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Ground-state properties of ferromagnetic metalconjugated polymer interfaces
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We theoretically investigate the ground-state properties of ferromagnetic metal/conjugated polymer inter-
faces. The work was partially motivated by recent experiments in which injection of spin-polarized electrons
from ferromagnetic contacts into thin films of conjugated polymers was reported. We use a one-dimensional
nondegenerate Su-Schrieffer-Heeger Hamiltonian to describe the conjugated polymer and one-dimensional
tight-binding models to describe the ferromagnetic metal. We consider both a model for a conventional
ferromagnetic metal, in which there are no explicit structural degrees of freedom, and a model for a half-
metallic ferromagnetic colossal magnetoresista(@®R) manganite that has explicit structural degrees of
freedom. We investigate electron charge and spin transfer from the ferromagnetic metal to the organic polymer,
and structural relaxation near the interface. We find that there can be spin density polarization in the polymer
near the interface. The spin-density oscillates and decays into the polymer with a decay length of about six
times the lattice constant of the polymer. We find an expansion of the end bonds of the CMR manganite
segment and a contraction of the polymer bonds near the interface. By adjusting the relative chemical potential
of the contact and the polymer, electrons can be transferred into the polymer from the magnetic layer through
the interfacial coupling. We calculate the density of stdl#8S) before and after coupling for cases in which
electrons are transferred and are not transferred to the polymer. The DOS has important consequences for spin
injection under electrical bias: polarized spin injection is possible when the Fermi level of the ferromagnet lies
below the the bipolaron level of the polymer. However, if the Fermi level of the CMR manganite lies above the
bipolaron level of the polymer, the transferred electrons form bipolarons, which have no spin, and there is no
spin density in the bulk of the polymer.
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[. INTRODUCTION organic polymers contacted with a ferromagnetic metal. An
added motivation to study this type of “active” interface is
Magnetoelectronics or spintronics is a field of growing that because of relatively large electron-phonon coupling, the
interest. Since the discovery of giant magnetoresistancematerials onboth sides of the interface can deform, which
rapid progress has been made in this field. Electron spifay facilitate spin-polarized injection. Specifically, we find
injection and spin-dependent transport are essential aspedhgt both the polymer and the ferromagnetic CMR manganite
of spintronics and have been extensively studied in a numbéfeform near the interface, thereby altering the charge and
of different contexts, including: ferromagnetic metals toSPin distribution in the vicinity of the interface.
superconductord, ferromagnetic metals to normal metdls, ~ The paper is organized as follows. In the following sec-
ferromagnetic metals to nonmagnetic semiconduétansgd  tion we present tight-binding models for a nondegenerate
magnetic semiconductors to nonmagnetic semiconduttorsconjugated polymer, a ferromagnetiEM) metal, a half-
Recently, spin-polarized injection and spin-polarized transmetallic CMR manganite, and the interface between the
port in conjugated polymers have been repofte&pecifi- polymer and the two kinds of magnetic materials. Section Ill
cally, spin injection was reported into thin films of the con- Presents the results for a model junction between the poly-
jugated organic material sexithienyl from half-metallic mer and the FM metal, and Sec. IV describes results for
colossal magnetoresistanéEMR) manganites(in which ~ CMR manganite/polymer junctions. Our main findings are
electron spins at the Fermi surface are completely polarizedfummarized in Sec. V.
at room temperature. The ease of fabrication and low-
temperature processing of conjugated organic materials open Il. MODEL
many possibilities for application, and electronic as well as
optoelectronic devices fabricated from these matefialg., Organic polymers currently used for electronic and opto-
organic light-emitting diodes and spin valyeme being ac- electronic devices typically have a nondegenerate ground
tively pursued’ state. The first experimental evidence of spin-polarized elec-
Theoretical study of spin-polarized injection and transportrical injection and transport in conjugated organic materials
has been carried out primarily in the framework of classicawas carried out using sexithienyl )] a w-conjugated
transport equations:® The role of interface properties for oligomer®'* The underlying physics of spin injection and
spin injection in inorganic semiconductors was investigatedransport is of particular interest for conjugated organic ma-
in this contextt®~13The purpose of this paper is to study the terials, where strong electron-phonon coupling leads to po-
ground-state characteristics such as lattice displacements atadonic (or bipolaroni¢ charged state’s. These polymers or
charge-density and spin-density distribution of conjugatedligomers have chain structures that can be described using a
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nondegenerate version of the one-dimensional Su-Schrieffetransition due to a Jahn-Teller coupling causes movement of

Heeger model, the Brazovskii-Kirou@®K) modell®-1’ oxygen ions with respect to the manganese ions, which re-
duces the symmetry on the Mn ions and breaksetfistate

_ + i degeneracy.

