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Magnetoresistance resulting in adrop in resistivity of more than three orders of magnitude 
that is strongly coupled to lattice striction has been observed under a relatively low 
magnetic field (0.4 tesla at 115 kelvin) for a single crystal of perovskite-type manganese 
oxide with finely controlled ionic radii of the A sites, (Nd,Sm),,,Sr,,,MnO,. The colossal 
magnetoresistance phenomena are viewed as a first-order insulator-to-metal phase tran- 
sition induced by a magnetic field, which accompanies a metamagnetic (antiferromag- 
netic-to-ferromagnetic) transition and a structural change in the lattice. Clear hystereses 
and abrupt changes in magnetization, striction, and resistivity were observed in increasing 
and decreasing magnetic fields at temperatures (1 13 to 150 kelvin) just above the Curie 
temperature. 

G i a n t  magnetoresistance (MR),  a large 
c h a n ~ e  in electrical resistance in  resvonse 

u 

t o  a n  external nlagnetic field, has been 
extensively studied in two lti~lds of materi- 
als: thin films of nletallic multilayers ( 1  , 2 )  
and perovskite-type carrier-doped manga- 
nese oxides 13-6). T h e  latter have attracted 
interest recently for their colossal MR value 
even though they require higher magnetic 
fields than the  former system. For annlica- 

L L 

tions such as sensors, i , iR reading heads, 
and MR random access memories, materials 
need not only a large biR value hut also a 
low driving (saturation) field. From this 
viewpoint, we have systematically explored 
single crystals of the  perovskite-type man- 
ganese oxides anci fou~ld that the  corn- 
pounds (Ndlp~Sm,) , i2Sr ,12Mn03 \vith a 
particular coruposition (0.5 5 y 5 0.95) 
sho\v colossal MR arising from the  coupling 
with lattice striction under a low magnetic 
field that can be generated by a pernlanent 
magnet. Here we describe the  striction-cou- 
pled MR phenonlena wit11 a character of 
the  first-order phase transition, as investi- 
gated hy rneasurelnents of magnetization 
(M),  striction (AL/L, where 1 L  is the  
change in crystal length L, which is related 
to changes in crystallographic lattice pa- 
rameters), and resistivity (p)  for thermal 
and magnetic-field scans. 

T h e  system investigated here, (Nc l ,S~n) , ,~ -  
S r l , Z b i ~ ~ O i ,  is derived by decreasing the  
tolerance factor [or, equivalently, the one- 
electron band width ( 7 ) ]  of N d l  p,Sr,MnOj 
(x = 1/2), which undergoes a phase transi- 
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tion from a ferromagnetlc metallic state to a 
charge-ordered i~lsulatlng antiferromag- 
netic state a t  158 K (8). W e  finely con- 
trolled the  tolerance factor with the  use of a 
solid solution (Nd,Sm) o n  the perovskite A 
sites while keeping the  nominal hole con- 
centration x at  a commensurate value (x  = 

112). T h e  crystal of (Ndl_~Sm,) , ,2Sr l ,2-  
M n O ,  (y = 0.938) and a dozen related 
crystals ( ?  = 0 to 0.95) were grown hy the  
floating zone rnethod in a halogen-lamp 
image furnace. T h e  Rietveld analysis of 
po\vder x-ray diffraction (XRD) ciata re- 
vealed that the  sample is single phase with- 
out any other secondary or impurity phase. 
T h e  structure of the y = 0.938 crystal at 
room teruperature was Jeternlined to be or- 
thorhomhic (Pbnm, the  so-called GdFeO; 
type;  lumber offormula in the  unit cell 2 = 
4)  by a least-squares refineine~lt of data 
collected with a four-circle XRD a p p p  
tus: cell const;aants are a = 5.4376(8$ A, b 
= 5.4226(8) A ,  and c = 7.6529(9) A (a - 
b - a n ,  and c - 2a,, a ,  being the  unit 
cell length of the  cubic perovskite; numbers 
in parentheses are standard errors in  the  last 
digit). I ~ l d ~ ~ c t i v e l y  coupled plasma Inass 
spectrometry indicated stoichiometry ? = 

