
Early Adaptive Radiation of Birds: Evidence 
from Fossils from Northeastern China 

fifth metatarsal is present (Fig. 2D). A small 
unkeeled sternum, much like that of the 
seventh Archaeopteryx, is present and lies at 
the front of a well-developed series of gas- 
tralia (Figs. 1D and 2B). The coracoid is Lianhai Hou, Larry D. Martin, Zhonghe Zhou, Alan Feduccia* 
more elongate than in Archaeopteryx and 
seems to articulate on the anterior margin 
of the sternum. There is a broad Archae- 
obtervx-like furcula. The bonv tail is short, 

Late Jurassic and Early Cretaceous birds from northeastern China, including many 
complete skeletons of Confuciusornis, provide evidence for a fundamental dichotomy in 
the class Aves that may antedate the temporal occurrence of the Late Jurassic Archae- 
opteryx. The abundance of Confuciusornis may provide evidence of avian social be- 
havior. Jurassic skeletal remains of an ornithurine bird lend further support to the idea 
of an early separation of the line that gave rise to modern birds. Chaoyangia, an orni- 
thurine bird from the Early Cretaceous of China, has premaxillary teeth. 
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and in some specimens the bones fuse dis- 
tally to form a long pygostyle (eight verte- 
brae). The number of free caudals after the 
formation of the pygostyle seems to be very 
small (perhaps four to five). The variability 
in pygostyle formation may result from on- 
togeny or may reflect differences in the 
stratigraphic position of the specimens. The 
absence of teeth is confirmed in the seven 
new specimens with skulls. The plumage 

T h e  recent discovery of numerous Early a vertical, Archaeopteryx-like posture (Fig. 
and Late Cretaceous birds from Europe, 2A). The foot of Confuciusornis is similar to 
Asia, South and North America, and Aus- Archaeopteryx, with a reflexed hallux and 
tralia ( 1 ,  2) has led to the discovery that large recurved pedal claws reflecting an ar- 
the enantiornithine or "opposite" birds boreal life-style. The metatarsals are fused 
were the dominant landbirds of Cretaceous proximally but not distally, and a distinct 
ecosystems (3). These birds differ from 

can in part be restored and shows a long 
feathered tail and a well-developed wing 
with asymmetric remiges, indicating volant 

modern, ornithurine birds most prominent- 
lv in the ~roximodistal direction of fusion of 
the metatarsal bones and in a different con- 
formation of bones forming the triosseal 
canal for the flight apparatus (1-3). Mod- 
ern ornithurine birds are now also known 
from the Early Cretaceous, including the 
Mongolian Ambiortus (4) and the Chinese 
Gansus (5) and Chaoyangia (6). Hesperor- 
nithiform birds were already well specialized 
for foot-propelled diving by the latter part 
of the Early Cretaceous (Aptian), and their 
divergence from other ornithurine birds 
must have been quite early (7). All of the 
previous work on the early radiation of birds 
has been largely superseded by many nearly 
complete specimens recently discovered in 
the Jurassic-Cretaceous deposits of north- 
eastern China. Here, we report on three of 
the most critical taxa from this region in 
terms of stratigraphic position, phylogenetic 
implications, and completeness. 

Confuciusornis was described from three 
partial 'skeletons (8) ,  but Chinese workers 
have discovered many new and complete 
specimens (Fig. 1) that show almost all 
aspects of the skeletal anatomy and much of 
the plumage. We have revised our original 
restoration (8) on the basis of this new 
material (Fig. 2B). The pelvis and the 
climbing adaptations in the hands indicate 

