
in such a ion-field region. The  latter system 
is, on the other hand, an exarvlrle of the 
magnetic superlattice films that sho~v char- 
acteristics ~ n u c h  less dependent on  T belo\\, 
room temperature. The single crystal of the 
(Nd,Sm),!,Srl12hZn03 is Inore sensitive to 
low magnetic fields than the other com- 
pou11ds and has the largest MR value among 
them (Fig. 4) ,  although the temperature re- 
gion is lirnited (see also Fig. 3C) conlpared 
u i th  those of the magnetic superlattice sys- 
tems. The observed MR value, defined as 
Ap/p(IH), of the (Nd,Sm) ,~,Sr,~,MnO, corn- 
p o ~ ~ n d  reaches lo4 perce~lt at 115 K under a 
magnetic field of 0.25 T and 4 x lo4  percent 
at 125 K and 1.0 T. A MR effect of similar 
magnitude has been attained for thin films of 
La, _,CaXM/lnO3 (4) and Nd, p,SrxM/ln03 (5)  
and for single crystals of the perovsltite-type 
manganese oxides such as Prl p,Sr,M/ln03 (x 
= 0.5) ( Id ) ,  Nd,-,Sr,Mn03 (s = 0.5) (8), 
and PrIpACa,MnO3 (0.3 5 x 5 0.5) (12). 
Nevertheless, the driving (saturation) mag- 
netic field of (Nd,Sm),,,Srl!,M/lnO3 is excep- 
tionally lo~v. The switching-like colossal MR 
acconlpanyi~lg the field hysteresis may have 
some potential for application to magne- 
tos\vitching materials and devices ui th  
memory f~~~lnction. 
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Earliest Complete Dentition of an Anthropoid 
Primate from the Late Middle Eocene 

of Shanxi Province, China 
K. Christopher Beard, Yongsheng Tong, Mary R. Dawson, 

Jingwen Wang, Xueshi Huang 

The complete lower dentition of a new species of the basal anthropoid genus Eosimias 
shows a combination of primitive and derived traits unknown in other living or fossil 
primates. Although certain dental traits are decidedly more primitive in Eosimias than in 
other basal anthropoids, numerous derived aspects of jaw and dental morphology support 
the anthropoid affinities of Eosimiidae. Eosimiids document an early structural phase in 
the evolution of higher primates. Phylogenies that derive early anthropoids from cerca- 
moniine adapiforms are inconsistent with eosimiid anatomy. Because early fossil anthro- 
poids are known from both Asia and Africa, the fossil record is presently insufficient to 
specify the continent on which this clade originated. 

T h e  extinct primate family Eosilniidae Lvas 
first described in 1994 on the basis of fossils 
collected from the middle Eocene Shang- 
huang fissure-fillings of southern Jiangsu 
Province, China ( 1 ) .  Although fossils doc- 
~ ~ n e ~ l t i ~ l g  several species of Eosi~niidae are 
known. only one of these. Eosimias sinrnsis. , , 

has been described to date. Eosimias sinensis 
was originally interpreted as a memher of an 
early basal radiation of anthropoid or higher 
primates, the taxon that today includes 
N e ~ v  and Old World monkeys, apes, and 
humans. Subsequently, the phylogenetic 
hypothesis that Eosimias is a hasal anthro- 
poid has been widely criticized, and several 
workers have even doubted its prilnate af- 
finities 12-4). Here we describe a new eo- , , 

si~niid species, Eosimias crntrnnicus (5) ,  on 
the basis of fossils collected during May 
1995 fieldwork in the Eocene Heti Forma- 
tion, Yuanclu Basin, southern Shanxi Pro\,- 
ince, China (Fig. 1).  These new specilne~ls 
include the first conlplete lower dentition 
of eosinliid primates ever found. The ana- 
tomical information yielded by these fossils 
confirnls the anthropoid affinities of Eo- 
simiidae, thus providing new data on t e n -  
poral, biogeographic, and phylogenetic as- 
pects of anthropoid origins. 

