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Superconducting properties in LaCuQ,.. ;s with excess oxygen
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We have studied the thermal history dependence of the superconducting properties below and above room
temperature(RT) in the ceramic LgCuQ,, s with excess oxygen, which were prepared by annealing in
high-pressure oxygen gas or electrochemical oxidation. The diffusion of the excess oxygen is concluded not to
occur below RT. In the sample with smallthe lowT, (32 or 36 K) superconducting phase appears, of which
T. is changed by the annealing at about 200 K. This change is presumably due to some phase transition without
the diffusion of the excess oxygen. On the other hand, wheraches some threshold, another single super-
conducting phase with high, (45 K), which is stable below 373 K at least, appears. This sample was prepared
by the electrochemical oxidation at 333 K for more than 48 h, where the excess oxygen can diffuse. In the
sample electrochemically oxidized at RT, both the low- and Aiglsuperconducting phases were formed only
near the surface area of the sample. These phases were homogenized by annealing at 373 K.
[S0163-182698)07233-9

I. INTRODUCTION one in the whole sample. Also, we treated the sample with
electrochemical oxidation at RT or at 333 K. The oxidation
As is well known, LaCuGy (insulating and antiferromag- cell was set up as LEuQ,/1 N-KOH/Pt, where the working
netio becomes superconducting JGuQ,, 5 by the interca-  electrode was ceramic L8uQ, and the counter electrode
lation of excess oxygen. The phase separation—the oxygeRvas Pt plate. The dimensions of ceramigCaO, were 0.3
rich phase(superconductingand the oxygen-poor phase x3.0x7.0 mn? thin slabs for the measurements shown in
(antiferromagnetie—is reported to occur &f s (phase sepa-  sec. Il A, Sec. Il B, and 1.53.0x7.0 mn? slabs for the
ration temperatupein La,CuQ,, 5. The phase separation is measurements shown in Sec. Il C. The electrochemical po-
accompanied with the diffusion of excess oxydeMore-  tential was referred to the AgCl/Ag reference electrode. The
over, theT s is dependent on the value of and the phase  qidation was carried out by the following processes: at RT
separation is suppressed in the samples Withf 0.08 and under an anodic potential of 450 mVs AgCl/Ag) for 24 h
0.12% In our previous papers, we have reported that theOr at 333 K under an anodic potential of 600 nixs AgCl/

samples annealed in high-pressure oxygen gas have thrg\%) f . ;
; . or 24—72 h. The values o in the electrochemically
superconducting phases withTa of 32, 36, and 45 K. The oxidized samples were uncertain. In order to study the ther-

T of 32 or 36 K was changed by annealing at about 200 Kmal history dependence above RT, the following processes
The amount of the phase withTa of 45 K was very smalf. y dep ' gp

We have reported that the samples electrochemically oxivere performed before the measurements: the samples were

dized at RT(room temperatupehave a large amount of the annealed at 373 K in air for 3 h, then quenghed to 77 Kina
45 K phase, coexistent with the phase witfiaof 32 or 36 €W Seconds or slowly cooled down to RT in 10 h.

K. The T, of 45 K does not depend on the thermal history 1€ dc susceptibilityq.—T data were measured using a
below RT/ also shown in another papér. commercial superconducting quantum interference device

First in this paper, we report the thermal history depen/nagnetometefMPMS2, Quantum Design, USAIn order to
dence of the superconducting properties below and abov@aintain a small residual magnetic field in the magnetome-
RT2 as for the samples that were prepared by annealing ifer, all measurements were performed beloy=0 Oe after
high-pressure oxygen gas or the electrochemical oxidation dbe initial cooldown from room temperature to liquid-He
RT. Second, the superconducting properties of the sampldemperature. The residual magnetic field was abedt5
electrochemically oxidized above RT, where the excess oxymOe, measured by the high-purit N) Pb sphere. The
gen can diffuse, have been studied. magnetic field induced by the offset current was estimated to
be approximately-36 mOe. A magnetic field was applied
parallel to the longer side of the samples, and the demagne-
tization factor corrections were not applied. In our measure-

The stoichiometric ceramic LEuQ, was prepared by the ments, the susceptibility changed monotonously below the
solid-state reaction. Then it was annealed in oxygen gas af; onset. At low enough temperatufe 4.5 K), the values of
100 and 650 bar. The bulk density of ceramic€aQ, was  diamagnetism of the bulk samples were comparable with that
approximately 5.3 g/cfand the size of each grain was ap- of the powder samples in field cooling measurements. The
proximately 5~7 um. The values o in these samples were resistivity p—T data were obtained by the four-probe
0.012 and 0.022, respectively, measured by the weight gaimethod. Also, the crystal structure analysis was performed
measurement. Here, of course, the valué of the averaged by powder x-ray diffraction at RT.

