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Observation of room-temperature spontaneous chemical phase segregation in overdoped
Bi,Sr,CaCu,0g., single crystals
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The occurrence and development of phase inhomogeneity,®BrfaCyOg ., single crystals have been
investigated by measuring their superconducting transition patterns using a high-sensitivity ac magnetometer.
We find that the overdoped g8r,CaCyOg. , Single crystals, even if they were single-phased immediately
after a high-temperature annealing process, show progressively pronounced multiple superconducting transi-
tions with time as they were kept at room temperature in a dry air atmosphere. The results reveal that the
oxygen dopants in the crystal are still mobile at room temperature. These dopants tend to rearrange and thus
form different phases, at a characteristic time scale of one or two weeks or so. Moreover, the diamagnetic loops
in the newly segregated phase are very weak, presumably due to the existence of additional inhomogeneity
down to a nanometer scale. Our results also show that the optimally dop8g@®iCyOg. , Crystals seem
capable to remain in a single transition with storage time.
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That the cuprates are of a single phase at a given tempergheets(typically 0.5<0.5x0.05 mn?, ~102 mn? in vol-
ture and a carrier concentration is an essential assumption {ime cleaved and cut from the center of larger uniform
the widely used phase diagrarsbased on which many ones were used for investigation. Each crystal was carefully
experimental aspects in the normal and superconductingnnealed to maintain a certain and uniform level of overdop-
states have been correlated and discussed. However, it iy Then its susceptibility was measured in a weak ac mag-
often a primary difficulty to obtain single crystals with high netic field (0.3-60 G using a high-sensitivity vibration-

structural perfection and doping uniformity, yet with large sample magnetometer specially designed for measuring

enoygh size suitable.for many.experiments. Besides the eleghbmillimeter-sized specimef$This magnetometer uses a
tronic phase separatidr,chemical phase separation at me- double-synchronous detection technique, with a high-

soscopic or even larger scales, often related to the inhomcffequency ac magnetic field at 10 KH@t which the

geneous distribution or domain formation of oxygen _. . .
vacancies or dopants, has also been observed in many fanfi252CaCy0g..« Crystal is fully penetrated in the normal

lies of the cuprate®® for example, in LaCu0y.,,” % in statg, and a low-frequency vibration of the sample at 4.4 Hz.

lightly Sr-doped La_,Sr,Cu0,,* in Nd,_,CeCu0, ., It reaches a resolution 0f>X110" 8 emu in susceptibility(or
- e O o LY 3%10 1% emu in magnetic momentéor a sample of volume

and in underdoped YB&u;0O,_, where vacancy ordering ] ' 9 ! samp
domains of different types form at the chain lay&ts* 1 mnT in a field of 30 G. With such sensitivity we are able to
Phase inhomogeneity has also been observed iffsolve any minority superconducting phase whose total vol-
Bi,Sr,CaCuyOg., by low-temperature scanning tunneling ume is as small as I6 mm?, yet without suppressing the
microscopic studie$ =’ With all these observations, how- superconductivity. Our measurement on optimally doped
ever, one still cannot rule out the possibility that the phaseBi,Sr,CaCy0Og,, crystals reveals a single sharp transition
separation is an extrinsic effect, avoidable if the crystals aréwill be shown in Fig. 4, which proves the reliability of this
grown up and annealed properly. In this paper, through inhomemade setup on the one hand and the high quality of the
vestigating the time evolution of the diamagnetic signal, wepristine crystals used in this experiment on the other hand.
show that the oxygen dopants in originally single-phased Figure 1 shows the superconducting transitions of two
overdoped BiSr,CaCyOg., , single crystals tend to redis- overdoped BiSr,CaCyOg, 4 single crystals, samples 1 and
tribute spontaneously at room temperature, which eventuallyt’, measured immediately after an annealing treatmentin O
and unavoidably leads to the occurrence of phase separati@tmosphere at 550 °C for 52 h. Sample 1 was measured in
and inhomogeneity in the titled compound. the BL ¢ configuration in which the crystalline sheets were