L. Hou, Institute of Vertebrate Paleontology and Paleoan- 
thropology (IVPP), Chinese Academy of Sciences, Post 
Office Box 643, Beijing 100044, China. 
L. D. Martin. Natural Histow Museum. Universitv of Kan- 
sas, ~awrence, KS 6 6 0 4 5 ; ~ ~ ~ .  Fig. 1. New specimens of the primitive bird Confuciusornis sanctus in the collections of IVPP in Beijing, 
Z. Zhou IVPP Chinese Academy of Sciences Post Of- 
fice Box'643, beijing 100044, China, and Natu;al History China. (A to C) Skeletons with skulls and jaws [(C), skull restored by collector)]; (B) shows primaries of 
M ~ ~ ~ ~ ~ ,  university of K ~ ~ ~ ~ ~ ,  L ~ ~ ~ ~ ~ ~ ~ ,  KS 66045, right wing, and (C) shows tail vertebrae in ventral view. (D and E) Slab and counterslab, showing the 
USA. outline of the tail and wing feathers, Archaeopteryx-like reflected pubis, but shortened skeletal tail. 
A. Feduccia, Department of Biology, University of North Abbreviations in (D): hu, humerus; fu, furcula; st, sternum; gs, gastralia; pu, pubis; ca, caudal skeleton; 
Carolina, Chapel Hill, NC 27514, USA. wf, wing feathers; hl, hindlimbs; and tf, tail feathers. (F) Strongly asymmetric remiges. Total length of 
*To whom correspondence should be addressed. scale bars, 3 cm. 
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ability. There are indications of a full-body 
covering of contour feathers. The general 
outline of the feathered tail. althoueh - 
formed in a different manner from that of 
Archaeopteryx (which has a long reptilian 
series of caudal vertebrae), is quite similar 
in form to that of the Solnhofen bird. It is 
long and broad in silhouette and is not 
dissimilar to that of the magpie (Corvidae) 
or coucal (Cuculidae). 

The same deposits that produced Con- 
fuciusornis yielded a partial skeleton of a 
bird, Liaoningornis (9) (Fig. 2C) with a 
keeled sternum, which constitutes the ear- 
liest evidence for this distinctly avian struc- 
ture. The keel extends nearly to the front of 
the sternum and there are coracoidal sulci. 
The sternal end of the coracoid is extended 
mediallv and there is a sternocoracoidal 
process. The xiphial end of the sternum is 
expanded laterally, and the sternal notch is 
indented. All of these are ornithurine bird 
features, as is the fusion of the distal end of 
the tarsometatarsus but not the proximal 
end, with the proximal end covered by a 
tarsal cap. The sternum is long and broad so 
that it could act as a pump for the air sacs. 
Because enantiornithine birds did not have 
the ornithurines' long posterior abdominal 
extension of the sternum, they would have 
lacked the capacity for higher rates of oxy- 
gen consumption during flight and there- 
fore would not have had a modem avian- 
style flow-through lung. Uncinate processes 
hinging on the rib cage are found in all 
ornithurine birds but not in Archaeopteryx, 
Confuciusornis, or any enantiornithine bird. 
This argues for modern air-sac breathing in 
ornithurine birds but against it in all sau- 
riurine birds, including Archaeopteryx, as 

they would be unable to ventilate the ab- 
dominal air-sac system (10). Recent histo- 
loeical work shows that the Late Cretaceous - 
enantiornithines lacked endothermy (1 1 ). 
These fundamental anatomical differences 
between the two major avian groups indi- 
cate that the early avian dichotomy was 
characterized not only by divergent loco- 
motory architecture but also by thermoreg- 
ulatory and activity physiology. Liaoningor- 
nis has sharp recurved claws and probably 
sDent much of the time in trees: such an 
interpretation is also supported by its broad, 
short tarsometatarsus (proportioned much 
like that of Coraciiformes) and large re- 
flexed hallux. The femur is long (about the 
length of the tibiotarsus) and the fibula 
nearly reaches the ankle. 

The next oldest ornithurine bird is 
Chaoyangia from the Early Cretaceous of 
China. Chaoyangia was originally described 
from a vertebral column, ribs, pelvis, femur, 
and tibiotarsus (6). Since then, the same 
complex of deposits has produced a partial 
foot and a shoulder girdle including the fur- 
cula. coracoids. and stemum. Althoueh 
there is little skeletal overlap among thevse 
s~ecimens, thev are from birds of nearlv the . , 
same size and are the only ornithurine ma- 
terial present in deposits that have produced 
more than 25 specimens of enantiornithine 
birds. One of the new specimens of Chaoy- 
a n ~ a  shows a toothed dentarv and Dremax- - 
illary as well as other fragmentary skull parts. 
These show the typical tooth morphology 
found in Parahesperornis, Hesperornis, lchthy- 
ornis, Archaeopteryx, and Cathayomis. The 
shoulder girdle is similar to that of Ambior- 
tus, and both Chaoyangia and Ambiortus have 
coracoids with deep, round scapular facets 

