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The oxygen doping of lanthanum cuprate to generate superconductiving La:CuO4+a ( 0 < 6~< 0.032 ) has been studiea by high- 
pressure, isotopic-oxygen enrichment and thermal desorption mass spectroscopy (TDMS). Isotopic data show that the additional 
oxygen incorporated under high pressure r~zadily exchanges with ionic lattice oxygen during enrichment at 860 K. The thermal 
release of the excess oxygen from superconducting crystals above -,, 350 K is not bulk diffusion limited. An alternate explanation 
for the observed rapid O2(g) bursts is propo~' ed. 

1. Introduction 

La,CuO4 is the simplest layered cuprate com- 
pound which may be either substitutionally doped 
[La2_,(Sr, Ba),CuO4, x__<0.2] or (uniquely)inter- 
stitially doped with oxygen [LazCuO4+,~, 6<0.05] 
to yield a superconducting phase with To= 35-40 K 
[ 1-3]. These doped compounds exhibit much of the 
interesting physics generic to hole-doped supercon- 
ductors without the disadvantages of the more com- 
plex materials chemistry of the higher critical tem- 
perature materials. Perhaps the simplest of these 
materials is the reversibly doped, oxygen-enriched 
superconductor La2CuO4.o32; the interstitial oxygen 
incorporated by high-pressure enrichment is readily 
released by annealing above ~ 350 K in air or vac- 
uum to regenerate La2CuO4oo [4,5 ]. This paper re- 
ports kinetic studies addressing the incorporation and 
release of this excess oxygen. 

Early studies of ceramic La2CuO4  +,~ (6  ~, 0 .13 ) 
discovered that the excess oxygen incorporated by 
high-pressure annealing is evolved from the super- 
conducting crystals in numerous, rapid bursts [ 5 ] of 
O2(g) when heated in vacuum above 400 K. Single- 
phase crystal studies [6] have established that the 

superconductor has an oxygen stoichiometlw of 
La2CuO4.o3o ~ ooo5, illustrating that the high surface 
area ceramic samples retain oxygen extrinsic to the 
interstitially-doped bulk superconducting phase [ 7 ]. 
Correspondingly, fewer oxygen bursts are observed 
from single crystals when heated in ultra-high vac- 
uum and continuous oxygen evolution is not ob- 
served if the crystal is held at a constant temperature. 

Although the exact nature of the excess oxygen 
species remains controversial, powder neutron and 
X-ray diffraction data have been interpreted in terms 
of models with interstitial oxygen atoms [8,9]. These 
structural studies [10,11] have shown that 
La2CuO4+,~ undergoes a tetragonal to orthorhombic 
phase transition below --, 420 K. Below --, 320 K, a 
further phase separation occurs [12] into a nonsu- 
perconducting orthorhombic Cmca phase of essen- 
tially stoichiometric La2CuO4oo and a second su- 
perconducting oxygen-rich phase of La2CuO4o4s. 
These transition temperatures and the volume frac- 
tions of the two orthorhombic phases are dependent 
upon the initial interstitial oxygen concentration (6) 
from each specific oxygen enrichment treatment. 
Single crystals annealed at 860 K and 3 kbar oxygen 
pressure for the present studies exhibit the tetrago- 
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nal-to-orthorhombic transition at ~ 280 K and the 
orthorhombic phase separation at ~ 260 K [ 10,12 ]. 
This phase separation phenomenon supports the 
conclusion that the superconductivity results from 
the interstitial oxygen doping and not from oxygen 
or lanthanum lattice vacancies. 

In the present work, isotopic oxygen enrichment 
and thermal desorption mass spectroscopy (TDMS) 
have been used to study dissociation, diffusion, and 
desorption of the interstitial oxygen central to these 
structural models. The measured kinetics of inter- 
stitial oxygen desorption from La2CuO4+6 are in- 
consistent with conventional first-order or second- 
order processes typically observed in thermal de- 
sorption from solid surfaces [ 13,14 ], demonstrating 
that neither bulk diffusion nor associative desorp- 
tion are rate limiting steps. Instead, we propose an 
explanation involving internal lattice stresses lead- 
ing to fracture, thereby liberating the excess oxygen 
in rapid bursts. We note that stress-induced crystal 
fracture is not uncommon for crystalline phase 
transformations that involve lattice expansions and 
concentrations [ 15 ], and could be exacerbated by 
mobile interstitial oxygen in La2CuO4+6. 

