
High Critical-Current Density in the Heavily A key to increasing IS to generate effl- 
u e n t  pinning centers in crystals (7). Recent 

Pb-Doped Bi2Sr2CaCu20, +, Superconductor: >ti~~Iies  ~ v i t h  heavy-ion irraciiation have iiem- 

Generation of Efficient Pinning Centers onstrated that aligneiI columnar defects 
serve rls flux plnnine centers and that the IL 
shifts upxvard (8-13). A similar improve- 1. Chong, Z. Hiroi,* M. Izumi, J. Shimoyama7 Y. Nakayama, lnellt\vasrecetlt~yl-ep[lrtedf c3rcc3 lllp~3sl~esi11 
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were embedded in matrix Bi-2212 f ~ l m s  (14).  
Critical-current density (J,) is a parameter of primary importance for potential applica- N7e believe that an  a l t e r~~a t ive  method of 
tions of high-temperature copper oxide superconductors. It is limited principally by the generat~ng efficient pinni11g centers in a 
breakdown of zero-resistive current due to thermally activated flux flow at high tem- more practical anii useful way 1s necessary for 
peratures and high magnetic fields. One promising method to overcome this limitation future large-scale appllcatlons. 
is to introduce efficient pinning centers into crystals that can suppress the flux flow. A N7e investigated the single-crystal gro~vth 
marked increase in J, was observed in Bi2Sr2CaCu20,. , (Bi-2212) single crystals doped of Bi-2212 and found that the partial re- 
with a large amount of Pb. By electron microscopy, characteristic microstructures were placement of Bi n.ith a large amount of Pb 
revealed that probably underlie the observed enhancement in J,: thin (1 0 to 50 nano- markedly affects the magnetic properties of 
meters), platelike domains having a modulation-free structure appeared with spacings Bi-2212. Pb s i~hst i tu t~on of about L1.3 per 
of 50 to 100 nanometers along the b axis. formula unit is essential to the formation of 

Bi,SrlCa2Cu30,c+, (BI-2223) (1 5),  where- 
as a range of solid solutions exists for BI-2212 
and Bi ,S rzC~~0 ,+8  (BI-22L11) (16-18). In 

High- temperature  copper oxide supercon- chemical stability and flexihility in  manu- the case of BI-2212, single-phase materials 
ductors (HTSCs)  eshibit  an  unusual mag- factusing processing: Tlie melt-texture were obtained for 0 5 y 5 0.8 in a formula 
netic field-telnperature (H-T) phase dia- growth technique has sufficiently impsox-ed Bi2.,Pb,Sr2CrlCu20s+, (16. 19).  Many sin- 
gram that differs from that of conventional superconduct~ng coupling between p l y -  gle-crysk~l gron-th experiments have been 
superconductors ( 1 ,  2).  T h e  major reason is crystalline grains, wlilcli is another factor carrled out on pure Bi-2212 and Y-, La-, or 
the  strongly t~vo-dimensional (2D) charac- lllniting tlie actual Jc value, atli? enableLi the  Pb-doped systems (2G, 21 ). T o  our kno~vl- 
ter of HTSCs, as well as sliort coherence prodi~ction of wlres with re la t i~~el \ -  high J; edge, however, tliere liave been no  attempts 
lengtlis anct elel-ated critical temperatures 1-alues belon. 29 K. HOLT-ever, one serlous to prepare sillgle crystals n-ith amounts of Ph 
(TL1s),  rvlilch markedly challge the 170rtes ~?rohlem is that rlbove 20 K J; decreases as large as y > 0.4. 
state in magnetic fields perpendicular to the Lirastically in  magnetic fleli?s (5) .  This iie- Slngle crystals of PIT-substituted Bi-2212 
CuO,  layers; vortex lines become ill-de- crease arises from the breakdon.n of the Lvere grown horn starting compositions of 
tined and transform into pancake vortices zero-resistive state due to  thermally actlr-at- B I , , ~ ~ , P ~ , S S ,  , C ~ C L I ~ O , ~ ,  ( s  = C, C.4, 9.6) 
confined lvithin the  CuO,  layers, ~vhicl i  ed flux flow. Suppression of tlie flux flow 1s 1.y the conve~ltlonal floating zone rnetliod 
couple only iveakly betneen the  layers (3). particularly significant for this compound with an infrared heating furnace. Crystals 
C o ~ ~ s e ~ l u e n t l y ,  the role of thermal fluctua- because of its inherent 2D anisotropy ( 6 ) .  were grown in an atmosphere of 2COh 0,- 
tion o n  the  dynamics of vortices is enor- Large-scale applications mould be accelerat- 6C% Nlr and the grolvth rate was 0.5 mln 
mously enhanced, and flux flolv and flux- ed 1ly finding a n  appropriate solution to hoursp'. Tlie composition of the grown crys- 
lattice melting occurs in a \vide temperature overcome this obstacle. tals nas  examined by fluorescence x-ray com- 
range helo\\- Tc, resulting in  a finite resis- 
ti~rity. A practical1~- important t~oundary in Fig. 1. Comparson of the tempefa- 
the H-T phase diagram 1s called the  Irre- ture dependence of magnetiza- 
versil?illty line (IL),  which marks the  t lon  (MI for  the pure (X = 0) and the 
houndary between the regions of reversible pb-doped (x = 0.4 and 0.6) s n g e  
and irre~ersible magnetic behaviors (2 ) .  It crystals. ~bso iu te  values of 11il are 1000 
is thought that the vortices are pinneii by d~splayed n a sem~logarithm~c plot. 
defects in crystals belo\v the  IL, whereas The data for x = 0.4 and 0 .6  are 
they can move in  response to external forc- mutiplied by factor of 2 and 4, 