Historically, the Heti Forlnation in the 
Yuanqu Basin yielded the first Eocene ver- 
tebrates (including the prilnate Hoanglio- 
nius strhlinii) to be discovered in China (5). 
The ~narvl~naliall fauna from the Heti For- 
mation is usually correlated with the Shara- 
murunian Land Marn~nal Age of Asia (7) 
and is therefore probahly late lnidiile Eo- 
cene in age. The  cricetid rodent Pnppoci.icr- 

K C. Beard and M R Dawson, Sectlon of Vertebrate 
Paleontology, Carnege Museum of Natural History 4400 
Fo~bes Avenue P~ttsburgli, PA 1521 3, USA 
Y, Tonq, J. kllanq, X. Huanq, lnsttute of Veltebrate Pale- 
ontoloqy and ~a~eoanthropooqy. Acadenia Slnlca, Post 

todon schaubii from Locality 1 in the Zhaili 
Member of the Heti For~nation (a) ,  the 
same locality that yielded the eosilniid pri- 
mate fossils described here, is morphologi- 
cally Inore derived than is P,  antiqi~i~s,  
which occurs in the Shanghuang fissure- 
fillings (9). Indeed, all availahle hiostrati- 
graphic evidence suggests that the new eo- 

Fig. 1. Map of Ch~na with Yellow River dra~nage 
(dotted Ine), showng locaton of Yuanqu Basin 
foss~l s~tes (enlargement). Locality I ,  the s~ te  that 
yelded the specimens of E centennicus reported 
here, IS represented by a star In the enlargement. 
The locat~on of the Shanghuang f~ssure-f~ll~ngs, 
provenance of E, sinensis, is denoted by a star 
near the east coast of China. 
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simiid fossils from the Yuanqu Basin are 
somewhat younger than E. sinensis from 
Shanghuang. This interpretation is consis- 
tent with the anatomy of the eosimiids 
themselves. because the dentition of E. cen- 
tennicus is slightly more derived than that of 
E. sinensis (5). 

The most complete specimen of E. cen- 
tennicus from the Heti Formation consists of 
left and right dentaries of a single individual 
(Figs. 2 and 3). The symphysis and all lower 
tooth crowns (I, through M3) are preserved 
on the right side, whereas only the crowns 
of the incisors are missing from the left. 
Additionally, the posterior part of the left 
dentary, including the coronoid process, 
condyle, and angle, is preserved. 

The symphysis is unfused in E. centenni- 
cus. as is the case in other basal anthro~oids 
such as Catopithecus from the Fayum, Egypt 
(4). In this primitive feature Eosimias also 
resembles many Eocene omomyids and 
adapiforms, although some adapiform taxa 
evolved fused mandibular symphyses in par- 
allel with derived anthropoids. However, 

Eosimias differs from Eocene omomyids and 
adapiforms (and resembles other anthro- 
poids) in having a symphyseal region that is 
dorsoventrally deep and anteroposteriorly 
abbreviated. In Eocene omomvids and 
adapiforms, the symphyseal region is more 
gracile in the dorsoventral dimension and is 
noticeably procumbent. Even adapiform 
taxa in which the symphysis is fused (for 
example, Notharctus, Mahgarita, and Adapis) 
show this primitive, gracile, and procum- 
bent symphyseal morphology. 

The two lower incisors are vertically im- 
planted in Eosimias, and I, is smaller than I,, 
as is the case in other early anthropoids for 
which the lower incisors are known. Verti- 
cal im~lantation of the lower incisors is 
undoubtedly a derived resemblance between 
Eosimias and other earlv anthro~oids, be- . . 
cause omomyids and adapiforms possess low- 
er incisors that are invariablv im~lanted in , . 
at least a slightly more procumbent position. 
The angle of implantation of the lower in- 
cisors is probably correlated with the differ- 
ences in symphyseal morphology noted ear- 

Fig. 2. Eosimias centennicus (holotype), associated left and right dentaries (IVPP V11000). (A) Right 
dentary preserving I, through M, in buccal view. (B) Right dentary in lingual view. (C) Left dentary 
preserving C, through M, in lingual view. (D) Left dentary in buccal view. Scale bar equals 5 mm. 
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lier. On the other hand, I, < I, likely rep- 
resents the primitive condition in primates, 
because this character also occurs in adapi- 
forms and ornomyids such as Washakius (1 0). 