and long straplike procoracoidal processes 
(Fig. 3A) that readily separate them from the 
enantiomithines. Both genera also resemble - 
each other and differ from the shoulder gir- 
dle of enantiomithines (Fig. 3B) in that (i) 
the furcular arms are rounded and internally 
flexible; (ii) the furcular hypocleidium is un- 
developed (enormously enlarged in enan- 
tiornithines); (iii) the sternum is elongated 
and not greatly emarginated posteriorly as in 
enantiornithines; (iv) the coracoidal facets 
are posterior to the anterior margin of the 
sternum (on that margin in enantiorni- 
thines); and (v) the sternal keel reaches 
almost to the anterior margin of the stemum 
(much posterior to the anterior margin in 
enantiomithines). 

These fossils show that the scapula and 
coracoid characters first used to distinguish 
Enantiomithes (1, 2) were already well es- 
tablished bv the Earlv Cretaceous. The 
finding of such extensive differences at such 
an early date does not support a lineal evo- 
lutionary scenario in which Archaeopteryx is 
an ancestor to all later birds and the enan- 
tiornithines are an intermediate staee on - 
the way to modern birds, as suggested by 
Chiappe (1). What is documented is an 
independent improvement of flight-related 
morphology from a common ancestor some- 
what less specialized than Archaeopteryx. 
The ossification of the cartilaginous ster- 
num. develo~ment of a sternal keel. and 
elongation of the coracoids were evidently 
developed in parallel, thus accounting for 
the differences in the systems used by orni- 
thurine and enantiornithine birds to 
achieve the same purposes. 

The Early Cretaceous enantiornithine 
bird Cathayomis has an Archaeopteryx-like 

Fig. 2. Restoration of the 
Late Jurassic primitive 

(6) Confuciusornis sanc- 
tus. (C) Main slab of the 
Late Jurassic ornithurine 
bird Liaoningornis. (D) 

1 crn Confuciusornis sanctus, 
reconstruction of the an- 
terior view of the left foot. 

Abbreviations: co, coracoid; f ,  fe- 
mur; ft, foot; h, humerus: r, radius; 
tb, tibiotarsus; tm, tarsometatar- 
SUS; st, sternum; ca, carina of ster- 
num; and u, ulna. 
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skull \vith the nasals llneetilng 111 the l-i-iiiilil-ie 
and toothed ~~remaxillaries.  Tliese primitive 
cranial features are coi~pled n.it1-i an  outer 
metacarpal exte~liiiilg distallr- l?eyonii the 
miiiille inetacarpal (1 2) ,  a &xi\-ed feature 
characteristic of the enantiorinithiforl~ls ( 1 ,  
2 ) .  This co~liiitioll is uncertain in Gol~i-  
pter:s (13 ) ,  altlnoi~gln a n e ~ ~ - l y  collected 
specimen AS \yell as the kno~vin eml~ryos of 
Gobiptei.?~ suggest that a pi-irniti\-e metacar- 
pal position (iuiddle and outer at ahout the 
same l e~ .e l )  ma\- be present. If this is so, 
then Gohipter>lx may he a side branch of 
e~~aint ior i~i t l~i ine  evolution united by the iie- 
velonment of a horn\- hill ~vitln Coni~ii iziso~- 
nis of tlie J~~rass i c -Cre taceo~~s  tra1-isitiol-i (8). 

By comliining all the pntative specllllel-is 
of Chaoyai~gia, we can reconstruct an  Earlr- 
Cretaceoi~s orn~rhur ine  bird (Fig. 3C) .  This 
hird was adapted for wading and had sl-i-iall 
pedal claws, a large rill cage, and a hasically 
moiler11 ahoulder girdle. T h e  Earlv Creta- 
ceous ornirhurine liiril Antbiortzis differs 
fro111 l-iiodern birds 111 having t ~ v o  we1l.de. 

u 

velopeii \ \ - i l l  phalanges anii a c1a.i~ o n  the 
seco~nd dieit. This rrohal4v \\.as also the  
case in Chaoyaiigia, although only the finger 
of the  tlnirii digit is knoa-11, this digit 
also had a snlall claw. 