es above the IL, ~ - h i c h  means the vanish- respectlve'y. for The mea- 

ment  of flnite J; (4) .  From the viewpoint of sL'rements were carried O u t  i n  a "I- 

perconducting quantum ~nterfer- 2 100 practical applications it IS particularly im- ence device ISQUID) magnetometer ; 
portant to expand thts irre~~erslble regime (MPMS,, Quantum Design) with a 
and, a t  the  same time, to  increase I,. 4-cm scan length, wlth H approxi- - 5 s Alnollg the  many HTSCs studied to matey parael to the c axis, In each 
date, Bi-2212 has been considered one of measurement. the sample was rap- 
tlie most promising materials for use as idly cooled to 5 K in a nearly zero 10 

ivires for cables and magnets because o t  its fled'  warmed slowly to 120 K in an 
appl~ed field of 1 kOe (ZFC; flied 
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tiosition anal\-sii. The  results for s = 0.4 and 
C.6 \yere R1, ,,Pb, ?;i;r2 , ,Ca, :<CLI: ;1205-8 
and Ri, s4Pb, ,,Srl ,,]Ca, 3tC~i, ,:? ,-,, re- 
spectively, in,licating little loss of ~ a r t i c ~ ~ l a r  
elements. Platel~ke crystals ot 1.11 by 1.2 by 
(-Q.Q3 to C.C4) mm' \Yere cleaveil fro111 each 
rod and used for 111agnetl:ation me~2surernents. 
'4 typical si:e of crl-stalb used for resistivity 
measurements was l.C by 3.C by 9.1 ~ l l i n ~ .  
Postallilealing experiments were not done in 
the present stuiiy. 

h1agneti:ation mec2zurements were car- 
ried out rvith H approximately parallel to 
the c axis of each cryztal. Figure 1 colllpares 
the temperat~11.e ilepeildence of magnetiza- 
tion tor three crystals in an applied field of 1 
kOe. Tile T, onset-87, 35, anLl 81 K tor 
N = 2, 9.4, anii 11.6, respect~velv-\\.as nearlv 
equal for the three crystals. ;i large hyster- 
esia n.as obserl-eLi helo\v the ~rre\.ersihle tem- 
perature Tirr at \ v h ~ c h  the zero-field-cooled 
(ZFC) anti the field-coole~i (FC)  hrailches 
coincideL1 for each c ~ s t a l .  T h e  moct impor- 
tant feature was tile drastic illcrease in TI,, 
\ n t h  PI, content: 32 K (r = L 7 ) ,  43 K (s = 
L7.4). and 711 K ( r  = 11.6). This result suggests 
that tile P1. substitution suppresses t lus flolv 
at hleh temaerature and leads to a n  lncreaze 
in jL, AS O C C L I ~ ~  in ion-irraci~ate~1 cr>-stals n-it11 
columnar iiei'ects (8-1 3) .  