He= _% 6Pa""ai"’_§ [tp=ta(= 1) = ap(Uivy— )] gIJ-|ere, wé consider a polymer or an oligomer chain con-

nected at the ends of a CMR manganite lattice in ztth-

rection. We establish a one-dimensional model which con-

tains the basic properties of a half-metallic CMR manganite;

a ferromagnetic metal with electron-lattice coupling. The fol-

Herea;', (a;,) denotes the electron creati¢annihilation  |owing one-dimensional model captures these essential fea-
operator at site with spin o, €p is the on-site electron en- tyres:

ergy of an atomt; is the transfer integral in a uniforifun-
dimerized lattice, ap the electron-phonon interaction param- Hewmr=Hiket Huundt Hel—1at T Helastics (5)
eter,t, introduces nondegeneracy into the polymegris the
lattice displacement at site andKp denotes a spring con-
stant.

To describe a conventional ferromagnetic metal, we use a Hepat=— 2 MNe(Uip1— u)a; ,ai ., (6)
one-dimensional tight-binding model with kinetic energy ho
Hye and spin splittingH .y ,nq terms:

Helastic= 2 K [(Si—u)?+ (1= 8)%. (D)
Hem=Hyget Huunds (2) elastic ~ D F i i i+1 i) 1

1
X(afaawl,a*‘ai++1,aai,g)+2 EKP(qu_ui)z- 1)

whereH . andHy,q @are given in Eqs(3) and(4), and

Hereu; and §; are the displacements of tiih oxygen atom
er=—2 tF(aiJfUai+1,a+ ai-:—l,(rai,a)u (3 and manganese atom, respectivety,, describes electron
e hopping between two nearest manganese atbipg,q de-
scribes the spin splitting of a magnetic manganese atom,
Huund= _z Ji(aﬁam_aﬂai,i)’ (4) which results from interaction with the core spins. We have
[ ’ ’ J;=Jy for the ferromagnetic stat@ore spins aligneg and

—(_ i . . .
wheret is the transfer integral for a ferromagnetic metal ‘Jri]_( 1)y for the fagtlferromagnenc Stateie'-'?]t_ %lvdes q
andHy,nq describes the spin splitting of the magnetic atomt€ ON-site energy of the manganese atoms, which depends

with site-dependent strength. We take an occupation of on the displacement of the neargst-neighpor oxygen atoms,
one electron per atom and,=J, with parameterst, and A\ denotes the electron-lattice coupling strength. The
I

=0.622 eV andJy,=0.625 eV for the conventional ferro- last termHejasyic represents the elastic energy and includes
magnetic metal. nearest-neighbor interactions.

CMR manganites can form half-metallic ferromagnets There are two main differences between the conventional

and are very interesting materials as spin-polarized electroﬁrror.n"’lgne“tC Tﬁtal and the fefrrolmatgnetlchCMR man%gnltg.
injecting contacts. CMR manganites have a chemical com> "€ S du€ o the presence of electron-phonon coupling in

position such as Re ,Ak,MnO3, where Re represents a rare thedlgft]ffer case, as s ?vident frong_ E()?)' an(;l Er?) Th_e Se|9t-t'
earth atom, e.g., La and Nd, and Ak represents an alkalin )nd aifierénce arnises from a comoination of the spin Spitting

earth metal such as Ca. Sr. and Ba. In these materials und’s rule term and the electron-phonon interaction in the

has a valence of (8x), which depends on the doping con- MR manganites, which can, for specific aII_oy composi-
centratiorx. Depending on doping, the material can be eitherliONS:; result in the material being half-metallic. Thus, all

a metal or an insulator, and either ferromagnetic orelectrons on the Fermi surface of the CMR manganite can

antiferromagnetié? In partcular, Re ak,MnO; can be a (8¢ The S0 B0 BRETRIRL LS BRer o e o
half-metallic ferromagnet when 0:%<0.5, for example, fect the Ft;ifference iﬁ tr?e ualitative behavior in the two
with Re=La and Ak=Ca. In this state, all the electrons at the q