The morphology of the lower incisor 
crowns has figured prominently in debates 
on anthropoid relationships (4, 11 ). In Eo- 
simias, I, and I, have slightly convex labial 
surfaces and moderately concave lingual 
surfaces. I2 bears a lingual cingulid that 
completely surrounds the concave lingual 
surface of the crown. A similar lingual cin- 
gulid appears to have been present on I,, 
but the morphology of this crown is slightly 
obscured by wear. Mesiodistall~, both inci- 
sor crowns are widest near their bases. The 
apex of I, is pointed; a similar condition 
may well have characterized I,. The roots of 
both incisors are remarkably long and are 
much wider in the labiolingual dimension 
than mesiodistally. The crowns of I, and 1, 
in Eosimias differ morphologically from 
both the spatulate condition common in 
Eocene adapiforms and many anthropoids, 
and the more conical, pointed condition 
found in many omomyids (1 1, 12). Howev- 
er, only subtle differences in lower incisor 
morphology distinguish Eosimias from such 
undoubted anthropoids as Arsinoea. The in- 
cisors of Eosimias are smaller relative to the 
cheek teeth than is the case in other basal 
anthropoids. It seems likely that the non- 
s~atulate morphology and relatively small 
size of the lower incisors in Eosimias are 
primitive with respect to other anthropoids. 

The lower canine in Eosimias is robust, 
projecting well above the crowns of the 
remainder of the lower dentition. The 
crown itself is slightly recurved and dagger- 
like. A well-defined lingual cingulid is con- 
tinuous from the apex of the crown mesially 
to near its base, where the cingulid also lines 
the distal margin of the tooth. The broken 
left canine reveals that the root of this tooth 
is long and voluminous, extending virtually 
to the inferior margin of the dentary. 

Eosimias centennicus possesses three low- 
er premolars (P2 through P4), as do other 
basal anthropoids and many ornomyids and 
adapiforms. However, primitive omomyids 
and adapiforms retained an additional lower 
premolar (P,) that was lost at some point in 
anthropoid phylogeny (1 3). Also as in other 
basal anthropoids and all omomyids, P2 in 
Eosimias is single-rooted rather than dou- 
ble-rooted. In contrast. P, is double-rooted 

, L 

in primitive adapiforms, although such de- 
rived adapiforms as Mahgarita convergently 
attained the single-rooted condition. The 
crown of P, is diminutive in Eosimias, only 
slightly larger than that of I,. In this re- 
spect, Eosimias differs from many other basal 
anthropoids (for example, Arsinoea, Serapia, 
and many platyrrhines), but it is unclear 
whether the relatively small P, of Eosimias 
is primitive or derived with respect to other 



basal anthropoids. The morphologically 
simple crown of P, is dominated by a single 
cusp, and the crown as a whole is slightly 
canted mesiallv. Weak mesial and distal 
crests emanate from the apex of the P, 
protoconid, and a cingulid lines the lingual 
and distal bases of the crown. 

Both P, and P4 are obliquely oriented in 
the tooth row, with the mesial root labial in 
position with respect to the distal root. This 
condition was apparent on the basis of the 
alveoli of P3 and the crown of P4 in Eosimias 
sinensis (I), although some workers have 
questioned this (2). The crowns of P, and 
P4 are similar in many respects, but P4 is 
more nearly molariform in having a distinct 
paraconid and strong metaconid. In con- 
trast, the trigonid of P, bears only a proto- 
conid. P, further differs from P4 in having a 
mesiodistallv shorter talonid heel without a 
distinct hypoconid cusp. The crowns of 
both P, and P4 bear weak, discontinuous 
labial cingulids and are slightly exodaeno- 
dont, as is common among basal anthro- 
poids. A complete and well-defined lingual 
cingulid occurs on P,. 

