, are independent of ducing slighty variations. At any given pressure and
temperature and consequently of oxygen content, which is ®mperaturel, the sample was heated To+30 K, kept a
strong function of temperature and pressure. Other experfew hours for its equilibration, and then rapidly cooledTto
mental works as well as theoretical calculations indicate, oThe electrical resistance variation in time has been measured
the contrary, a concentration-dependent diffusivity. by four-point dc technique, and the oxygen relaxation time

This contradiction can be solved only by direct measurehas been evaluated with the procedure briefly described as
ments of oxygen diffusion parameters at fixed temperaturéollows.
and variable concentration. We present here a study of oxy- The relaxation time is connected to the diffusion coeffi-
gen diffusivity in GdBaCu;Os ., , films deposited epitaxially cient through the diffusion lengthL by the relation
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FIG. 1. Diffusion relaxation timer for two films with different .
thickness measured at constant temperaiuré80 K. 41 1.1 1.2 13
1000/T (K™

A(D/L?) =71, whereA is a geometrical factor. As resistiv-

ity (conductivity depends exponentially on oxygen contént, FIG. 2. The Arrhenius plot of for the same two films measured
the value of InR as function of time has to be evaluated &t constant pressuig=100 Pa.

[In R~exp(—t/7)]. The decay curves consist of two compo-

nents: fast resistance variations due to the finite heater trafalues, our data are in agreement with the tracer diffusion
sition time constantr, (about 20 s, slightly changing with coefficient found roughly constant in the pressure range
pressurg and slower changes caused by oxygen in-3x10°—1@ Pa?

difoSi.Oﬂ. Therefore, the curves should be fitted by the ex- Figure 2 shows the Arrhenius p|0t for the same two films
pression measured aP =100 Pa and different temperatures. The data
points may be fitted by a single line, consistent with our
previous result$? However, assuming that the discontinuity
seen at 1000/~1.2 is not an artifact, a meaningful linear fit
is given by two parallel lines with slope of 1.2 eV and sepa-

In R:A0+Al exq_t/TH)"‘Az exq_t/T). (2)

The direct fit of data using Eq2) is quite dangerous, as
different sets ofA;, A,, 7y, 7 provide roughly similar fit-
ting, the only stable value being,. Thus, we use Eq2)

rated by a factor of 1.8. The step discontinuity is observed at
T=835*5 K, which corresponds again {o~0.5. The anal-
ogy with the results shown in Fig. 1 gives confidence that the

only to calculated, as the direct substitution of the satura- two lines’ fit is more accurate and the activation energy
tion resistance value is less accurate due to noise. Plottinghould be evaluated separately in the two phases leading to a

In(ln R—Ay) vst, 7is found from the slope of the linear
portion of the curve at long times.

constant value of-1.2 eV. This value is in a good agree-
ment with results reported in literatuté>!® In the P,T

Figure 1 shows the dependence of the diffusion relaxatiophase diagram, the two discontinuity points shown in Figs. 1
times on oxygen concentration and pressure for a 40 nmand 2 are situated in the tetragonal phase just above the error

thick (squaresand a 12 nm-thicKtriangles film measured

bar of the O-T transition line detected by neutron

at T=880 K. The relaxation times of the 12 nm sample arediffraction!? The constant value dE, across the structural
divided by a factor of 1.1 to superimpose to the 40 nmchange is consistent with the observation that at high tem-
sample data. The oxygen concentration has been calculatpeérature T=800 K) the O-T transformation is a second-

using data taken from experimenta:=y(P,T) phase dia-
grams for bulk materiat! the corresponding equilibrium

oxygen concentration in thin films might deviate from the

order transition with no discontinuity of the cell
parameters?

From the results shown in Figs. 1 and 2, it follows that

bulk value. Such a possible difference, however, should onlpxygen diffusion in 123 epitaxial films is concentration-
slightly distort the concentration axis in Fig. 1, not influenc- independent unless the O-T phase transition occurs. We be-

ing our results to a great extent.

lieve that such a statement can be generalized to bulk

The relaxation time has a distinct steplike behavior withsamples since what differentiatesaxis oriented films grown
nearly constant, but different values at high and low oxygeron single crystal substrates and any other kind of 123 sample

concentrations with a sharp change yat 0.5, near the
orthorhombic-tetragonaO-T) structural transitiot?® The

is mainly related to microstructural features and should not
affect the intrinsic mechanism of oxygen diffusion. The

values of the relaxation times in the two sides of the stepegularity and stability of the crystal defect system in epitax-
differ by a factor close to 2, indicating that across the breakial films simply allows precise and reproducible measure-

point the ion diffusivity becomes twice as fast.

ments of oxygen diffusion parameters in homogeneous sets

To our knowledge the data presented in Fig. 1 are so faof films that would not be possible using other kinds of
the only available data for the diffusivity at constant tem-samples.
perature measured on the same samples throughout a rangeEven if our data are by far inadequate to attempt any