Fermi surface have the same spin orientation. The isolate SCe(fl.J ling at the interface between the coniugated polvmer
Mn atom has five electrons in itsd3orbitals. These electrons piing Jug poly

have a parallel spin alignment due to a strong Hund’s rul and the ferromagnetic metal is described by the hopping in-

splitting. Because of crystal-field splitting in a solid, three Oﬁegral

';he orbitals form the low-energy, states(of the symmetry tep=Bte+1tp)/2, ®)
orm xy,yz, andzx), and the other two form the higher-

energy e, states(of the symmetry formx?—y? and 3>  wherep is a weighting parameter. In principle, this coupling
—r?). In the ground state, the electronstiyy are localized ~could be spin dependent, but here we take =t p=trp
and constitute core spins. Tleg states are extended and the for simplicity. Periodic boundary conditions are adopted.
electrons in these states can be delocalized. In cubic symme- The parameters used for the CMR manganite
try, the twoe, levels are degenerate. However, in lower sym-Re; _,Ak,MnO; are tg=0.622 eV, Jy=1.25eV, K¢
metry tetragonal or orthorhombic structures, the degeneracy 7.4 eV/A (Ref. 19, and\r=2.0 eV/A. For the organic
of the g4 states is broken. In CMR manganites, a structurapolymer, we take representative parameterspas2.5 eV,
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ap=4.2 eVIA, Kp=21.0 eV/R.?° We set the degeneracy 0.4 ' ' ' '
breaking paramete;=0.04 eV so that the energy difference
per carbon atom between the two dimerized phases is 0.035
eV. The relative chemical potentiap was used to adjust the
electron transfer between the ferromagnet and the polymer.
Segment lengths were taken so that R&\k,MnO; consists

of 100 MnO units and the polymer of 100 CH units, that is,
Ny =Np=100. For most of the properties, the results do not ¥.=0.73
depend on the lengths of the segments if they are not too
short. The interfacial coupling parameter was takengBas
=1. If B>1, the interface acts as a potential well and tends -0.2

Energy (eV)
o

0.2 0.4 0.6 0.8 1

to confine electrons, whereasgf<1 the interface acts as a 0 Electron dopi trati

potential barrier and tends to exclude electrons. ectron doping concentration y
We first study an isolated Re,Ak,MnO; chain to test 3.0

the effectiveness of this model for the CMR manganite. The ) '

electronic eigenstates o0 (D)

spin down

|¢lw>:2i Zi”u’(,aif(r|0> (9) 1.0

Energy (eV)
[=]
o

corresponding to the eigenvalug, , are solved from the
equation
spin up

_tFZi+l,,LL,a'_tFZi 71,/1.,0'_‘Jia-zi,,ud,0'_ 7\|:(Ui+1_ ui)zi,/.L,O'

Zi,,u,u' ' (10) -30 0 n/2a n/a
Wavevector

TEuo

whereo=+1 for spin up and—1 for spin down. The dis-
placementd §;} and{u;} in the ground state are determined  FIG. 1. (a) Dependence of energy difference per site between a
from the eigenstates self-consistently: one-dimensional ferromagnetic chain and an antiferromagnetic
Re, _,Ak,MnO chain with doping concentration (b) Energy lev-
els of Rg_,Ak,MnO in the ferromagnetic statg:=0.5 (thick line)
5i:§(ui+ui+l)7 (1D and y=0.32 (thin line). The upper curve in pandb) is for spin-
down electrons and the lower curve is for spin-up electrons. A gap
of 0.26 eV appears ak=w/2a in the case of half dopingy(

1 e
U=5|0i-17F 5i_K—F > (Zi,M,UZi,M,U_Zi—l,u,ozi—l,ﬂya)}' =0.5).
Mo

(12 FM and AFM states is 0.127 eV per manganese atom. In this

If \p=0, the stable configuration has a uniform structure 2S€: & shown in Fig(L), the energy bands of the FM state
ie., 5=0 andu =0, without distortion. Otherwise, some are totally spin split. There is a gap of 0.26 eV at the wave

distortion will occur. From Eqg(11) and(12) we see that the VECtork=m/2a (a is the lattice constant between two near-

displacements of both oxygen and manganese atoms depefiat M Sites and the system is an insulator. This gap can be

on the electronic density at the manganese atoms. adjusted by changingr. When\e<1.4 eV/A, the gap is