0.938 -t 0.002. 
Figure 1 shows the  temperature ( T )  de- 

pendence of the inverse magnetization (HI 
M, where the  applied nlagnetic field H = 0.5 
T ) ,  p, anci ALIL for the y = 0.938 crystal of 
(Ndlp,Sm~,)l,ISr,,li\/i~~Oi. A t  the  Curie 
temperatuie T, = 113 K, p drops sharply by 
more than three orders of magnitude from a 
nonmetallic to a typically metallic value (5  
X 10-+ ohm.cm). T h e  inverse magnetiia- 
tion a t  T, also dropped sharply, yielding M 
= 3.5 Bohr lnagnetons (p,;) per M n  site, 
which corresponds to a n  allnost fully spin- 
polarized state. Such a ferromagnetic metal 
state is caused by the  so-called douhle-ex- 
change illteractioll between the  bini i  and 
bfn4+ ions, that is, ferromagnetic coupling 

between the  local 3d ( t l g  state) spins medi- 
ated by itinerant 3d electrons (et state) (5 ,  
9) .  T h e  H/M versus T curve shows Curie- 
Weiss-like behavior above 300 K (dashed 
line in Fig. I ) ,  but a clear deviation is 
evident \vith a slight upturn or plateau 
around 200 K do\v11 to  Tc at 113 K. In 
accord with the  hegi111ling of the  plateau in  
the  HIM curve, the  slope of the  p curve 
becomes steeper with decreasing tempera- 
ture and sho\vs a deviation from the  ther- 
mal-activation-type temperature depe11- 
dence (with the  activation energy of -480 
K) .  In this temperature region (113 to 
-200 K) ,  the  ferromagnetic douhle-ex- 
c h a n ~ e  interaction seems to be sutmressed 
by localization of lnoblle carriers or an  an- 
tiferrolnagnetic interaction, or both. This 
antiferronlagnetic interaction mav be rele- 
\,ant to a charge-ordering instability, the  
real-space ordering of Jopect holes, observed 
in  similar lnallganese oxides (8, 10, 1 1 ) 
such as P r l , ,Ca l~2Mn0,  with the  charge- 
ordering temperature of 240 K ( 1  2) .  
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Fig. 1. Temperature dependence of (A) the in- 
verse magnetization (measured at a magnetlc field 
H = 0.5 T), (B) resistivity, and (inset) strictlon In a 
(Nd, _,Sm,),,,Sr, ,MnO, iy = 0.938) crystal. The 
striction nkasurement was performed with use of 
a straln gauge attached to the crystal. The critical 
temperature T, for the transition from the high- 
resistive (antiferromagnet~c-like) state to the low- 
resistive ferromagnetlc one with the magtiet~za- 
tion of =3.5pB per Mn slte IS indicated. A Curie- 
Weiss law is shown in (A) by a dashed line. Upon 
phase transition. the resistivity abruptly changes 
by more than three orders of magnitude. Simulta- 
neously, the crystal structure also undergoes a 
change, as evidenced by the strictlon data. Re- 
flectlng the nature of the flrst-order phase transl- 
tlon, each quantlty shows hysteresis (see Flg. 2). 
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In  accord with these abrupt changes in 
electro~lic and magnetic properties, a struc- 
tural change in the  lattice occurs, which 
was confirlned by ~neasurernents of AL/L 
made with a uniaxial strain gauge (Kyo\va 
Electric Instrume~lt,  Tokyo) attached to an  
arbitrary direction of the  crystal (13) ;  the  
striction was monitored by the  gauge as a 
change in the  resistance. T h e  temperature- 
controlled XRD revealed that the  soace 
group of the  crystal structure was u11- 
changed, but the l a t t~ce  parameters abruptly 
changed at TL: both the  n anii 13 axes shrank 
hy -0.1446 and c expa~lded by -0.19% 
during a cooling run [hence, striction data 
(Fig. 1B) mainly reflected a certain direc- 
tion in the  ab plane]. These changes seem 
to  arise from a relaxation of distortion in- 
hcrcllt to charge-orderi~lg instability, bc- 
cause silnilar changes arc obscrvcd at the  
transition from a charge-ordered insulator to 
a ferrolnag~letic lnctal in Ndl12Srl12~Mn03 
(8) ( in  the  casc of Ndi12Sril ,bln0,,  the  
charge-ordered state collapses in the course 
of the  warmi~lg run). In contrast to ordinary 
second-order fcrromaenetic transitions for " 
manganese oxides with double-exchange in- 
teraction, sharp cha~ltrcs in rcslstivitv and 
magnetization are ohserved at TL, nhich are 
bclic\~cd to be results of the  flrst-order phase 
transition. Thus. the ferrornaellctic transl- 
tion 1s strongly coupled to the latticc and 
charge degrees of freedo~n and accolnpanics 
the ther~nal  lhystercsis, reflecting the nature 
of the  first-order phase transition (Fig. 2). 
Such a first-order-like fcrrolnaollctic transl- - 
t ~ o n  can be observed only in a linliteii range 
of the composition for (Kd, p,Sm-),12- 
Srl12Mn0,:  0.5 5 y 5 0.95. 