T h e  Late "Jurassic" Chinese bird Con- 
f~iciziso~nis ilh~strates the  earlv evolutioi-i o t  a 
horn\- or keratini:ed l3enk and e d e n t u l o ~ ~ s  

Fig. 3. Restorailon of the shoulder g~rdle (cora- 
coids, furcua, and sternum) of (A) Chaoyangia 
and (Bj Concomrs from a ventral viev!. (Cj Recon- 
struction of the Chaoyangia skeleton: the wlng 
and ~ i e c k  are based on Ambiorilis and the tail on 
Ichthyornis (restorat~ons are In sol~d black). (D) 
Phylogenet~c relat~ons of some mporiant genera 
of Mesozoic birds (20). Derived characters of each 
group: Aves IS diagnosed by 11) feathers. (2) loss 
of postorb~ta bone, (3) posterlor pubic spoon. (4) 
opisthopublc pelvis, and (5) reflexed haux.  Ortil- 
thurae are diagnosed by (6) laterally flexible furcu- 
la, 17) rounded concave scapi~lar facet on the cor- 
acoid, (8) distinct straplike procoracoidal process. 
(9) keel almost reachng anterior margin of ster- 
Iium. (10) sternuln elongated and reaching the 
abdominal region, (1 1) sternurn w~ th  coracoidal 
sulci. (1 2) ulicinate processes oli ribs, (1 3) dstal- 
to-proximal metatarsal fusion, 1lL) fiislon of the 
distal ends of the outer two metacarpals, and (1 5) 
tarsal cap oli the tarsometatarsus. Other un- 

~ iamed orn~thurine groups are diagnosed by (1 6) srnall pedal claws, (17) proximal fusion of the tarso- 
metatarsus to the tarsal cap, (1 8; separat~on of the distal pubes, (19) hypotarsus, and 120) suprate~idi~ial 
bridge on the t~botarsus. Sauriurae IS diagnosed by (21) broad furcclar arms that are grooved pos- 
terodorsally (laterally no~icompressible), (22) outer condyle of fernur with a dorsal crest, (23) anterodorsal 
ischal process, and (24) proxima-to-distal metatarsal fusion. Confuciusornis and Enantiornithes share 
125) a shortened tail with the development of a pygostyle, and dstlnct pleurocoels. Enantiorn~thes IS 

characterzed by (261 reduced fingers. (27) elongated coracoid with a nonter~n~tia raised scapular facet, 
128) tranguar depression on the dorsal sc~rface of the coraco~d, (29) greatly elongated hypocleidiurn oli 
thefurcula, (30) sterna keel lnuch posteriorto the anterior margln, and (31) outer metacarpal dstal to the 
others. See 11) for a contrasting vew of Mesoroc bird evolutio~i. 

jaw, as npell as the ail\.ent of a prokinetic 
sknll. Conf~iciziso~nis illustrates a rar iJ  t r x -  
sition to a partiall\- moilern cranial mor- 
phology in one line, \vI-iere,ls other XIesoro- 
ic biriis retained more primitive tootheii 
j,in-s but developed a more aiivanced flight 
morpho lo~y .  T h e  Chinese f~~ss i ls ,  illllilte 
Archaeo/~te~vs  (from Jeposits laid don:n in n 
hypersaline lag0011 in Germanr-),  are tl-om 
ll-iland laci~strilne iierosits that 11,lve also 
yieliied numerous freshwater filssils, includ- 
ing fish, ostracoiis, anii conchc>stracians. 
Tl-ie large l-iumber of nen. specimens of Coii- 
j~tciuso~nis sa i ic t~~s  from a >mall are,\ is so 
erceCtioilal as to suggest sollne sort of ccx-il- 
in i~nal  life-5tyle for this species, alnd the size 
range of inilivid~ials may he indicative of 
indeter~l-iii-i~ite jirr)n'th. 