The structure and magnetism of RgAk,MnO; depend close to zero. All the spin-down levels are empty, qnd only
on the doping concentration that determines the electron the lower sublevels of the spin-up band are occupiedy At

number per manganese atom. The orbitals of each mangg_o.S, the charge density has an oscillatory distribution. For

nese atom have been renormalized to a single orbital in thex@mple, at\g=2.0 eV/A, the densities on two adjacent
present model, and the electron number per manganese at$hnganese atoms are about 062hd 0.37@ (aty=0.5).

is denoted by (<1). Figure 1a) shows the dependence of Away fromy=0.5, the energy gap disappears and the system
the energy difference per site between the FM and antiferrd?®comes a ferromagnetic half-metal. In the ferromagnetic
magnetic(AFM) states ory. For an electronic doping con- state, the sites displace in the approximate pattern,
centrationy=0 (no electrong the FM and AFM states have P

the same energy, and the equilibrium conditions géye 0= dosin2i(y=0.9 ], (13
=u;=0. Fory=1 (that is, each manganese atom having one _ —

electron), the AFM state is lower in energy than the FM Ui=UoC0§ 2i(y— 0.5 m]. (149
state. An energy gap of 2.5 eV appears in the AFM state fokVith electron concentration Os2y<0.45, the displacements
both the spin up and down energy levels. The lower subbandf both Mn and O atoms become very smadh0.005 A
levels are occupied and the system is an insulatoryAt andu,<0.01 A), and decrease to zero when the chain length
=0.5, the FM state is lower in energy than the AFM state. Atbecomes arbitrarily long. That is, the system becomes uni-
this electron concentration, the energy difference betweeform in this doping region, and correspondingly, the charge
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FIG. 2. For a simple ferromagnetic metédFMM)/polymer FIG. 3. Same as in Fig. 2, but fafp,=1.0 eV. Electrons are

chain, (a) site displacementsgb) charge(dotted ling and spin(solid transferred from the FMM to the polymer through the interface by
line) density distributions are shown. There is no electron transfeincreasing the chemical potential of the FMM, resulting in bipo-
between the FMM and the polymer. The interface is between sitelrons forming in the polymer.
100 and 101, andp=0. All the site displacements are plotted after
multiplying with a factor (-1)', wherei is the site index. decays into the polymer segment. The decay length of the
spin polarization is aboutl§ whereb is the lattice constant
density is also uniform with a half-metallic property. Thesein the polymer. If the chemical potential of the ferromagnet
results are consistent with the basic properties of the CMRs higher than the bipolaron level in the polymer, as in Fig. 3,
manganite® and show that the one-dimensional model giveselectrons are transferred into the polymer segment and reach
a reasonable description of them. a new equilibrium for the system. Instead of forming ex-
tended electronic waves, the extra electrons in the polymer
form localized charged bipolarons. FiguréaBshows the
displacements of lattice sites, from which we see that, in this
We first consider a polymer chain contacted by a convencase, three complete bipolarons are formed within the poly-
tional rigid ferromagnetic metal. In the case of half filling mer together with some local distortions at the interface. The
and for the parameters used, the spin polarization for th€orresponding charge and spin distributions are shown in
ferromagnet ip=(N;—N,)/(N;+N,)=0.34. The polymer Fig. 3(b)l.6|1r; the present BK model for the nondegenerate
has a one-dimensional chain structure with a strong electrorolymer,™"" bipolarons are energetically lower than po-
lattice interaction that will cause localized charged excitalarons. Since each bipolaron has two confined electronic
tions. When the polymer is connected with a ferromagneticharges with opposite spins, a bipolaron has no spin. There is
metal, both the lattice configuration and charge distributiorn€ither localized nor extended spin distribution within the
of the polymer are affected. By adjusting the relative chemi-Polymer layer. Because the polymer is nonmagnetic in the
cal potential, electrongor hole3 are transferred into the ground state, or more generally at thermal equilibrium, there
polymer and cause the displacement of the lattice sites. RdS N0 spin distribution far from the interface.
sults are shown in Figs. 2 and 3 fap=0 and ep
=1.0 eV, respectively. Following the usual convention, the
displacement is plotted with a multiplying factor-Q)',
wherei is the site index. The ferromagnetic metal is to the
left and the polymer is to the right of the interface, which is  Here, we consider the polymer chain in contact with a
between sitea= 100 and 101. In Fig. 2, there is no electron half-metallic ferromagnetic Re ,Ak,MnO; chain with elec-
transfer between the segments, and the charge density is ution concentratiory=0.32. By adjusting the relative chemi-
form within the whole system. But the charges near the incal potential, electrons are transferred between the CMR
terface can be spin polarized. The polarization oscillates anthanganite and polymer. Adp=2.15 eV, there is essentially