The lower molars of E. centennicus do 
not differ appreciably from those preserved 
in E. sinensis. Therefore. onlv M,. which , , 2, 

was previously unknown in Eosimiidae, is 
described here. As is the case on M, and 
M,, the trigonid of M, bears three well- 
defined cusps. The paraconid is remarkably 
large and cuspidate and is well separated 
mesially from the metaconid. In having the 
M, and M3 paraconids and metaconids 
widely splayed (not connate), Eosimias dif- 

fers from most adauiforms and omomvids. 
Although several dther basal anthropoids 
retain lower molar paraconids, none of 
these taxa possess lower molar paraconids 
that are as robust as those of Eosimias. How- 
ever, the smaller M3 paraconid in Serapia 
does resemble that of Eosimias in being 
widely splayed from the metaconid. The M, 
trigonid is appreciably wider than the tal- 
onid, an uncommon condition in primates 
but one that is frequent in early anthropoids 
(2). The hypoconulid lobe of M, is highly 
abbreviated (both mesiodistally and bucco- 
lingually), and the entire distolingual mar- 
ein of the talonid is reduced in comuarison - 
with omomyids and adapiforms. Similar re- 
duction of the hypoconulid lobe and disto- 
lingual margin of M, occurs in other basal 
anthropoids (for example, Arsinoea, Serapia, 
and Catopithecus). 

Posteroinferiorly, the dentary of Eosimias 
exhibits a rounded angle that is not devel- 
oped into a projecting angular process, as is 
common among omomyids and adapiforms. 
In this derived character, Eosimias closely 
approximates other basal anthropoids. The 
articular surface of the condyle is broken, 
and the condyle is situated only slightly 
below the level of the relatively gracile 
coronoid process. 

Like E. sinensis. E. centennicus was a tinv 
primate. Mean estimates of body mass for E. 
centennicus, based on regressions of body 
mass against M, area in living primates 
(14), are 91 to 179 g, depending on the 
regression model chosen. Thus E. centenni- 

c 2  

cus was roughly the same size as the smallest 

extant anthropoid, Cebuella pygmaea. Its 
relatively low-crowned, bluntly crested 
cheek teeth suggest that E. centennicus sub- 
sisted primarily on a diet of fruits, supple- 
mented with insects (1 5). 

The original description of Eosimias as a 
basal anthropoid was based on fragmentary 
lower jaws presewing the crowns of P4 
through M, and alveoli for other tooth loci 
(I). Partly as a result of this incomplete 
knowledge of the dentition of Eosimias, its 
affinities with anthropoids have been wide- 
ly disputed (2-4). The new fossils reported 
here make Eosimias one of the few Eocene 
primates to be represented by its complete 
lower dentition. As such, several additional 
derived characters of Eosimias are now 
known that reinforce the hypothesis that 
Eosimias is a basal anthropoid. These in- 
clude (i) an anteroposteriorly abbreviated, 
dorsoventrally deep symphysis; (ii) vertically 
implanted lower incisors; (iii) large project- 
ing canines; (iv) P3 and P4 being slightly 
exodaenodont and obliauelv oriented in the . ,  
tooth row; (v) the M, trigonid being appre- 
ciably wider than the talonid; (vi) the hypo- 
conulid lobe on M, being reduced both me- 
siodistally and buccolingually; and (vii) a 
rounded, nonprojecting angular region pro- 
viding expanded area for insertion of ptery- 
eoid muscles. All of this new anatomical " 
information corroborates the original hy- 
pothesis that Eosimias is a basal anthropoid, 
whereas none of the new data point toward 
alternative phylogenetic reconstructions 
(that is, there are no crossing synapomor- 
phies). We conclude that Eosimias is indeed 
a basal anthropoid. Alternative phylogenetic 
reconstructions for this taxon have erred in 
emphasizing its retention of primitive dental 
traits (such as lower molar paraconids). Al- 
though it is undeniable that Eosimias is more 
primitive than any other fossil anthropoid in 
several respects, symplesiomorphy alone is 
no reason to denv its anthrovoid affinities. 