T h e  dlstinct impro\~ement in jc 1iy PI. 
substitution was also detected 111 the resls- 
tivitj- measurementr for N = L7 ;lnll 2.6 (Fig. 
2) .  T h e  tailing of tile resisti\~ltr curve lie- 
canle inore prolnincl~t \ I -~ th  increasing mag- 
netic field for the pure crystal, as reporteci 
previously, n-hlch is apparently due to the 
d ~ s s i p ~ t i o ~ ~  associateii 1vitl-1 flux flo\\. (22) .  

I11 contrazt, the  drou in resistivitv reillaiileil 
much sharper even' at H = 1 k 0 e  for the  
Pb-LlopeL1 cryital, ~ n i l i c a t l n ~  a l a s e  expan- 
sion ot the  temperature ranye ~ v i t h  zero 
~.esistivitv uniler lllagiletic fields. 

Shifts of the IL to\vard values of hioh 
temperature and high lilagnetic fleld have 
ilnportant practical applicat~ons, l~ecause 
zero-resistive current call be trailsferreil 
onll- belo\\. the IL in the  H-T phase dia- 
eram. T h e  ILs for the crystals in our study 
\yere determilled by magneti:ation measure- 
ments as a functiL>n of temperature or fielcl 
and are c o m ~ ~ ~ 2 r e ~ l  in  Fig. 3. T h e  IL shifted 
markedlr up\vard n.it11 Pi: doping. A Llrastlc 
e s ~ ~ a n s i o n  of the  irreversilde reoirne n.as 
seen tor s = 9.6, suygest i~y ,I sul?~tantial 
difference beta-een the  pinning ~llecha~lisln 
ot the  s = 9.6 crystal and that of the others. 
T h e  IL o t  the s = L7.6 crystal is comparable 
\\it11 those reported for heavy ion-irradi- 
ated sinyle crystals (13)  and the LlgO nano- 
rod colllposites (14) .  

W e  estimateci the  flelLi clepeniience of],. 
through magnetic measurementz a t  fiseci 
temperatures uslng the  B a n  lllodel (23) ;  in 
this n~ode l  the  l~ysteresis in magneti:at~on, 
A M ,  is related to J; as J L  = 1 i l L l / r ,  n-here 
7 1s the  ra<ii~ls of the c i r cu la t i~~g  current aild 
is no\\- assumeL1 to  he the lateral i i i n ~ e ~ ~ r i o ~ ~  
of the  crystal. Figure 4 prese~lts the rciults 
for T = 2L? anii 1L7 K. ;i parallel upn.ard 
ihitt n.lt11 Pb content was seen in the  JL-H 
cur\-es at 22 K. T h e  absolute value for the  
pure crystal uar  nearly equal to those re- 
ported previously (12) .  .At 39 K, in contrast, 
J, tell rapidly with increasing field for s = 3. 
l,ut Pb s ~ ~ l ? s t i t ~ ~ t i o ~ l  LIP to  r = 2.6 ciecreaseci 

the  drop. maintainiilg JL well above 10- 
A!crn2 LILT to H = 10 kOe. These results 
deluonstrated that ver7- efficient pinning 
centers. which must be associated with the  

Fig. 2. Comparson of the evolution 
of reslsi~v~ty cutves In varloJs ap- 
pled f,elds forx = 0 (A; and 0.6 (B). 
The data !.were collected by tne ^ 'OO! 

standard fo,~r-probe method ~ 1 1 t h  5 
current passng along the c plane. 

heavy Ph substitution, ivere illtrocluce 1 into 
the Bi-2212 crl-stals. 