T h e  critical telnpcraturc for the  transi- 
tion of (Nd, .~ ,Sm, ) l i2Sr l12h~l~~0 ,  ( y  = 
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Fig. 2. Temperature dependence of resistvity un- 
der various magnetic flelds for a (Nd,;Sm;),,,- 
Sr, ,MnOc jy = 0.938) crystal. The gray region 
shows the thermal hysteresis, which gradually 
narrowed with ncreaslng magnetic field ntensi- 
ties and disappeared above 2 T. The magnetic 
fields. for the upper set of curves to the lower set, 
were H = 0, 1 ,  2, 3, 4, 5, and 7 T The transtlon 
temperature increased with magnetic fleld. 

0.938) to the ferromagnetic metal (Fig. 2) 
Increases 5~1th lnagnetic f~e ld  intensity. T h e  
thermal hysteresis narron7s wit11 magnetic 
field intensity (or with increase of the tran- 
s~ t ion  temperature) and disappears for H > 2 
T or transitlo11 temperatures above about 
150 K. As the  tra~lsitioll temperature ap- 
proaches -2200 K [where the plateau of the 
HIM d e v i a t i o ~ ~  from the  Curie-Weiss law 
n.as observed (Fig. I ) ]  during application of a 
mag~letic field of lllore than 4 T, the  char- 
acter of the phase t ra~ls i t io~l  gradually chang- 
es; that IS, the drop in resistivity hecomes 
gradual. This feature nlay be explained by 
the conventional lattice-irrelevant mecha- 
nism: the spin scattering is reiiuced by the 
f1elci-1nduccd alignment of the local spins, 
nlhlch is the casc tor Lai p y S r , M ~ ~ O ,  (6).  

T o  further clarify the  character of the  
phase change, we invcstigatcci M, AL/L, anii 
p as a i~r1lct1o11 of H at several fixed tem- 
peratures just ahovc Tc (Fig. 3) .  I11 each 
casc, tve observed a clear hysteresis atrainst 
the  ficld scan, which is characteristic of the  
first-order phase transition. T h e  resistivity 
cha~lgeci by Inore than three orders of mag- 
nitude under a magnetic field of 0.4 T at 
I15 K, and hence, p appears to  approach 
zero in a linear-scale plot (Fig. 3C) .  

T h e  M-H curves (Fig. 3A) indicate that 
this transition is metamagnetic: antiferro- 
magnetic-ltkc branchcs are al~ruptly si\~itched 
to the fcrrornagllet~c ones at respecti1.e tran- 

Magnetic field (T) 

Fig. 3, (A) Magnetization, (B) strlctlon, and (C) 
resistivity as a functlon of magnetlc field in a 
(Nd,-,Sm,), ,Sr,,,MnO, fy = 0.938) crystal at 
temperatures just above T,. The gray areas indi- 
cate the hysteretc field region for each quantity. 

sition fields. T h e  hysteretic field region be- 
comes narrower as T increases from T (1  13 
K) or as the transition rnagnetic field in- 
creases. T h e  hysteretic field region disap- 
pears above about 150 K (corresponJi~lg to 
the transitio~l field of 2 T ) ,  \ vh~ch  is co~lsis- 
tent with the  case of the theril~al scan (Fig. 
2). As in the therlnal scan, the characteris- 
tics of b1R gradually change from behavior 
similar to a flrst-order trans~tion to  that of 
ord~nary MR with increase of the transition 
field (or temperature); In the latter case, 
Ap/p(O) {that is, [p(O) - p(H)]/p(O)} is pro- 
portional to (M/MJ2, as obscrvcd for 
La,_,Sr,MnO, ( 6 ,  14) [p(H) is the rcsistiv- 
ity in magnetic ficld H, p(0) is the resistivity 
in zero field, anii IM, is the saturation mag- 
netization (3.5 \+ per MII site)]. 