IIl. FERROMAGNETIC METAL /POLYMER JUNCTION

IV. FERROMAGNETIC CMR MANGANITE /POLYMER
JUNCTION
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FIG. 4. For a ferromagnetic Re,Ak,MNO (FM CMR FIG. 5. Same as in Fig. 4 but with some electrons transferred

manganit¢polymer chain,(a) site displacements of Mfleft dot- from the FM CMR manganite segment to the polymer through the
ted), O (left solid), and C(right solid atoms, andb) charge(dotted interface by increasing the chemical potential of the FM CMR man-
line) and spin(solid line) density distributions are shown. The ganite, resulting in bipolarons forming in the polymer.
charge and spin densities coincide in the CMR manganite. There is
no electron transfer between the FMM and the polymer. The interstates form, as seen from the displacements shown in Fig.
face is between sites 100 and 101. 5(a). The localized electronic density is shown in Figb)s

The transferred electrons form spinless bipolarons, and there

no electron transfer between the segments. Fig(aesiows S N0 spin amplitude within the polymer segment.

the displacements of the atorfidn, O, and G compared to These_z results b_ecome more apparent if we examine the
their uniform bulk positions. Within the CMR manganite change in electronic density of staté30S) defined by the
segment, both the manganese and oxygen atoms are oriprentz line shape formula

slightly displaced. The small displacements are due to the

finite length of the segment and disappear as the segment -3 1 A

length is increased. The carbon atoms have a displacement of 9ole)= ~ (e—g, )2+\2
0.05 A, corresponding to the bulk dimerization of the poly- re

mer chain. The interfacial atoms have a deviation from thevheree ,, is a one-electron energy eigenvalue and phe-

bulk dimerization, which results in a small expansion of thenomenological Lorentz linewidth, which we choose Jas

end bonds of the CMR manganite segment and a contraction 0.15 eV. Figure @) shows the DOS for the CMR

of the first few polymer bonds. The charge and spin densitiesnanganite/polymer chain before coupling of the two seg-
are shown in Fig. é). Because the CMR material is com- ments(that is, for the two separate material segmgrasd
pletely spin polarized at the Fermi surface, the charge anéig. 6(b) shows the DOS after coupling. The relative chemi-
spin densities coincide in this segment. The distributions otal potential was adjusted to eg=2.15 eV as in Fig. 4, so
charge and spin density in each segment are uniform, excetiiat there is no electron transfer between the CMR mangan-
for a small modulation near the interface. The modulation inte and polymer after coupling. From the figure we see that
the CMR manganite is a finite-size effect as discussed previhere is still a large gap for the spin-down states, but the gap
ously. There is neither a net charge nor spin distributiorfor spin-up states decreases after coupling. All the occupied
within the bulk polymer. When we increase the chemicalstates near the Fermi level have spins up, and these states are
potential of the CMR manganite, electrons are transferredonfined in the segment of the CMR manganite. Increasing
into the polymer. The results far,=2.90 eV are shown in the relative chemical potentiakL=2.90 eV as in Fig. 5, we

Fig. 5. At this value for the chemical potential, 6.11 electronsplot the DOS before and after coupling in Figga)7and 7b),
transfer to the polymer segment. The CMR manganite segespectively. Because the Fermi level of the CMR manganite
ment keeps a nearly uniform lattice structure except for as above the bipolaron level of the polymer, electrons transfer
small deviation at the interface. In the polymer, bipolaronto the polymer after coupling. They form double-charged bi-