2. Experimental procedures 

Single crystal samples for the present experiments 
were grown and prepared following the same pro- 
cedures used for the samples used in the diffraction 
studies reported earlier [6]. Crystals of La2CuO4.oo 
were grown at Los Alamos National Laboratory from 
a CuO-rich La203-CuO melt in a platinum crucible 
[ 2 ]. After quenching from high temperature, the in- 
sulating samples were oxygeP-enriched at Sandia to 
superconductors b~ annealing in 1-3 kbar ~602(g ) 
(or 98% pure ~sO2) at 860 K for 12-100 h. The is- 
otopically labeled oxygen was recovered after the 
high-pressure anneal and verified by mass spectros- 
copy to be (98.4+0.4)0/0 tsO2(g ). RF impedence 
measurements following oxygen enrichment verified 
a superconducting critical temperature between 35 
and 40 K for each crystal. These irregularly-shaped 
crystals, like all macroscopic crystals, contain grain 
boundaries and internal defects which lead to a mos- 
aic structure of well-oriented micro-single-crystal- 
lites. The crystals transform from tetragonal to or- 

thorhombic structures upon cooling and usually 
consist of an intimate mixture of the two twins in 
which the a and b axes are interchanged. X-ray dif- 
fraction studies on these samples exhibit sharp dif- 
fraction peaks [6 ], demonstrating that the charac- 
teristic domain dimension within such twins exceeds 
~ 2 0 0 0  A. 

Individual crystals were weighed both before and 
after each oxygen enrichment treatment. The addi- 
tion of 0.032 oxygen atoms to the parent 2-1-4 for- 
mula unit adds 0.12% and 0.13% to the molar mass 
for ~60 and ~sO, respectively, which are near the de- 
tection limits of a reliable weight determination. The 
irregularly shaped crystals were wrapped in a four- 
turn coil of 0.010 inch diameter molybdenum wire 
which served to hold a chromel/alumel thermocou- 
pie junction in contact with the crystal. This assem- 
bly was hung from a manipulator approximately 6 
inches from the ionizer of a UTI 100C quadrupole 
mass spectrometer in a turbomolecular pumped, 
high-vacuum chamber. Because the TDMS O2(g) 
signal was unaffected by the background water par- 
tial pressure, a longer pump-down time at room tem- 
perature was substituted for a bake-out to avoid the 
possibility of inadvertently desorbing some of the in- 
terstitial oxygen during the bake-out. 

For the TDMS experiments, the Mo wire sur- 
rounding the sample was resistively heated by a pro- 
grammable power supply. The temperature ramp was 
linearized to less than 1 K s - '  at the heating coil us- 
ing the thermocouple emf in a feedback circuit. While 
the temperature ramp was applied, the mass spec- 
trometer repeatedly sampled up to nine mass chan- 
nels with independently specified amplifier gains in 
a cycle time of ~ 200 ms. This procedure permitted 
redundant mass sampling and ensured that a suita- 
ble gain was selected to detect each mass of interest. 
The amplified analog mass spectrometer output ( 1- 
5 nA) at each sampling point was digitized and 
stored. Despite the slow heating rate, a significant 
temperature gradient across the sample was una- 
voidable, especially at high temperatures. After the 
TDMS experiments, a second thermocouple junc- 
tion was embedded in a hole drilled in one 
La2CuO4oo crystal away from the heater coils and 
used to calibrate the first thermocouple junction held 
by the heater coil. 
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3. Results 

3.1. Oxygen desorption 

Typical mass 32 desorption data for an insulating 
La2CuO4.oo sample and an 1602(g)-enriched 
LazCuO4.o32 superconducting sample are shown in 
figs. l (a) and (b),  respectively. For consistency, all 
data reported in this paper were obtained using one 
crystal although others were employed throughout 
this study with similar results. The indicated scale 
factors allow a direct comparison of the mass spec- 
trometer oxygen signals. Whereas no measurable sig- 
nal above the digitized noise limit is observed in the 
control experiment (fig. l (a) ) ,  numerous rapid de- 
sorption peaks are observed from the superconduc- 
tor (fig. l (b ) )  as the temperature is increased above 
350 K. Each peak at mass 32 (t60~-) was accom- 
panied by a simultaneous mass 16 peak (t60+ frag- 
ment, not shown ) following the cracking pattern for 

O2(g), confirming that the desorbing species is mo- 
lecular oxygen. 