T h e  change in p is accolnpa~lied by the  
lattice structural changc. Magnetostriction 
(ALIL) resulti~lg from structural changes 
(measured hy the strain gauge mcthoii) (Fig. 
3B) causes the  crystal to  shrink abruptly hy 
-0.025% at a critical magne t~c  field corrc- 
s p o ~ l J ~ n g  to the reslstlvc and inetanlagnetic 
transitions. T h e  ~naollctostrict~oll  ;11so - 
sho~vs lhystcrcsis belovr. 150 K against 
changes in the nlagnetic ficld. T h e  field- 
induced changes of M, AL/L, anci p arc t11~1s 
consistent with each other, and the  colossal 
MR is ascribed to the  first-order ohasc tran- 
sition associated a ~ i t h  s im~~ltaneous changes 
of the magnetic and latticc structures. 

\Ye colnnared the blR charactcr~stics of 
the present manganitcs nit11 other know11 
represc~ltativc MR lnatcrials (Fig. 4):  a pe- 
rovskitc-type oxide of La, p,Sr,lvlnO, (x = 
0.15) at just above its Curie temperature of 
240 K (6) and an  antifcrromagncti~all~ cou- 
pled Co/Cu superlattice at 4.2 K (2) .  T h e  
foriner compound is a prototype for the  pc- 
rovskite-type manganese oxide that shows a 
lllaxinlal MR around TL: p(H)/p(O) ciccrcas- 
es to <0.1 at 15 T, hut Ap = p(0) - p(H) is 
proportional to the square of field illtensity 

1 [I15 K v 2 5 ~  ;.,J35K 4 
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Fig. 4. Comparson of   so thermal magnetoresis- 
tance for (Nd, ;SmJ,,,Sr, ,MnO, fy = 0.938) 
(solid circles) to those for other typical giant-MR 
materials: (open circles) a perovskite-type oxide of 
La, .Sr,MnO, (x = 0.1 5) at 254 K (near the Curle 
temperature of 240 K) (6) and (sold line with no 
symbols) an antiferrornagnetically coupled Co/Cu 
st~perlattice at 4.2 K (2). 



in such a ion-field region. T h e  latter system 
is, o n  the  other hand, an  exarvlrle of the 
magnetic superlattice films that sho~v  char- 
acteristics much less dependent o n  T belo\\, 
room temperature. T h e  single crystal of the 
(Nd,Sm),!,Srl12hZn03 is more 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. 3 C )  conlpared 
u i t h  those of the magnetic superlattice sys- 
tems. T h e  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 sinlilar 
magnitude has been attained for thin films of 
La, _,CaXM/lnO3 (4) and Nd,  p , S r x M ~ ~ 0 3  (5)  
and for single crystals of the perovsltite-type 
manganese oxides such as Prl p , S r , M ~ ~ 0 3  (x 
= 0.5) ( I d ) ,  Nd,-,Sr,M/ln03 (s = 0.5) (8), 
and PrlpACa,Mn03 (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. T h e  switching-like colossal MR 
accorvlpa~lyi~lg the field hysteresis may have 
some potential for application to magne- 
tos\vitching nlaterials and devices u i t h  
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 prinlate family Eosiiniidae Lvas 
first described in 1994 o n  the  basis of fossils 
collected from the middle Eocene Shang- 
huang fissure-fillings of southern Jiangsu 
Province, China ( 1 ) .  Although fossils doc- 
~ ~ l l 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 ) ,  o n  
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 specilllens 
include the  first co~llplete lower dentition 
of eosi~lliid primates ever found. T h e  ana- 
tomical information yielded by these fossils 
co~lf i r~l ls  the  anthropoiii affinities of Eo- 
simiidae, thus urovidinp new data o n  tem- 
poral, biogeographic, and phylogenetic as- 
pects of anthropoid origins. 

Historically, the  Heti Forlllation in the  
Yuanqu Basin yielded the  first Eocene ver- 
tebrates (including the prilnate Hoanglio- 
nius strhlinii) t o  be discovered in China (5). 
T h e  ~llarvl~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. T h e  cricetid rodent Pnppoci.icr- 
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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~nat ion (a) ,  the  
same locality that yielded the  eosilniid pri- 
mate fossils descrihed here, is morphologi- 
cally Illore derived than is P,  antiqi~i~s,  
which occurs in the  Shanghuang fissure- 
fillings (9). Indeed, all available 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 ~ t e  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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