of y wide enough to cross the O-T transition. For large

rigorous microscopic interpretation, it is possible to suggest a
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FIG. 3. Visualization of the main O-O interactions in the GuO O O O O O
plane(y=1, orthorhombic symmetjy Squares indicate Cu atoms, ® s &= @0 O O O nrO
solid circles are for occupied oxygen sites while open circles are for O O O O O
vacant oxygen sites. OO O @ @n ./.) o
gualitative model that accounts for the main results of the a
experiments: constant activation energy, step discontinuity L
of diffusivity near transition, and concentration-independent
diffusivity in each structural phase. b
The constant value oE, at the two sides of the step
indicates that the mechanism of the single oxygen ion jump o= @ 0\; V :5/. LI
remains the same. The observed increase of diffusivity by a O O O
factor of 2 can be explained on a macroscopic scale by tak- O"w @u(OmOnOn .
ing into account that in tetragonal phase the oxygen atoms o o ° o G\/@
are dynamically distributed on all the possible oxygen sites, ® =@ = ./? OwO "0 RO
while only half of the sites can be occupied in the ortho-
rhombic configuration. In Fig. 3 the interactions of the oxy- o O O © C/.\O
gen ions in the Cupplane are indicated. The oxygen distri- b O C'D/. = .\;) = . =
bution is accounted for by three main O-O inter- O O O
actions: strong repulsiovi; (nearest-neighbor O-O interac- O = QO = . " Y N )
tion), attractionV, (copper mediated O-Cu-O interactjpn Y 0O o) 0O
a}nd weak repulsiotVg (next-.nearest-nelghbor O.-O interac- O®ROROEORO®EO=O
tion). Due to strongV, repulsion, the system avoids to place
two oxygens on nearest adjacent sites while, du¥at- (/.\@ O C/.\D G\. © ©
traction, a vacant oxygen site at one end of the -O-Cu- chain " - " . o0
is a minimum energy position for a moving oxygen atdm. a
and V, are responsible for the -O-Cu-O- chains’ creation, L
while V3 favors their orientation along some given akis
originating the orthorhombic distortior. b

The structural transition from the orthorhombic to the te- FIG. 4. Schematic view of the CuQ plane with short chains

tragonal phase does not necessarily need the complete dﬁ%igments: (@) orthorhombic configuratior(p) tetragonal configu-

struction of chains: for example, §t=0.5 the copper and ration. Arrows indicate energetically favored elementary jumps for
oxygen ions can be arranged in short chain fragments origxygen atoms. Format is the same as for Fig. 3.

ented parallel to the axis in orthorhombic phadé-ig. 4(a)]
and randomly oriented alorgyor b in tetragonal phasgFig.  in comparison with the tetragonal phase. In a simple random-

4(b)]. The existence of short chain fragments is confirmed bywalk model, the diffusion coefficient is given By
high-resolution electron microscopy studfe® and by

room-temperature structural relaxation of quenched tetrago- D=Ca’N,w, 3
nal sampleg’

Defining a single oxygen jump as a motion into a nearestwhere« is the jump lengthN, is the density of sites avail-
neighbor empty site, due to high, repulsive energy, the able for jumpsw is the probability for an atom to jump on a
most convenient jumps are those ending in final sites with nwacant position, andC is a coefficient accounting for the
occupied nearest neighbors. In dilute enough cases, decreaystem dimensionality. Sineeis constant anav is continu-
ing y the number of possible jumps of this kind increases.ous across the structural transition, the obsered-ig. 1)
The arrows in Figs. @) and 4b) indicate all these jumps in steplike behavior is driven by a change ). Of course,
the idealized orthorhombic and tetragonal Gu@danes, re-  Figs. 4a) and 4b) present a very simplified picture mainly
spectively. It is reasonable to consider that the barrier energglue to the low number of the atoms considered. A simple
responsible for the jump probability is the same in bothMonte Carlo simulation, in which the only condition im-
cases. However, the total number of jumps is rather differenposed was the prohibition to place simultaneously two oxy-
in the two configurations: in the orthorhombic plane thegens on the nearest adjacent sites, gives an incredéglnf
number of available stable adjacent sites is strongly reduced factor of 1.5 in tetragonal phagall oxygen positions per-
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mitted with respect to orthorhombic phagealf of oxygen for the observed constant diffusivity. The working interval of
positions permittedfor a matrix of 400< 400 copper atoms. such a mechanism should be restricted to “intermediate”
It is difficult to expect a better quantitative agreement be-concentrations: for very low concentrations the chain num-
tween these simulations and experiment. More accuratBer is negligible, while at high enough concentrations the
evaluation ofN, would imply a detailed knowledge about atoms at the extremes of the chains will be blocked by the
the chain’s length distribution. To our knowledge, such datadjacent chains.
are not yet available. S In conclusion, oxygen diffusivity in GAdB&U;Og.+ thin

The observed constant oxygen diffusivity in the two fims was investigated by resistivity measurements in the
phases is in contradiction with the general theory of vacancyoncentration interval 08y<0.8 and temperatures 750—
diffusion* For example, during the in-diffusion process the 950 K. Contrary to the general theory of vacancy diffusion,
oxygen atoms occupy and “cancel” the former vacancieshe diffusivity in this oxide is concentration-independent at
decreasing the permitted paths of motion. Nevertheless, asyioth sides of the structural phase transition. The phase tran-
results from the proposed scenario for the oxygen motiongjtion changes the process statistics, increasing the density of
and in accordance with a model proposed by Rothman angyaijlaple vacancies in tetragonal phase, while the single

co-workers$ to explain tracer diffusion d&}t?, the only .mobile jump energyE, remains unchanged and can be attributed to
oxygens are those placed at the chain’s ef@w single the preak of the -Cu-O bond at any end of a chain.
jump of an “internal” oxygen would create an energetically

unfavorable O1-O5 segmen®The assumption that variations ~ We wish to thank Tanya Shelyakova for help in computer
of oxygen content will mainly lead to changes of chainssimulations. One of the authof¥. Dediu) wishes to thank

length while the chains number should remain nearly conthe International Centre for Theoretical Physics for financial
stant looks quite realistic and provides a good explanatiosupport through the Training in Italian Laboratories scheme.
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