The number ofdesorption events, their desorption 
temperatures, and integrated intensities were not re- 
producible for various fully oxygenated crystals. 
However, the rapid desorption kinetics were found 
for all oxygen-enriched crystals. Incompletely oxy- 
genated samples did yield fewer desorption peaks and 
a smaller total integrated oxygen signal, showing that 
the total amount of oxygen desorbed is correlated 
with the initial amount of interstitial oxygen. Be- 
cause the crystal had to be demounted from the heat- 
ing coil for oxygen-enrichment after each TDMS ex- 
periment, exact duplication of the mounted position 
was impossible. 

The characteristically asymmetric iineshape for all 
peaks, illustrated in fig. 2 for an isotopically labeled 
sample, is indicative of unusual kinetics. The full 
width at half maximum (FWHM) of the connected 
data points is typically less than 0.5 s. As illustrated 
in fig. 2, the leading edge almost always consists of 
only one point at the maximum signal level, placing 
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an upper limit of ~ 0.2 s on the actual rise time. The 
dashed line extrapolation suggests an alternate peak 
shape with a shorter rise time that is also consistent 
with the data points. Regardless of the interpolation 
chosen, the desorption event occurs over a time scale 
corresponding to a temperature change of less than 
IK.  

The steep low-temperature side of every TDMS 
peak and overall asymmetric lineshape cannot be due 
to inhomogeneous sample heating as both the low 
and high temperature edges would then be broad- 
ened. In general, all peaks share a common line-shape 
when the peak maxima are normalized, suggesting 
that the pumping speed of the high-vacuum chamber 
determines the high temperature line-shape and re- 
sultant peak FWHM. In order for the oxygen partial 
pressure change, dP(O_, )/dT, measured by the mass 
spectrometer to be proportional to the oxygen de- 
sorption rate from the crystal, dO/dT ,  the vacuum 
pumping speed must be large relative to the desorp- 
tion rate [ ! 3, ! 4 ]. These data show that this require- 
ment is not met under the present conditions. Hence 
the intrinsic peak shape must be considerably more 
narrow than that shown in fig. 2, and the high-tem- 
perature side to the TDMS peak results from the slow 
( ~ 1 s) vacuum recovery from the rapid burst. 

Unlike the ceramic samples used in initial studies 
[4,5], prolonged annealing (~30  min) at a single 
temperature above the onset of desorption (> 350 
K) did not lead to continuous oxygen bursts and 
failed to deplete the crystals of oxygen, as demon- 
strated by subsequent oxygen bursts when the tem- 
perature was raised further. Also, a second temper- 
ature ramp to the same maximum temperature 
resulted in no additional bursts. These two results 
show that the desorption event is not a diffusion- 
limited process and that each oxygen burst is cor- 
related with an activated process in a microcrystailite. 

3.2. Oxygen exchange 

Using '802(g ) high-pressure enrichment and 
TDMS, we are able to investigate whether the dis- 
sociative incorporation of interstitial oxygen re- 
quired by both the Jorgensen [8] and Chaillout [9] 
models involves the lattice oxygen ions, which would 
lead to isotopic scrambling in the TDMS data. The 
same crystal used for several previous TDMS ex- 

periments was isotopically enriched for 36 h at 860 
K. Because of the limited quantities of ~802(g) 
available, cryopumping into a special low volume 
pressure vessel was necessary for the isotopic oxygen 
enrichment procedure. The pressure achieved dur- 
ing isotopic enrichment was estimated to be 2.0 + 0.5 
kbar based upon the measured Tc and assuming a 
negligible isotope effect. 

Typical data for a TDMS experiment are shown in 
fig. 3 along with scale factors for the vertically dis- 
placed spectra to allow direct comparison of the sig- 
nal intensities. The experiment was performed in two 
temperature segments, heating at a rate of 1 K s -~. 
Major coincident desorption peaks are identified by 
capital letters. If the interstitial oxygen is incorpo- 
rated molecularly, only isotopicaily labelled ' sO2 (g) 
should be observed in the TDMS experiment. Like- 
wise, if the interstitial oxygen dissociates upon en- 
richment, diffuses without exchanging with lattice 
( ' 60 )2 -  ions, and recombines when later heated, 
then only 'sO2(g) should be desorbed. Some surface 
defects could lead to minor isotopic exchange and 
small 16OlaO(g) TDMS peaks. Peaks at mass 32, in- 
dicative of '60:(g),  would be even less likely, since 
this would require a double exchange process. 

The data clearly show that significant '60'  sO (g) 
and 1602(g ) are desorbed from the crystal at all tem- 
peratures, excluding the possibility of molecular in- 
corporation suggested in early work [4,5]. An ex- 
amination of the coincident peaks in fig. 3 reveals 
that the mass 36 and mass 32 peaks are usually ac- 
companied by a weak peak at mass 34; however, 
coincident peaks at all three masses are rare. This 
systematic correlation suggests that a part of the mass 
34 signal is due to isotopic mixing in the mass spec- 
trometer ionizer or on the vacuum chamber walls. 