: A  
x =  0 

H = 2.0 kOe 
1 .O 
0.5 

T o  clarify the  plnnlng centers, we ex- 
amiiled the  microstr~lct~lres of the  three 
crystals bv translnission electron microsco- 
py. W e  prepared specimens tor observa- 
ti011 by crushino a crystal from the  same 

The ct~rrent dens,iy used ~ v a s  i 2 0.2 

batch used for magnetic measurements. 
Tell  to 20 th tn  fragments were exalnined 
in  a lnicroscope for each specimen. Bi 

G'c1n2. T-e magnet~c f~eld apped  .: 
parallel to the c axls is Increased T 
from the r~ght to the left as H = 0, 

- 
0 2 0.5 I ,  and 2 kOe. The rn~lil- 0: 
step trans~t~on at H = 0 for x = 0 

compounds exhlhit  a unique one-dimen- 
slonallv moilulated structure along the  11 

0.0 

J 

.,,, *--,- c,"" ..:.- : ,,w-.. :...-k2 ,..% !:, 

u 

axis that  causes large, wavy displacements 
of atomic positions (24) .  T h e  periodicity 
is 4.8b for pure materials, but lllcreases 
n.ith Pb iioping; perioiiicities of -6.Cb to  
7.3h were reporteii for y = 9.2 to  9 .3  ( I  6 ,  
25.  26 ) .  Even the  dlrappcarance of any 
moLiulation was reported for y 2 C.6 in  
polycrystalline samples of Ri-2212 ( 1  6 ,  
19) .  

Electroi~ ditiraction experiments re- 
vealed that the modulation periodicity of 
the crystals changeci syste~nat~cally as 4.8b 
(s  = D), -7.11b to 7.311 (C.4), and -111.L7h to  
l l .Cb (L7.6). Scdtte~111g in the L~eriociicity 
from f i a ~ m e n t  to fragment ~vas  quite small. 
These results c o n f ~ r m  that Ph \\;as Incorpo- 
rated llomcigeneously in our crystals as ex- 

may be due to nhomogeneous a s -  
trib,~t~on of oxygen In t-e cr\jsial. 
Each cysts '.was not the sarne one 
used for magnet~zat~on measure- , 
ments, b,~t was taken froln the 5 
same batch. 

. . 

Fig. 3. Plots of the rreversbty fled iB,,,; as a 
funcion of temperature for x = 0, 0.4 and 0.6. 
The data ponts sho~.hin 1,hlith open symbols ,were 
determined by the ~neas~rements  of M-T cunles 
s ~ c h  as those In Fig. ' , ~.whereas those 'h11th filed 
symbols were taken as the fled at ~.w-ch hystere- 
s ~ s  loops closed at each temperature. The sold 
n e  for x = 0.6 corresponds to a fit to B,,, 2 (1 - 
T,,.IT,)': L - I I ~ ~  n = 2.2(2) (36). S ~ c h  f~ttng ,was not 
s ~ c c e s s f ~ l  for t-e data ofx = 0 and 0 . L  The soic 
n e s  for those data serve merely as g ~ d e s  to the 
eye Also plotted for coliiparlson IS the 5 ,  of a 
BI-221 2 sngle c~jstal  ~rrac~ated w~th 200-MeVAg 
ions i73). The B,,, at T > 40 K 1s s~gnfcaniy larger 
in the Pb-doped CI-ystal (x = 0.6) ihan In the h e a ~ y  
 on-irrada'ed one. 
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pected. Surprisingly, however, high-resolu- 
tion electron microscopy (HREM) observa- 
tions exhibited a distinct difference be- 
tween the microstructures of the x = 0.6 
crystal and those of the others. All the 
fragments with x = 0 and most with x = 0.4 
were found to be homoeeneous in the nano- - 
meter-scale range (27); a typical electron 
micrograph for x = 0.4 is shown in Fig. 5A. 
Regular modulation waves are apparent 
alone the b axis over the entire  article. - 

In contrast, all the fragments with x = 
0.6 exhibited an unusual microstructure. 
Bright horizontal stripes about 10 nm thick 
were apparent (Fig. 5B). They usually con- 
tinued from one side of the particle to the 
other side but sometimes terminated within 
the particle. The spacing between two adja- 
cent stripes was typically 50 to 100 nm. 
Their density varied slightly from fragment 
to fragment, but the stripes were always 
Dresent. These domains ~robablv have a 
thin, platelike shape aligned edge-on, be- 
cause the diffraction contrast was very strong 