The phylogenetic relationships of an- 
thropoids have been debated for many years 
(1-4, 10, 16-1 8). One current hypothesis 
is that anthropoids are derived from cerca- 
moniine adapiforms (3, 4, 16, 17), but it 
conflicts with the anatomy of Eosimias, 
which is unlike that of adaviforms in anv 
meaningful way. If we are correct in inter- 
preting Eosimias as a basal anthropoid, the 
hypothesis that anthropoids evolved from 
adapiforms can be rejected (1 ). An adapi- 
form ancestry for anthropoids is also diffi- 
cult or impossible to reconcile with the 
large body of neontological data suggesting 
that Tarsius is the nearest living relative of 
anthropoids (1 9). Moreover, early fossil an- 
thropoids are now known to antedate many 
of the cercamoniine adauiforms that are 

Fig. 3. Eosimias centennicus (holotype), associated left and right dentaries (IVPP V11000). (A) Left alleged to have been their ~~nces to~s  2, 
dentaty preserving C, through M, in occlusal view (stereopair). (B) Right dentaty preserving I, through M, 20). Advocates of the view that anthro- 
in occlusal view (stereopair). Scale bar equals 5 mm. poids are derived from cercamoniine adapi- 
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tcor~iis have otten c~>mplanled tliat ;llterna- 
tive l iypotheie  of anrliropii~d ~ ) r ig~nh  re!? 
on the ahsr~~l-ipt~on that a lc111~ ~nterval  of 
ant l i ropc~~d h~story relllailla ~ i ~ ~ d o c ~ i ~ i l e ~ i t e d  
paleontologically; tliat IS, that ulidor~l~teii 
antliropi~i~ls evol\-ed from a poorly k ~ i o \ v ~ i  
rliird groLik? of early Celio:oic prinlates that 
1~21.2 ~lelt l ler adaplfor~nh nor c~momy~il.; 
( 17). \Y'e i u l ~ l ~ ~ t  that Eohniil~dae repreient 
t111h t111rd gr0~111 of early Cenozoic primates, 

ampl\- drmc>nhtraring that the anrhropold 
clade \\-ah diatilict from hot11 S t r e ~ s ~ r h ~ n i  
( i n c l ~ i d i n ~  Adapitc,rmes) alid T a r s ~ ~ f i ~ r m e s  
( inc l~ id l ly  Onlomyidae) tlie nliddle Eo- 
cene ~f not earller. 

Tlie i-msil record of early anthropoid pri- 
nlatei has been greatly augmented 111 recent 
yeari anii ih no\v hutf~cient to demonstrate 
that by the llliddle Eoceilr, higller pr~mates  
ranped from \vesten1 Algeria (2 ,  2C') tc> east- 
e m  C h i ~ i a .  Thls \vide geoijrapliic raiige anci 
[he high tasonoliiic ~ l i ~ e r i i t y  c > f  early an- 
thropo~iih imply that the aiirhropoiil clade 1s 
far illore ancient tllali moit n-orkera ha\-e 
aiaume~i. Nev<rtheless, t h ~ s  great anticluity 
far the anthropo~d clade 1s conhihtent ~virli 
the palei>nti>lopically ili>cumenteil a n t ~ q ~ i i t y  

its likelj- jihter group, the Taraiiforme: 
( 1  8).  Rolbust pale i~hi i~gei~grI '~L~l i ic  111-pnthe- 
ses regardiiig the cont i~ienr  of o r~g in  for 
Antl~ropi>liiea--eitller .Asia or Africa- 
must be l~aseil o n  better paleontological 
iiata than are cr~rreiitly available. 
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Imprint Lithography with 
25-Nanometer Resolution 

Stephen Y. Chou," Peter R. Krauss, Preston J. Wenstrom 

A high-throughput lithographic method with 25-nanometer resolution and smooth vertical 
sidewalls is proposed and demonstrated. The technique uses compression molding to 
create a thickness contrast pattern in a thin resist film carried on a substrate, followed by 
anisotropic etching to transfer the pattern through the entire resist thickness. Metal 
patterns with a feature size of 25 nanometers and a period of 70 nanometers were 
fabricated with the use of resist templates created by imprint lithography in combination 
with a lift-off process. With further development, imprint lithography should allow fabri- 
cation of sub-1 0-nanometer structures and may become a commercially viable technique 
for manufacturing integrated circuits and other nanodevices. 