Il. SAMPLE PREPARATION AND MEASUREMENT
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FIG. 2. Temperature dependence of susceptibili|8C) of
La,CuGQ,, s annealed in high-pressure oxygen gas. The vertical axis
cooling of La,CuQ, 1, The vertical axis shows a percentage of shovys a percentage (_)f the_ pe_rfect diamagnetism. Th? data were
the perfect diamagnetism. In the following cases, the annealing Pt@ined after quenchingsolid triangles:5=0.012/open triangles:
220 K increased’, by about 4 K.(1) After quenching from RT to 5_=0.022 and after slow cooling(solid circles: §=0.012/open
77 K (open squargs then annealing at 220 K for 3 fopen tri- circles: 6=0.022 from RT down to 77 K.
angles. (2) After annealing at 373 K fo3 h and quenching to 77 K . )

(open diamonds then annealing at 220 K for 3(open circles (3) Whol_e sample. The r_esult_ln t_he sample _Wﬁh_)f 0.012 re-
After annealing at 373 K for 3 h, slowly cooling to RT and quench- €ONfirms the result given in Fig. 1. This implies that the
ing to 77 K (solid diamondy then annealing at 220 K for 3(solid ~ Onset was independent of the “averagedlih these samples,
circles. suggesting that the stoichiometry of the superconducting
phases are independent of thealthough the volume frac-
lll. RESULTS AND DISCUSSIONS tion must be changed with thé. The T, onset of 32 K
became 36 K in the case of slowly cooling from RT to 77 K,
as well as in the case of annealing around 200 K in Fig. 1.
o These results imply that the coexistengihase separa-

The susceptibilityyq.—T data of the bulk sample an- tjon) of the oxygen-rich and the oxygen-poor phase is al-
nealed in oxygen gas at 100 bar-0.012, are shown in Fig. ready achieved above RT in both samples witbf 0.012
1. The lowT, onset of 32 or 36 K is dependent on thermal and 0.022, while our results might be inconsistent with the
history around 200 K; this result is consistent with the meayeporteds— T phase diagrarfi:* It is concluded that tha,
surements from Oda and YamatiRyderet al.’ and Ahrens  onset of the superconducting phase that is stable above about

etal _ 200 K is 32 K in the samples withof 0.012 and 0.022. And
However, in the present study, tfig onset of 32 K has the one that is stable below 200 K is 36 K.

been found not to be changed in the following three cases, as Figure 3 shows theyy.— T data of the sample electro-

shown in Fig. 1:(1) the measurement after quenching from

RT down to 77 K,(2) the measurement after quenching from 20

373 down to 77 K, and3) the measurement after slowly

cooling from 373 K down to RT and quenching from RT

down to 77 K. These results imply that the distribution of the 15

excess oxygen is not changed between RT and 373 K. The -

phase separation with the oxygen-rich and the oxygen-poor ';
[
b

FIG. 1. Temperature dependence of susceptibi(lBC:field

A. Thermal history dependence of the superconducting
properties below and above RT

H,=4[Oe]

-
"'o’o

phase might be achieved above 373 K in this sample.Tthe
onset of 32 K was changed into 36 K by the annealing at 220
K. However, the change df. onset from 32 to 36 K was not 5
obtained by the annealing below 180 K, reported pre-
viously.” This result means that the long-range diffusion of
the excess oxygen does not exist below 180 K, at least.
Thus, the superconducting transition temperature of the 0 10 20 30 40 50
phase that is stable over the temperature range from RT to TEMP[K]
373 K, at least, is concluded to be. 32 (énse} in this FIG. 3. Temperature dependence of susceptibillBC) of
samplg. And theT; of the phase that IS stable b_elow abqut La,CuQy, 5 electrochemically oxidized at RT for 24 h. The vertical
200 K is 36 K. The decrease of magnitude of diamagnetismyis shows a percentage of the perfect diamagnetism. The symbols
after the annealing at 373 K may be induced by the decreasgow the following cases(1) after quenching from RT to 77 K
of excess oxygen during the annealing at 373 K. (open squarésthen annealing at 220 K for 3(open trianglek (2)
Shown in Fig. 2 is the susceptibility data of the samplesafter annealing at 373 K fo3 h and quenching to 77 Kopen
with & of 0.012 and 0.022, prepared by the annealing indiamonds, then annealing at 220 K for 3 (open circles and (3)
high-pressure oxygen gas. The onset, obtained after the after annealing at 373 K for 3 h, slowly cooling to RT and quench-
guenching from RT to 77 K, was 32 K in both samples withing to 77 K(solid diamondy then annealing at 220 K for 3(solid
6 of 0.012 and 0.022, which was the averaged value in theircles.
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chemically oxidized at RT for 24 h. In comparison with the 7