The second important observation from the data 
of fig. 3 is that the isotopic distribution of the de- 
sorbing oxygen gas changes at higher temperatures. 
Whereas the major product is tsO2(g) below 500 K, 
above it is ' 60~ (g). This temperature-dependent iso- 
topic distribution provides insights into the mech- 
anism of oxygen doping. The simplest explanation 
for the isotopic distribution change at high desorp- 
tion temperatures would be that the 1802 (g) did not 
penetrate deeply into the La2CuO4+,~ crystal and the 
'60,, (g) desorption is from the previous high-pres- 
sure enrichment. This can be ruled out since deple- 
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Fig. 3. Multiplexed TDMS data for 315 K < T< 680 K from a superconducting sample enriched with ~802(g) for 36 h. Scale factors for 
the absolute signal levels of the vertically displaced spectra are shown for ( a ) mass 32, ( b ) mass 34 and ( c ) mass 36. 

tion of the interstitial 160 was confirmed by weight 
loss measurements and lack of superconductivity 
prior to the isotopic enrichment. 

Instead, these results are indicative of isotopic ex- 
change leading to a mixture of interstitial 160 and 
180 atoms. If the O2(g) TDMS peaks at high tem- 
peratures originate from deeper within the crystal, 
then we can conclude that isotopic exchange must be 
occurring during high-pressure enrichment and not 
simply during the TDMS experiment. Note in fig. 3 
that the low temperature TDMS peaks are mostly 
~802(g ), meaning that lattice ~60 ions replaced by 
~80 have been purged from the near-surface regions 
of the crystal. Conversely, the high-temperature 
TDMS peaks are overwhelmingly 1602(g); the ex- 
changed lattice ions were not effectively purged from 
the lattice during the ~aO2(g) enrichment process. 

The above interpretation has two consequences: 
first, a longer duration isotopic enrichment with 
aO2(g) should purge the exchanged 160 from the 

crystal and lead to a less temperature-dependent iso- 
topic distribution; second, the t80 which has ex- 
changed with lattice ion sites should be evident as a 

net weight gain even after all of the interstitial ox- 
ygen is desorbed by the TDMS experiment. 

These consequences were tested by an additional 
100 h of 98% pure ~802 (g) enrichment. The param- 
eters in the TDMS experiment were modified slightly 
to permit more rapid sampling of the three mass 
channels of interest; as a consequence, the 300-680 
K desorption experiment was conducted in three 
temperature intervals, shown in fig. 4, rather than in 
two segments. As expected, mass 36 signal are dom- 
inant below 445 K. In contrast to fig. 3, however, 
above 445 K all mass fragments are observed with 
comparable peak intensities, confirming the first ex- 
pectation, listed above. 

The weight gain expected as a result of isotopic ex- 
change is shown in fig. 5 which summarizes a series 
of TDMS experiments for one crystal. Solid and open 
circles represent the crystal weight before and after 
each TDMS experiment, respectively. For this crys- 
tal, three enrichments with ~602 (g) were followed by 
the 36 h and 100 h 1802(g) enrichments, and, fi- 
nally, one with 1602 (g). As noted previously, the dif- 
ference in weight before and after each TDMS ex- 
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periment - corresponding to only the interstitial 
oxygen lost by thermal desorption - is within the ex- 
perimental error regardless of the isotopic identity. 
However, an large absolute weight gain is found after 
each of the two ~802(g ) enrichment/desorption 
cycles, corresponding to a net increase in mass even 
after desorbing the interstitial oxygen. This can only 

be due to a substantial substitution of lattice 160 ions 
with 180 ions during high pressure enrichment. Since 
the lattice ions are unaffected by the TDMS hea:ing 
to 680 K, the resultant weight gain is a measure of 
the amount of oxygen exchanged. Furthermore, we 
note that the weight gain after the 100 h enrichment 
is less than that after the first 36 h enrichment. Ex- 
trapolation of this trend indicates that unreasonably 
long times, or much higher ~802(g ) pressures, would 
be required to establish the maximum isotopic ex- 
change possible in this crystal. 

As a final test of the isotopic exchange, the crystal 
was re-enriched using ~602(g ). In this case, the ex- 
change mechanism will replace the lattice sites with 
160 ions, lowering the crystal weight to nearly the 

original value. The last solid circle in fig. 5 shows that 
most of the ~sO was purged from the lattice and in- 
terstitial sites after this one step. 