The BiLSr,CaCyOg. 4 single crystals were synthesized parallel to the axis of a quartz-tube sample holder. In order to
using a self-flux method. The as-grown crystals have an onmount the sample into the quartz tube in Bieab configu-
set superconducting transition temperature~@9 K. They ration, a small piece of sample, named as samflevas cut
were proven to be of high structural quality and stoichio-from sample 1. The 10-90% transition width for sample 1
metric purity with the resolution limits of x-ray diffraction is ~1 K in a field of 0.6 G perpendicular to theb plane,
and energy dispersion x-ray studies. To further guarantee thahich demonstrates that an overdoped crystal could be in a
uniformity of the crystal, only those tiny pieces of crystalline uniform single phase.
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FIG. 1. The superconducting transition pattern of overdoped EU/ 103 : ! ' ' b
Bi,Sr,CaCyOg, , single crystals measured immediately after an = 0of
annealing treatment in Qatmosphere at 550 °C, showing a single- 04l
sharp transition. The inset is a semilogarithmic plot of the data -0.01F .
(according to their inverted absolute valu@sthe BLL ¢ configura- 08
tion, which helps to distinguish the existence of any secondary su- A Sample 2
perconducting phase in this configuration. Sampleisla small -0.1 80 &2 84 86 88 J/ Ble,30G
piece cut from sample 1. K —o— After 8 days
—a— After 24 days
For the case oB.Lc, the diamagnetic signal at low tem- -1 :Qze;:n’e“;’lzzhs 1
peratures reflects the nature of intrinsic Josephson couplings two years later
between different CuPlayers®® In a logarithmic scalésee _ . , . , .
the inset of Fig. 1 and the caption therethe temperature 60 70 80 90 100
dependence of the susceptibility is very steep in the transi- T (K)

tion regime but relatively “flat” in the Josephson coupling

regime. The crossover between the two regimes takes place FIG. 2. The time evolution of the transition patterns of over-

at ~82.5 K for sample 1. doped BjSr,CaCyOg, « Single crystals. A highel, phase gradu-
Although the overdoped crystals show a single sharp Sua!ly grew up as the crystals were kept at room temperature in a dry

perconducting transition if measured immediately after theél’ atmosphere after an annealing treatment. Three m_onths Iatgr, the

annealing treatment, multiple transitions with different sig-"eWly segregated phase reacheti0% of the total ac diamagnetic

nificance are always seen after the crystals have been keﬁgg‘z" (ef‘m”r;]d 82 K forBthe t;:ase O“?Lc [F;a”e' )], ar|1dt ”pttr‘]’
for some period of time at room temperature and in a dry air 20% for the case oBlab [panel (3] Two years later, the
amples were re-annealed following exactly the same conditions as

environment protected by silica gel, which is a common wa . . "

. . -before. A single-sharp superconducting transition was restored.
of sample storage in most of the laboratories. In our experi-
ment, nine overdoped crystals have been examined, seven ghiform oxygen contentas told by a single sharp supercon-
them eventually exhibited a multiple transition pattern, andducting transition at low temperatujesiaintained during a
two of them underwent significant broadening in transitionhigh-temperature annealing process in &mosphere must
width, after they having been stored for a certain period obbecome over saturated when the crystal is cooled down to
time. room temperature. This is why the oxygen dopants tend to

Figure 2 shows the time evolution of transition pattern forredistribute and even to escape from the crystal, which fi-
sample 2 in theBLc configuration[panel (b)], and for  nally creates the highéfz phase. In this scenario, the newly
sample 2 in the BLab configuration[panel (a)] (where formed phase is likely distributed near the edge of the
sample 2 was a small piece taken from sample 2 at the enctrystals.
of the three-month perigdThese crystals were annealed in  The distinct multiple-transition pattern indicates the for-
O, atmosphere at 450 °C for 48 h. It can be seen that thenation of two types of domains in thab plane of the
88-K phase grew up significantly with time. crystal, each having a different oxygen content. The mecha-

Two years after the first annealing, sample @xd the nism of such domain formation might be similar to that
remaining part of sample 2 were annealed again using exef the vacancy ordering domains in underdoped
actly the same conditions as before. Single sharp supercoBa,Cu;0,_ 5, where different types of domains corre-
ducting transition was restored, also shown in Fig. 2. spond to different staging structures of oxygen vacancies.