Tl-ie small, snarroll--sized Early Cre taceo~~s  
hirds froni 5pnin (1 4) 11ou incluiie four gel?- 
era-Il~<~oi~~~'soi.nis, Conconiis, Nogtio.ornis, 
and Eoal~ila~'is-that are morpl-iologically 
similar and might represei-it n single genus 
(0111~ Inillor iiiversificarion). These are all 
k n o ~ y n  from iieposits that are of lacustrii-ie or 
1ngool-i;il origii-i hut are preserveid in lime- 
stones of the same gei-ieral type as n-ere iie- 
nosited in the Late lurassic of Solnhofen. 111 
recent years it has l~ecome apparent that the 
Spainis11 fossils I~elong to the enrrntiornithine 
hirds, and a diverse variety of these hirds are 
now knoli-11 from localities that  inclucie 
Asia,  Australia, and Nortl-i and Sou th  
.%~l icr~ca  ( 1 ,  2 ,  1-51, E ~ i ; ~ ~ - i t ~ o r ~ - i i t l i i ~ - i e  birds 
from the  Chinese Lo\\-er Cretaccouz 11 2 .  ~, 

15)  no\v colile frL)m si>me seven localities 
\+-it11 lliorc tl-ian 39 ~ncii\-iiiuala fallilie in to  
tl-irec or more major mcirpliolo~ical t\-pes, 
i i - i c l ~ ~ d i n ~  Sinornis (1  7), C a t h i i ~ o ~ n i s  (1 8), 
anid Holziochia ( 1 9 ) .  In addition, (Zhao- 
y a ~ z g i ~ ~ ,  a n  o r ~ ~ i t l - i ~ ~ r i n e  hircl, occLlrb in the  
same depns~tx mith the  ena~ntiornirhines.  
A1-i a c i i i ~ t i o ~ ~ a l  Loa.er Cretaceoi~s  ornitliu- 
rine bird, Gilnszis (5) ~ v i t h  its long pl-ialal-i- 
ges anil eloligated toilrth toe,  probably also 
o c c i ~ ~ ~ i e c i  tlie near-shore hahi ta t .  

W e  have 110\x7 idelltifieil several synapo- 
morflnies (Flg. 3D) (2Q) that ally Archiie- 
opte~yx n.it1-i ena~~riornitliil-ie birds, inclucl- 
il-ig prosii~~al-ti>-ilist,il ontogenetic fusion ot' 
the metatarsal elements, a posterolateral 
colidvlar ridge o n  tlie distal eliJ  of the 
temur, ;in anterolnedially directed s c , ~ ~ u l a r  
p r~xess ,  anel ail a~-iteroclorsal ischial vrc>cess. 
Tliis leniis creclellcc to a Ldl~-ision of the 
class Ayes into t\i.o nlaior i~~bcl;isses,  Sau- 
riurac (21)  ant1 Ornithurae. T h e  forilier 
cL>ntains ArchL~i.opte,-yr, Conf~icitiso~izis, ancl 
Enalitic~rl-iitl-ies: the  latter ( O r ~ i i t h ~ ~ r a e )  
colirains all other knL>\\~i-i birds. In  colitrast, 
the sclienle of Chianpe indicates an  ortho- 

L & 

genic lineage that goes I'rc>m A~iiliieoj~tiiTy~ 
tl-iroi~gln a11 e~~a~ i r io rn i t l i i ne  g r d e  ti) motl- 
ern hiriis ( 1 ,  22) .  

T h e  lie\? fossil. from Chin;i sl-ion. that  
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t he  tn.i, majLx clailes i>f a\.ian evolut~c>n, 
thc  S a i ~ r ~ u r a e  ancl t he  O r n ~ t h i ~ r a e ,  [yere 
synpatr ic  ~ n l v  a fe\v millio1-i years after 
t he  c>ccurrel-ice L>t .4l.;hiiiio/)ti'r?x. B\: t he  
T i~ ras~ ic -Cre taceo~~s  tran>itio~-i ,  birds hacl 
already u ~ ~ d e r ~ o i - i e  n remarkal~le ,i~-ici rrob- 
ably rapid radiation. T h e  11elv i ~ - i t c > r m ~ l t ~ ~ ~ ~ - i  