xdc— T data from Chou, Cho, and Johnstdrthe value ofs 6 (a) oxidation
of this sample might be estimated to be between 0.07 and time=24h
0.10. Just after the oxidation, the coexistence of two different = 5

superconducting phase§ { onsets of 32 and 45 Kwas =< 4

clearly observedopen squares and open triangleas re- R 3

ported in some papefs-'? The low T, of 32 K was in- i

creased by annealing around 200 K, suggesting the transition 2

into the 36 K phase, as in the cases of Figs. 1 and 2. How- 1E

ever, the highF, (45 K) phase was independent of the ther- F

mal history around 200 K. It should be noted that the high- 0
(45 K) phase disappeared after annealing at 373 K, which
was also confirmed by resistivity measurements not shown in -
this paper. Similar phenomena were observed in some : (b) oxidation
papers->'*although the details were not well explained. The & time=36h
Meissner signals, measured immediately after electrochemi- F s
cal oxidation at RT, were not changed in more than 2 months
and are not shown in this paper. This implies that the distri-
bution of the excess oxygen is not changed at RT for a long
time, suggesting that no diffusion of the excess oxygen exists
at RT. However, after the annealing at 373 K, the high-
(45 K) phase apparently changed to the [dw¢32 or 36 K
phase, which was caused by the change of distribution of the
excess oxygen, accompanied with the diffusion of the excess
oxygen. The low¥; phase was formed at 373 K. FIG. 4. Temperature dependence of susceptibility data of
From these results in Figs. 1, 2, and 3, the long-rangea,CuQ,, ; electrochemically oxidized at 333 k) for 24 h and
diffusion of the excess oxygen has been concluded not tth) for 36 h, in an applied magnetic field,=4 Oe. The vertical
occur below RT, but to occur at 373 K. The changeTef axis shows a percentage of the perfect diamagnetism. The symbols
onset between 32 and 36 K, which depends on the thermahow the following cases: after quenching from RT to 77dgen
history around 200 K, may be due to some phase transitionircles: ZFC(zero field cooling/open diamonds: FCthen anneal-
or some structural change without the long-range diffusioring at 220 K for 3 h(solid circles: ZFC/solid diamonds: FC
of excess oxygen. This suggestion may be consistent with
the reports from Kyomeet al.® and Xionget al'® Prelimi- ~ RT. This means that the high: (45 K) phase becomes
nary discussions have been reported in our previous faperstable below 373 K, at least, when enough excess oxygen
exists. Such samples can be achieved by electrochemical oxi-
dation, which is accompanied by the diffusion of excess oxy-
B. Superconducting properties in the sample electrochemically gen.
oxidized above RT As for the sample electrochemically oxidized at 333 K for
In order to obtain higher oxidation levels, the electro-72 h, the x-ray-diffraction pattern showed a well-crystallized
chemical oxidation, accompanied by the diffusion of the ex-
cess oxygen, was expected to be useful. For this purpose, the 40T T T T
electrochemical oxidation was carried out at 333 K for more
than 24 h. The electrochemical oxidation at 373 K was not
adopted because of much evaporation of the 1 N-KOH solu- 30
tion. This resulted in the gradual change of superconducting =
behaviors as the oxidation time increasgld:the single low- »
KR
b