4. D i scuss ion  

Thermal desorption mass spectroscopy is a well- 
developed technique to measure desorption kinetics 
and energetics from a solid surface [13,14], and 
thereby address the mechanism of the desorption 
process. For O2(g) desorption from oxygen-en- 
riched LaeCuO4.o32, the process would be expected to 
be rate limited by diffusion from the bulk to the sur- 
face (O ( bulk ) --,O ( ads ) ), recombination of atomic 
oxygen ( 2 0  (ads) -, 02 (ads)) ,  or molecular desorp- 
tion [O2(ads)-,O2(g) ]. As a result, the desorption 
kinetics would be expected to be first or second or- 
der, depending upon which step is actually rate 
limiting. 

The TDMS peak shape and multiple events over 
a range of temperatures are inconsistent with these 
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kinetic mechanisms and could not be due to inho- 
mogeneous heating. For desorption from a solid sur- 
.face alone, a temperature gradient across the surface 
simply broadens the TDMS peak as various areas 
contribute a delayed desorption signal with respect 
to the temperature measured at the thermocouple 
junction. The transient line-shape shown in fig. 2 is 
distinctly different from the functional forms char- 
acteristic of first-order or second-order desorption 
processes [ 14 ]. Diffusion-limited desorption should 
yield oxygen TDMS signals over relatively long time 
scales due to the slow heating rate used in this ex- 
periment and would be manifested by broad desorp- 
tion peaks. 

We propose a simple explanation tbr the rapid ox- 
ygen bursts. From the diffraction studies by others, 
it is known that the bulk undergoes phase transitions 
Wk;,~h ;,~*rr*lx,o ;ntorct i l ;a l  axvoen ~egregation.  As !he 

temperature is increased, interstitial oxygen segre- 
gation within the crystal can induce lattice stresses 
as each domain attempts to revert to the LaCuO4.c~o 
tetragonal crystal structure (T> 280 K) but is con- 
strained by the surrounding bulk lattice. This stress 
is ultimately relieved by lattice fracture during the 
TDMS experiment, releasing the trapped oxygen 

from the sample in bursts as micro-cracks are formed. 
Stress-induced crystal fracture is not uncommon for 
crystalline phase transformations that involve lattice 
expansions and contractions [ 15 ], and would be ex- 
acerbated by both the twinned nature of the crystal 
and inhomogeneous sample heating. Within this 
model, the range of temperatures over which the 
bursts are observed reflects the activation energies 
required to fracture the lattice in different places. 

One variation on the proposed model is that voids 
exist within the bulk ,  to which the interstitial oxy- 
gen diffuses, forming trapped gas bubbles which me- 
chanically break the crystal when annealed to > 400 
K. Althc,:~gh we cannot preclude this possibility, it is 
not necessary to explain the data. The oxygen trap- 
ped at internal surfaces such as grain boundaries need 
not have recombined to lead to fracturing [ 15]. 

The isotopic data and weight measurements show 
that isotopic exchange occurs during high-pressure 
oxygen enrichment. The crystal weight data shown 
in fig. 5 can be used to determine that approximately 
50% of the total lattice oxygen has exchanged with 
~80 after a total of 136 h of treatment. It is not known 
whether more robust enrichment conditions would 
increase the fraction of lattice ions exchanged. Cer- 
tainly a concentration gradient in favor of ~80 is ex- 
pected near the surface of the crystal a~ the ex- 
changed ~"O is more likely to have diffused out of 
the bulk. However, we know that oxygen diffusion 
cannot be facile, otherwise complete equilibrium 
would be established and the mobile t60 atoms would 
be diluted to less than 2% of the oxygen desorption 
signal. 

5. Conclusions 

The interstitial oxygen in superconducting 
La:,CuO4+,~ is shown to thermally desorb in tran- 
sients of FWHM ~ 0.2 s. Desorption is not bulk dif- 
fusion limited, nor can the desorption rate be mod- 
eled as simple first or second order kinetics of 
Arrhenius form. Instead, an explanation is proposed 
in which segregation of interstitial oxygen leads to 
internal lattice fracture, thereby releasing trapped 
O2(g). Isotopic labeling experiments show that ox- 
ygen diffusion proceeds via exchange with lattice ox- 
ygen ions, with up to 50% of the lattice sites having 
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exchanged under the present conditions, the acti- 
vation energy for this exchange is less than that for 
oxygen diffusion. These results exclude structural 
models for La2CuO4+~ involving interstitial 
molecules. 
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