The reversible change in volume of a higfier-phase  Such distributions are energetically more favored than just a
should reflect the change in local oxygen content and/or arrandom oné&° A nontrivial mobility for the oxygen dopants
rangement in the crystals. Our results therefore reveal thas another key factor for the occurrence of spontaneous phase
the balanced oxygen content in an overdopedseparation at room temperature.

Bi,Sr,CaCyOg ., is a function of the temperature and the  Figure 3 shows the field dependence of the transition pat-
oxygen partial pressure of the crystal's environment. Theern of sample 2 three months after the annealing, and
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sample 2 24 days after the annealing. Two transitions can bas they can be drastically suppressed by a field bfG, and
recognized in weak magnetic fields, one onsets-8L.6 K  almost washed out by a field of a few tens G. Compared to
and the other above 86 K. The nucleating and growing up othe 81.6-K phase therefore the diamagnetization around 86 K
the superconducting domains below 86 K build up substanshould arise from a Josephson-like weak superconductivity,
tially large or enormous amount of diamagnetic loops in thereflecting the existence of additional inhomogeneity in the
ab plane of the crystal. However, these loops are very weakab plane of the newly segregated phase down to the coher-
ence length scafé

The diffusion process of the dopants to a lower-energy
distribution is presumably driven by the thermal energy

-0r Sample 3

which is significantly lower at room temperature compared
15 days after to that during high-temperature annealing. This factor makes
5l annealing i the diffusion process hardly completed, giving rise to the

additional inhomogeneity in theb plane. This picture seems
consistent with the recent observation of energy gap inhomo-
1 geneity at nanometer scale using scanning tunneling
microscopy:>~1’ With the best single crystals they obtained,
Pan and co-workers found that the superconducting energy

B.lab

-10

-15

= a gap of BLSrLCaCyOg,, compound is inhomogenous from
g N place to place down to the nanometer scale, though the lat-
= 0 /5 80 8 %0 9% tice is highly perfect.
= L B L S Finally, Fig. 4 shows the transition patterns of two opti-
= Sample 4 mally doped B}Sr,CaCyOg, , crystals(the 88-K phasgl5
103k BJc, 30 G | days(sample 3 and six monthgsample 4 after being an-
nealed in Ar atmospher@®00 °C, two weeks These crystals
—A— immediate after annealing were from the same batch as samples 1 and 2. Their transi-

-0.01- six months after anneaing 7 tion pattern remained nearly the same after the six months

period, and showed no significant field dependence at a level
of a few Gauss. Therefore the evolution to multiple transi-

o1 tions is much insignificant in optimally doped crystals. This
b is consistent with the fact that Br,CaCyOg,, material
A T ] usually does not become underdoped. Even if the crystal
70 75 80 85 90 95 keeps losing oxygen, the influence ®p is insignificant, as
T (K) for optimally doped crystals it sits on the top of th&@ vs

- . carrier concentration parabolic curve.
FIG. 4. The transition patterns of two optimally doped crystals

of Bi,Sr,CaCuyOg 15 days(sample 3 and six monthgsample 4 One of us(L.L.) thanks H. H. Wen and S. H. Pan for
after being annealed in Ar atmosphere at 600 °C. Their transitiodelpful discussions. This work was supported by the Na-
patterns remain nearly the same, showing no significant field depertional Science Foundation of China, and by the National
dence at a level of a few gauss. Center fo R & D of Superconductivity, China.
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