47 x [%]

o® . oxidation
. time=72h

T. (32 or 36 K phase(oxidation time=24 h), (2) the coex-
istence with the low and the high (45 K) phasg36 h), and
(3) the single highF; phase48 and 72 I as shown in Figs. 10
4 and 5;x4.— T data. These behaviors were also confirmed
in the resistivity data, not shown in this paper. At the same
time, it also showed a gradual enhancement of the Meissner
volume fraction. In the samples oxidized for more than 48 h,
the metallic behavior was observed in the normal resistivity
data, as shown in F'g'lg' as observed in the single crystal rig 5 Temperature dependence of susceptibility data of
fully oxidized at 5=0.13:“ These results imply that the ex- | 5 cug,, , electrochemically oxidized at 333 K for 72 h, in an
cess oxygen can diffuse even at 333 K, as we expected. applied magnetic fielth ;=4 Oe. The vertical axis shows a percent-

The single hight; (45 K) phase, obtained by oxidation at age of the perfect diamagnetism. The symbols show the following
333 K for more than 48 h, wasot changed into the oW,  cases: after quenching from RT to 77 (Kpen circles: ZFC/open

(32 or 36 K phase even by annealing at 373 K, in contrastdiamonds: F(; then annealing at 220 K for 3 tsolid circles:
with the result in the sample electrochemically oxidized atzFC/solid diamonds: FC
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0. 025 r T T T T T T T TABLE |. The lattice constant and the volume in the
C xidation . La,CuQy, 5 unit cell before and after electrochemical oxidation at
0.02f time=72h 3 333 K for 72 h.
"Fo.015E 3 a®) bR  c@A  Volume(Ad
o] - . La,Cuo, 53632 54162  13.179 382.84
q 0-01F ] La,Cu0,., 53446 54334  13.252 384.84
0. 005 3
- T ”E the low-T, (32 or 36 K) phase should exist inside the high-
0 50 100 150 200 250 300 phase near the surface. Little excess oxygen is inserted into

TEMP[K] the inner part of the sample, where the antiferromagnetic
phase still exists. This image is presented in Fig).8/Nhen
FIG. 6. Temperature dependence of resistivity data ofthis sample is annealed at 373 K, the excess oxygen can
La,CuQy, s electrochemically oxidized at 333 K for 72 h. The me- diffuse into the inner part. Finally the excess oxygen is dis-
tallic behavior is observed in the normal resistivity. The cooling triputed in the whole sample, and forms the ldw-phase
processesgopen circleg and the heating process@pen triangles with a low density of the excess oxygen.

This scenario explains the behaviors in the sample elec-
character, but it exhibited enhanced orthorhombic distortionfrochemically oxidized at RT; the coexistence of the high-
a growth of thec axis and a growth of the difference be- (45 K) and the low(32 or 36 K) T, onset was achieved just
tween thea axis and theb axis, after electrochemical oxida- after oxidation at RT, and the high: phase is changed into
tion at 333 K for 72 h, as shown in Fig. 7 and Table |. Thesethe low-T, phase by annealing at 373 K.
results were consistent with the neutron-diffraction data.

2. Full oxidation in the sample electrochemically

C. Formation of the superconducting phases oxidized at 333 K
The single high¥, (45 K) phase was obtained by electro- O the other hand, in the sample electrochemically oxi-

chemical oxidation at 333 K for more than 48 h, in contrastdized at 333 K, the diffusion of the excess oxygen is accel-
with the case of the sample electrochemically oxidized agrated, so that the excess oxygen can be distributed in the

RT. This may be explained in the following. whole sample in a short time<24 h) during the oxidation.
The low-T. (32 or 36 K phase is formed first in the whole
1. Surface oxidation in the sample electrochemically sample. More oxidation makes the high-(45 K) phase
oxidized at RT with a high density of the excess oxygen, coexistent with the

. . ) low-T. phase. The oxidation at 333 K, for more than 48 h,
From the above results and discussions, in the sample ,yas the nearly single high (45 K) phase, as shown in
electrochemically oxidized at RT, the diffusion of exces:sFig 8(b). A small amount of the lowF, phase may still exist
. . c
oxygen has been concluded not to occur below RT. So tr?glfter the electrochemical oxidation at 333 K for more than 48

insertion of excess oxygen into the inner part of the sample I8 because a slight change in Fig. 5 was observed after the
supposed to be suppressed. Moreover, the Migé45 K) annealing at 220 K.

phase undoubtedly has a higher density of excess oxygen
than that of the lowfF. (32 K) phase, because the high-
phase appears only after long-time oxidation.