and the boundary with the matrix was sharp 
(28). Under magnification (Fig. 5C), a thin, 
platelike domain 8 nm thick was seen em- 
bedded in the matrix. Long-period fringes 
arising from the "normal" modulation were 
visible in the matrix, but such a superstruc- 
ture was not discernible within the central 
domain. This finding implies a modulation- 
free structure or a long periodicity of >8 nm. 
However, we observed no modulation waves 
even in thicker domains (UD to 50 nm) in . . 
other particles examined, which strongly 
suggests that the domains are essentially 
modulation free. Thus, the specific micro- 
structure is probably due to a spatial varia- 
tion in Pb content, because the modulation 
is expected to disappear for 2Pb/(Bi + Pb) > 
0.6 as reported in powder samples (1 9). This 
critical composition is close to the one we 
observed in the x = 0.6 crystal. It is likely 
that the solubility limit of Pb is higher in the 
melt or in the solid at high temperature and 
therefore that Pb-rich, modulation-free do- 
mains segregate in crystals at low tempera- 

Fig. 4 (above). Comparison of the field dependence 
of Jc for the three crystals at 20 K (solid symbols) and 
30 K (open symbols). The Jc's were determined from 
M-H hysteresis loops measured in a SQUID magne- 
tometer with the Bean model. Fig. 5 (right). Elec- 
tron micrographs showing microstructures of typical 
fragments for x = 0.4 (A) and 0.6 (B). Observations 
were carried out in a transmission electron micro- 
scope (JEOL-2000EX) operated at 200 kV. We pre- 
pared specimens for observation by crushing a plate- 
like crystal, dispersing the fragments in acetone, and 
collecting them on a porous carbon film supported by 
a copper grid, The incident electron beam was paral- 
lel to the [loll direction so that the b axis was per- 
pendicular to the incident beam. The magnification 
was slightly larger in (B) than in (A). The inset to (A) is a 
five times enlargement of the part of the image. The 
wide-stripe contrast seen from the top right to the 
bottom center in (B) is a supporting carbon film. (C) An 
enlargement of the rectangle in (B). The thickness of 
the domain is 8 nm, and the periodicity of the modu- 
lation wave is about lob (5.4 nm) in the matrix above 
and below the lamella domain. 

ture. This is not expected to occur in the 
crystals with starting Pb content lower than 
the solubility limit (for example, x = 0.4). A 
regular dislocation network such as that re- 
ported by Yang et al. (29) was not observed 
in any of our crystals. 

The improvement in .Jc and the upward 
shift of the IL in the heavily Pb-doped Bi- 
2212 sinele crvstals could be due to the - 
reduction of anisotropy, which would make 
the interlayer coupling stronger and stabilize 
a rigid flux-line lattice, or the introduction 
of effective pinning centers. Previously, a 
20% Pb-substituted single crystal annealed 
in O2 was characterized by a reduction in Tc 
to 70 K and by a reduction of 2D anisotropy 
compared with a pure crystal (30). These 
changes were attributed to overdoping of 
hole carriers (31). In contrast, the hole- 
doping level of the as-grown crystals used in 
our study seems to be close to the optimum 
level, judging from their high Tc's. There- 
fore, the reduction of the anisotropy by 
overdo~ine must be a secondarv contribu- - 
tion in our study. This effect could account 
for the relatively small change observed in 
the IL from x = 0 to 0.4. We thus believe 
that the appearance of appropriate pinning 
centers needs to be taken into account. 

The specific domain structure found by 
HREM only for the x = 0.6 crystal is sug- 
gestive of further research (32). The opti- 
mized Tc changes slightly with Pb doping; 
T, first increases, reaches a maximum of 93 
K at y = 0.2 or 95 K at y = 0.4, and then 
decreases to 90 K at y = 0.6 (16, 25). In 
addition, the present Pb-substituted as- 
grown crystals lie in the anisotropy-reduced 
overdoped regime, and so Tc can be opti- 
mized by postannealing in a reducing atmo- 
sphere (33). Then, if the thin, platelike 
domains shown in Fie. 5 are richer in Pb n 

content than the matrix (34), they would 
have a slightly lower Tc and a smaller an- 
isotropy than the matrix. Moreover, the 
electron scatterine at the boundaries mav 
reduce the cohereice length locally. Thesh 
inhomogeneities may disturb flux flow and 
increase 1,. Such a correlated defect must 
suppress the thermal fluctuation of pancake 
vortices more efficiently than randomly dis- 
tributed point defects (35). 
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High-Power Infrared (8-Micrometer Wavelength) 
Superlattice Lasers 