! L 

011 the  early geoyrayhic and tempL>ral ilis- 
t r l l~ur ion L3t hirds ma\- also 111cIlcate a I m e  
a1-la11 hlstorl- 111 the  Jilrassic. W e  'ivould 
2snect that  the  c ~ ~ m r n ~ > ~ - i  ancestor of the  
Sailri~lrae and the  C3rnlrh~lrae \vL>illLd pre- 
date Ar;hict.o~tt.i.~r anti that  I\-e mav rea- 

the  most u b \ . i o ~ ~ s  c o l - i ~ ~ n d r ~ ~ m s  t;lcing the  
tl-ieLlry i>f a dil-ii>.;aurialn o r ig~ l l  c>i ' ids .  
T h e  dinosaurs tl-iought to lie illc>st like 
l>irLi.; ,xre pr imar~ly  Late Cretacei ,~~. ;  in age 
and are 1-ilul-iger than  .4l.c/iicc.oprc~yx 171 
inore than  76 million y e a r .  Thi5 temporal 
paraJos  11;l led some clinc)sai~r experts to 
argue that  biriis ga1.e rise ti) cert;iil-i late 
Cretaceous theroroLi\  (2.3). 

T h e  dating of thc J i~ ras s~c -Cre tace i>~~s  
lloilndar\- relllalns col-itro\-erqial 111 nc)rth- 
eastern c h i n a  (8). W e  ha1.e acceptecl an  
ace fc>r Col i i~ i i i l i so~-~~is  and Liaonrngoi.~~is 
.omenh,xt yo~111ger than . i ~ c h i c t . o ! ~ t L ~ ~  l ~ u t  
st111 older than any otl-ier 1<1-io\v1-i l ~ i r ~ i s ,  c~ni l  
~ v e  tlill-ik that tl-iese Lleycvit, es>el-itiall'i- 
IlriJge the I~~rass lc-Cretaceoi~s  transition. 
Any Inore precix  ilati1-i~ will require turther 
tick4 \~ t )~ . l i  in China .  
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Direct Observation of Vortex Dynamics 
in Superconducting Films with 

Regular Arrays of Defects 
K. Harada, 0. Kamimura, H. Kasai, P. Matsuda, A. Tonomura, 

V. V. Moshchalkov 

The microscopic mechanism of the matching effect in a superconductor, which man- 
ifested itself as the production of peaks or cusps in the critical current at specific values 
of the applied magnetic field, was investigated with Lorentz microscopy to allow direct 
observation of the behavior of vortices in a niobium thin film having a regular array of 
artificial defects. Vortices were observed to form regular and consequently rigid lattices 
at the matching magnetic field, at its multiples, and at its fractions. The dynamic ob- 
servation furthermore revealed that vortices were most difficult to move at the matching 
field, whereas excess vortices moved easily. 

the critlcal ci~rrel-it density JL of silpercon- 
Ld~~ctL>rs 1 1 ~  i~~trodi~ci l - ig  detect5 as plnnlllg 
centers into uperconJi~ctors .  .4 high J L ,  the 
maximum cLlrrent density at  nhic l i  these 
defect$ can still pin clo'iv1-i vortices ; i e a ~ n ~ t  
the Lorel-it; filrce eserteLl o11 'i-oi-tices b\- '1 
c i~rrent ,  can be obtained n h e n  the elemen- 
t a l - ~  p i n n i n d o ~ - c e  of indi \ . ld~~al  p ~ n n i n g  
center.; i i  ,tri>nc. 

Hon.e\-er, tlle pinning effect cannot be 
estimated \v~tlii>ut talting the 'ivhole heha\-- 
ior of 1-ortices Into c o n s ~ i i e r a t i o ~ ~ .  In fact. i " - 

liah peak l - a l ~ ~ e ? :  at  speci t~c  applied magl-ietic 
tielcls H (1 , 2) .  T h ~ s  "matching eftect" h;is 
been attributeil to the coilllllell~ural~ility 
Ilet'iveen array< o t  'irc)rtlces anci J ekc t s :  1, (-3) 
and the maynetl:at~ol-i h1 (4-6) measured 
tor si~perconductors 'ivith ;I regular array ot 
arti t ic~al J C ~ C C ~ S  h;i~i yeal<s or c~lsps at  sye- 
c i t ~ c  H 1-alues, or "matchine tields" H = t1. . 
T h c  H ~ia luei  cc~rrespol-iiLd to thc cas:s 
~vlhere tl-ie o c c ~ ~ ~ a t i o n  11~1mber iz i,t 1-ortices 
at  detect. n-as an  il-iteyer or its fractlol-is. 
Hence,  i ~ l d ~ r e c t l ~ ,  the increase in JL n.;is 
related ti> the i;)rmat~ol-i uf reg[llar anti rigid 
1-ortes lattices as51,steci lly thc esistencc of 
iietecti. 