Therefore, we suppose that the high<{45 K) phase is
formed in the surface of the sample with a high density of
excess oxygen, which may correspond to the suggestion by
Chouet all? As the density of the excess oxygen is discrete,

(a)

(113) (a)Before oxidation
(024) - (b)

) (133)
(©20) (204)

(1) go4) (200) (115)\/) (117)X\ (

,-J\——A\J (008) @0 TN\ A

(b) After oxidation

e

0 1 3'0 L 4-0 1 5-0 L 50 FIG. 8. The formation of the superconducting phase in
20 La,CuQy, 5 electrochemically oxidized af@) RT and (b) 333 K.
The darkly shaded area indicates the high(45 K) phase and the
FIG. 7. The x-ray-diffraction pattern of L&uQ,, 5 (a) before, lightly shaded one indicates the Ioly (32 or 36 K phase. In each
6=0, and(b) after, 5#0, electrochemical oxidation at 333 K for phase, the density of the excess oxygen should be homogeneous.
72 h. The white area is the antiferromagnetic phéaseygen-poor phasge
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FIG. 9. The resistivityp— T data of LagCuQ,_. ;5 electrochemi- FIG. 10. The susceptibilityy4,— T data (FC) of La,CuQy, s

cally oxidized at(a) RT for 24 h and(b) 333 K for 72 h. The data electrochemically oxidized dg) RT for 24 h and(b) 333 K for 72

are normalized by the resistivity data at 55 K to emphasize thé, in a magnetic field,=4 Oe: immediately after oxidatiofopen
superconducting transition: immediately after oxidatigopen  circles and after removing all the surfaces up to 16t (open
circles and after removing all the surfaces up to 1t (open  triangles, 250 um (open squargs 500 um (open inverted tri-
triangles, 250 um (open squares 500 um (open inverted tri- angles deep. The vertical axis shows a percentage of the perfect
angles deep. diamagnetism.

. phase transition without the long-range diffusion of the ex-
. We have concluded that the phase witheonset of 45 K cess oxygen. Also, the phase separaftbe oxygen-rich low
is the s'gable pha_se below 373 K.’ when the_ sample is ;aturc phase and the oxygen-poor phasecompanied with the
rated W'th.the highF, phase. This conclusion may be in diffusion of the excess oxygen, may occur above 373 K in
contrast with tﬂe suggestion that the 45 K phase is the metr;[lﬁe sample withs of 0.012
stable phasé? : . On the other hand, whe# reaches some threshold, we
In order to confirm these explanations, we checked th

changes of the superconducting properties after removing er”ave obtained another single superconducting phase with

the surfaces of the samples electrochemically oxidized at R igh TC (45 K.)' T.h's phase has been obtained by the elect_ro-
o . ... chemical oxidation at 333 K for more than 48 h. This

or at 333 K by polishing with emery papers. The resistivity h d llic behavior in th | resistivi d

and susceptibility data are shown in Figs. 9 and 10 respecs- owed a metallic behavior in the normal resistivity, and was

tively ' concluded to be the stable phase below 373 K, at least. Also

In the sample electrochemically oxidized at RT, the high_thls high-T, phase was distributed in the whole sample after

. . electrochemical oxidation at 333 K for more than 48 h.
Te (45 K) phase decreased drastically after removing the The superconducting transition temperature of 45 K is

surfaces up to more than 15%@n deep, which implies that | . . X
) . higher than the maximuri. of 37 K obtained by hole dop-

:Eﬁs 232}&;4303&2?5?”“{2: fsoarrTSIc(ja Igléréis;:feﬁi;s%gfjng with Ba or Sr. It is interesting to study the origin of the

: : ! . : —. T, enhancement. The structural distortion due to the interca-
dized at 333 K, the superconducting properties were IlttleI Ction of the excess oxygen may play an important role for
changed by removing the surfaces of the sample. The excea":&ls enhancement
oxygen _is d_iffu;ed by. the electrochemical oxidation at 333 In the sample électrochemically oxidized at RT for 24 h
K, and' is dlstrlbyted in the whole sample. So, the _thh- oth the low-(32 or 36 K and the high{45 K) T, phase are '
pzﬁs;éséirq;ic;;;;r;e (\;VQSOCI:’;;; dmg)ilaegv'ghesieoﬁor clusions SurE)érmed near the surface area of the sample. These phases can
P P ' ’ gy be homogenized in the whole sample, and the Higiphase
changes into the loW-, phase after annealing at 373 K.
IV. CONCLUSION
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