Gaetano Scamarcio,* Federico Capasso,f Carlo Sirtori,$ 
Jerome Faist, Albert L. Hutchinson, Deborah L. Sivco, 

Alfred Y. Cho 

A quantum-cascade long-wavelength infrared laser based on superlattice active regions 
has been demonstrated. In this source, electrons injected by tunneling emit photons 
corresponding to the energy gap (minigap) between two superlattice conduction bands 
(minibands). A distinctive design feature is the high oscillator strength of the optical 
transition. Pulsed operation at a wavelength of about 8 micrometers with peak powers 
ranging from -0.80 watt at 80 kelvin to 0.2 watt at 200 kelvin has been demonstrated 
in a superlattice with 1 -nanometer-thick AllnAs barriers and 4.3-nanometer-thick GalnAs 
quantum wells grown by molecular beam epitaxy. These results demonstrate the po
tential of strongly coupled superlattices as infrared laser materials for high-power sourc
es in which the wavelength can be tailored by design. 

bemiconductor superlattices consist of a 
periodic stack of nanometer-thick layers of 
two materials (quantum wells and barriers) 
(I). The period d of this artificial crystal is 
typically much larger (~5 nm) than the 
lattice constant of the bulk crystalline con
stituents (—0.5 nm). This superimposed po
tential splits the conduction and valence 
bands in a series of much narrower bands 
(typically tens to a few hundred millielec-
tron volts wide in the strong tunnel-cou
pling regime) called minibands, which are 
separated by energy gaps ("minigaps") along 
the direction normal to the layers (1). For a 
given choice of materials, miniband and 
minigap widths can be engineered by suit
able choice of the layer's thickness, which 
can be atomically controlled with the use of 
thin-film crystal growth techniques such as 
molecular beam epitaxy (MBE) (2). 

Although quantum wells, characterized 
by discrete energy levels caused by quantum 
confinement, have found wide use in semi
conductor lasers for optical communica
tions and optical recording and in other 
optoelectronic applications (3), the use of 
superlattices in optical devices has been 
limited. In their pioneering paper (I), Esaki 
and Tsu proposed their use as sources of 
submillimeter-wavelength coherent radia
tion emitted by electrons oscillating in 
phase in a high electric field normal to the 
layers (Bloch oscillations). This emission 
was recently observed (4) but is intrinsically 
of low power, and the goal of realizing an 
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electrically pumped Bloch oscillator re
mains elusive. 

We report a coherent infrared (IR) 
source based on strongly coupled superlat
tices that demonstrates the potential of 
these materials for lasers in the technolog
ically important mid-IR spectrum. Laser ac
tion has been achieved between minibands 
through unipolar (electron) injection by 
interminiband tunneling. In our structure 
(Fig. 1), the laser transition is between 
states at the bottom of the second conduc
tion miniband and empty states near the 
top of the first miniband at a photon energy 
well below the energy band gap of the bar
rier and well materials. The wavelength is 
thus determined by the minigap and can be 
selected in a large region of the IR spectrum 
by changing the barrier and well thickness. 
In the present structure, the wavelength X 
was selected at = 8 fxm, with the use of an 
eight-period superlattice with 1-nm-thick 
Al0 4 8In0 5 2As barriers and 4-3-nm-thick 
Ga0 4 7In0 5 3As quantum wells (5). 

A distinctive design feature of this laser 
is the high oscillator strength of the direct 
optical transition at the mini-Brillouin 
zone boundary of the superlattice (Fig. IB). 
The oscillator strength of radiative transi
tions between the first two minibands of a 
superlattice strongly increases with wave 
vector k, as the barrier thickness is de
creased and is maximum at the zone bound
ary (kz = ITjd) (6). For example, in our 
superlattice the ratio of oscillator strengths 
at kv = IT Id and ky = 0 is ~60, largely 
because of the variation of the transition 
matrix element £21 across the mini-Bril
louin zone. By appropriately tailoring the 
barrier and well thickness, we optimized the 
structure for maximum oscillator strength 
(6) f2l = (2m0lh

2)hu>z2
2l = 55.4 at kz = 

ir/d—where m0 is the free electron mass and 
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