In the prcssnt esperime~-it, the  ,tatic and 
i i~-namic l~ehaviors of i n ~ i ~ \ - l ~ I u a l  vortices 

K Hara:.a, 0. Ka.n ,iiLlra H ,<am. T !\,lats~.da ,A To.10- 
,iiLtta ,Ad>:a,icetl Researzk Lazo ator,., i tac.1 Ltd Ha- 
tc la r ia  Saltan-a 333-32, da!,ar-. 
I!. v k'oslici-alko>: Lahot-atot-IL. 1- vocr '::aste-Stofrs ca 
e.1 I.'ag,ietst7ie Aai,ioeke U -  \'ers te i Leu  et- E-300- 
Lel-.ve,i E ~ ~ J I L . ~ .  

were clireitl'i- o l ~ x r ~ ~ e J  in s ~ ~ ~ e r s c ~ ~ - i ~ l ~ ~ c t i ~ ~ g  
thin f ~ l m s  1 ~ 1 t h  a square array ot  artificial 
ilefects, in c)rcler to e l ~ ~ c i ~ l a t e  the microscop- 
ic ~ n e c h a n ~ > l n  of the m a t c h ~ n u  effect. T h e  
s i m ~ ~ l t a l - i e o ~ ~  statlc o l l ~ e r v a t ~ o n  o t  both \-or- 
tices and detect.; th;it is 11ecessary tor quch 
expe~-~~uel- i t s  has 1-een made only filr special 
case, n . ~ t h  Bitter t e c l - i ~ ~ i i l ~ ~ e  (7-9) and 
scal-ininy prolie Inicroscopy (1 C, 11 ). A t  the 
same time, Lorent: inlcr~>sc~)py (12 )  anid 
e1ectrc)l-i l-iolojiraphy ( 1  3 )  using a 3L16-k\' 
f ~ e l d  emis.ion clectl-011 Inicroscilpe have 
o1;ened a n.a! for s imi~l taneoi~s  observat~on 
of both \~ortices anil defects, 11ot 01117. stat- 
~cal lv  l7~1t ,ilso J\-namical11-. This has mxde it 
feas1171e to i~~ves t iga t e  the Ldyna~nic il-iterac- 
~ I O I I  of vortices with p i ~ ~ n i l ~ g  center< ( 1 4 ,  
15) .  T h e  present e x l ~ e r i m e ~ ~ t  was carried 
out \\-ith Lorent: microsco~iv. 

T h e  experimental procedure \\as as fill- 
lc)\\-i. .-i Kl. t h in - f~ lm sample \vas yrepared 
11)- chc~l-iically e t c h i n  1 5 - I L ~ - t h i c k  fc>il 
that h a ~ l  been al-i~~ealeii at  2299OC for 1L7 
inin to increase its r a i n  sizes i ~ p  to -399 
I L I ~  111 Jiameter. T h e  fllm h ~ l  one or mc)re 
hole.; in the central part. 111 peripheral re- 
ylo1-i.; 111 the fill11 that n.ere <192 nil1 t h ~ c k  
near the hr,les, a siluare ,iri.a\- o t  13 13 
small Jcfecrs ' iva  proLiuce~i insitle a region 
12 1-y 19 IJ-rn (defect syacil-ig Ll = 9.83 
~ 1 1 1 )  b\- ~ r r a ~ l i ~ l t i o n  L)t [lie Kl. f~ll l l  with a 
t;?cuseLi 39-k\' Ga 1011 1-eam from a Hita- 
c h ~  tocuseLl ion I ~ e a m  ~ n a c h ~ n e  (FB-2L799). 
T h e  detect col-isisteil of a p ~ t  32 11111 111 

Jiameter 'lnil a kn. n a ~ ~ o m e t e r s  in depth ,  
and i>t cl~<locatii)n netn-ork.; ?L19 11111 111 L ~ I -  