T h e  deve loy~ne~i t  o t  lon--cost, hlg1i- 
t l i r a ~ ~ g l ~ ~ u t  litl~ograpliy tecliniiiues w ~ t h  
h~ib-5c?-i-i~n l~ne\vidrh res01~1rioi-i is esse~itial 
tor the f ~ i t ~ i r e  ~iianr~factr~ring of aemicon- 
dr~ctc>r ~nrenrateil circuits anii the con~mer-  
ciaiizarion of electronic, i>ptoelectronic, 
and maunerlc n a n n , i e ~ ~ c e i .  Kunlerorii t e c h  
iioli>g~eh are uniier cieveli>l~n~e~-it. Scan~i lng 
e lect ro~i  l ~ e a m  lithograpli\- 11aq iiemo~istrat- 
ed 1 C'-IIIII r c i ~ > l ~ ~ t i o ~ i  ( J ); lio~vever, l ~ e c a ~ i \ r  
it exposes point llJ. p i ~ ~ i i r  111 a ierli1l manner, 
the cui-relit t h r ~ u g h p u t  of thc  technique 15 

too lixv to 1-e econom~cally practical for 
mass p r i> i i~~c t i i~n  of h~~l-i-jL?-nm structures. 
S-rai- l~thography has dernonatrateii Ic?-11111 
reai>lution ( 2 )  in a contact printing moLie 
anci ~ C I I I  h a w  a hy11 tl iror~ghpr~t,  lxit ~ t s  
1ila5lc tech~lology 2nd exlpoi~~re i \ irems are 
cr~rrently rather c o ~ l ~ p l e x  and expenhive. 
Lithoqraphies baaeci 011 scanninc proximal 
probes, n.hic11 11ax.e s l i r ~ n ~ i  a rrxllutlon of 
a l~ou t  1c? III~I, are in the early stdgea o t  
development ( 3 ) .  

NanoStruct~~re Laborator;; Depa,tment of Elect1 c a  En- 
glneerlng ,nl?ers~t:, 3: M~nneszta \?~nneapol s. MN 
55-55. IJSA 

In t h ~ s  report. \ve de~iionhtrate ,in alter- 
n a t ~ v e  l i t l ~ o ~ r a p l i ~ c  metliod, ililpri~ir l~rling- 
raph7.. that is haaeii iin comyrea>i~>n mi>lci- 
in? 2nd a pattern tranhter pri\ceas. Coiiipres- 
,sio~i i~ic>lcI~iig 1s <I l o ~ v - c ~ x t ,  11igl1-tl1r~1~1gl1~3~1t 
manufact~iring technology tliat has been in 
[lie for Jecadei slid teat~ires with il:es of > 1 
~ ~ . n i  are routliiely ~mpr i~ i red  in plastics. 
Co~i lpact  diska luseil o n  imprinting in p ~ ) l ~ -  
carl~onate are one esamnle. Otller esaliirlei 
are i ~ i i r t e l  polymethylmetl~i~crylare 
(Ph'lh'l.4) strrlcture.; with a feature a i ~ e  o n  
the  order o t  lc? p.m (4)  anii ~ i i~pr in ted  poly- 
ester patterns xvith feature il~mei-i.;~ons o t  
heveral tens of ~nicro~ilerers (5) .  Honever.  
co~iipressio~i ~nolci~ng has ~ i o t  been iievel- 
oped ~ n r o  a lirliogral~hic 11iethod to pattern 
sem~conciucri~ra, metali, ~ 1 1 ~ 1  other ~i~arer ia ls  
used 111 aemicond~ictor iiiregrareii clrculr 
man~ifacturiiin. 

Us11ig imyri~it  iithopral~liy, we acliieved 
a ~n in imum feature size o t  25 11111 a~ici a 
tler~uii of 'ic? nm in a rehlst >lc?c? n m  thick. 
Xie then f<~l-ricated 25-nm metal patteriii 
1.v lileaili of llnprllit l~ rho~rap l i \ -  and a lift- 
oft process. \Y7e hrlieve that with iiirther 
;ie\.eli~pment, illiprint litl~ography nlay lle- 
conic a ci~mn~ercially v ~ a l ~ l e  lithography 