(15
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FIG. 6. Density of states of the FM CMR manganite and the FIG. 7. Same as in Fig. 6, but with the Fermi level of the CMR
polymer,(a) before coupling andb) after coupling. The thick solid manganite higher than the bipolaron energy of the polymer, so that
line in (a) is for both spin-up and spin-down electrons in the poly- electrons transfer from the CMR manganite segment to the polymer
mer, the thin solid(dashed line in (a) is for spin-up(spin down after coupling.
electrons in the CMR manganite. The sof@ashedl line in (b) is
for spin-up(spin down electrons. The phenomenological Lorentz case pecause a bias voltage will draw electrons from this
width is )\_=O.15. The Fermi level of the CMR mangamte I|e§ b(_e-_ spin-unpolarized source.
low the bipolaron energy of the polymer, so that there is no signifi-

cant electron transfer.
V. CONCLUSIONS

polarons. The bipolaron levels are indicated in Figb),/
where the levels of spin-up and -down states overf@pe  inorganic semiconductors due to their strong electron-lattice
spin-up states of the bipolaron nea2.5 eV cannot be seen interactions. Carriers in(nondegeneraje polymers are
easily due to the large DOS caused by the CMR manganitecharged polarons or bipolarons. In this paper we have studied
The difference in DOS of spin up and down at the bipolaronthe ground-state properties of a ferromagnetic metal/organic
states arises from the effect of the CMR manganite at th@olymer junction. Two kinds of magnetic contacts were con-
interface. sidered, a conventional ferromagnetic metal and a CMR
The DOS(in Figs. 6 and Y has important consequences manganite ferromagnet with a half-metallic ground state. We
for spin injection under bias. In Fig. 6, the Fermi level in the presented an effective one-dimensional tight-binding model
CMR manganite lies below the bipolaron level of the poly-for both the simple ferromagnetic metal and the half-metallic
mer and bipolarons are not formed. There is a gap in théerromagnet and explicitly verified that these effective one-
spin-down states at the Fermi energy, and the occupied statdsmensional models correctly include the physics of the ma-
near the Fermi surface are strongly spin-polarized. Polarizetrials. We found that polarized spin density can occur in the
spin injection is possible in this case because a bias voltageolymer near the interface. The spin density oscillates and
will draw spin-polarized electrons from the spin polarizeddecays into the polymer with a decay length of about six
Fermi level of the CMR manganite. By contrast in Fig. 7, thetimes the lattice constant of the polymer. We found an ex-
Fermi level in the CMR manganite lies above the bipolaronpansion of the end bonds of the CMR manganite segment
level of the polymer and a high density of bipolarons isand a contraction of the polymer bonds near the interface.
formed in the polymer near the interface. The gap in spin-The calculated density of states indicates that the gap for
down states at the Fermi energy is filled because of the bispin-up states decreases after coupling of polymer and the
polaron states. Polarized spin injection is unlikely in thisCMR manganite. The difference in DOS of spin up and

Organic (m-conjugated polymers differ from traditional
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down at the bipolaron states arises from the effect of theattice relaxation and interfacial coupling. The main motiva-
CMR manganite at the interface. By adjusting the relativetion for this model came from recent polarized spin injection
chemical potential, electrons can be transferred into the polytand spin-coherent transjeexperiments on the conjugated
mer from the magnetic layer through the interfacial coupling.organic oligomer sexithieny(thin film) in which a half-
The DOS has important consequences for spin injection Unmetallic ferromagnetic CMR manganite contact was (sed.
der bias: polarized spin injection is possible when the Fermirhjs oligomer can serve as an active transport material for
level of the CMR manganite lies below the bipolaron level of potential organic optoelectronic and spintronic devices. Dy-
the polymer. However, if the Fermi level of the CMR man- namics under external bias will be studied to describe spin
ganite lies above the bipolaron level of the polymer, thejnjection and polarized spin transport in conjugated organic
transferred electrons form bipolarons that have no spin, sghaterials, but an understanding of ground-state properties

that there is no spin density in the bulk of the polymer. Underpresented here is required to initiate a study of such dynam-
this condition, the polymer is nonmagnetic, and in thejcg.

ground statgor more generally at thermal equilibrignthe
spin polarization in this material will not be far from the
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