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Abstract: We investigate the electronic and magnetic properties of the proposed one-dimensional transition
metal (TM = Sc, Ti, V, Cr, and Mn) —benzene (Bz) sandwich polymers by means of density functional
calculations. [V(Bz)].. is found to be a quasi-half-metallic ferromagnet, and half-metallic ferromagnetism is
predicted for [Mn(Bz)].. Moreover, we show that stretching the [TM(Bz)].. polymers could have dramatic
effects on their electronic and magnetic properties. The elongated [V(Bz)]. displays half-metallic behavior,
and [Mn(Bz)].. stretched to a certain degree becomes an antiferromagnetic insulator. The possibilities to
stabilize the ferromagnetic order in [V(Bz)].. and [Mn(Bz)].. polymers at finite temperatures are discussed.
We suggest that the hexagonal bundles composed by these polymers might display intrachain ferromagnetic
order at finite temperatures by introducing interchain exchange coupling.

Introduction devices for spin-polarized transport to further increase the MR
t ratio® Unfortunately, although a large spin polarization is found
in these systems, there is no HM behavior. Another difficulty
with CNT is that the devices are unlikely to be very reproducible
due to the wide assortment of tube sizes and helicities that are
produced during synthesis. Wide variation in device behavior

It is expected that the new generation of devices will exploi
spin dependent effects, what has been called spintréAiés.
challenge now facing spintronics is transmitting spin signals
over long enough distances to allow for spin manipulation. An
ideal device for spin-polarized transport should have several . .
key ingredients. First, it should work well at room temperature WaS reported in the CNT experiment. ,
and should offer as high a magnetoresistance (MR) ratio as R€cently, an experimental study suggested that the unpaired
possible. In this sense, a half-metallic (HM) ferromagnet with electrons on the metal atoms couple ferromagnetically in the

the Curie temperature higher than room temperature is highly Multidecker organometallic 7sandwich V-benzene (Bz) com-
desirable since there would be only one electronic spin channelP!€X€S, i-€., X(Bz)n+1 Clusters'. The FM sandwich clusters are

at the Fermi energ§.Second, the size or diameter of the supposed to serve as nanomagnetic building blocks in applica-
materials should be uniform for large scale applications. Carbon iONS such as recording media or spintronic devices. A subse-
nanotubes (CNTs) were considered as promising one-dimen-duent density functional study confirmed the FM coupling in
sional (1D) spin mediators because of their ballistic nature of Multidecker sandwich ¥Bz)1 clusters: Motivated by the
conduction and relatively long spin scattering length (at least 220Ve experimental and theoretical studies, we propose that the
130 nmy*5 Coherent spin transport has been observed in 1D organometallic sandwich polymers [V(Bzjre the possible
multiwalled CNT systems with Co electrodes. The maximum candidates for spintronic devices for spin-polarized transport
MR ratio of 9% was observed in multivalled CNTs at 4.2 K. Since the polymers with an inherently uniform size are supposed
However, as the temperature increases to 20 K, the MR ratio 0 b€ also FM. .

goes to zero, preventing any room-temperature applications. Mgtal.—hgand moleculesGhave been the subject of many
A theoretical work suggested that the ferromagnetic (FM) Studies in the past decalle'® Especially, TM-Bz complexes
transition metal (TM) /CNT hybrid structures may be used as
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(Mn(Bz)m) are the prototypical organometallic complexes for
studying the &z bonding interactions. Depending on the metal,
there are two types of structures for(8Bz),: multiple-decker
sandwich structures and metal clusters fully covered with Bz
molecules (rice-ball structures). The former sandwich structure
is characteristic of the complexes for early transition metals
(Sc—V), whereas the latter is formed for late transition metals
(Fe—Ni). Cr(Bz), and Mn(Bz} with a sandwich structure are
also observed experimental§. Although the multidecker
sandwich M(Bz)n clusters have been extensively studied
theoretically!3-16 studies of the 1D [TM(Bz)] polymers are
still very lacking. To our knowledge, only one semiempirical
Huckle calculation was performed to examine the thermody-
namical stability of the 1D [TM(Bz)] polymers? The electronic
and magnetic properties of the 1D [TM(Bz)polymers remain

to be explored using ab initio quantum mechanics methods.

Moreover, the differences in bonding, energetics, and magnetic

properties between [TM(Bz)] polymers with different TM
atoms are to be clarified since the properties of TRk
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Figure 1. Structure of the D6H [V(Bz)] sandwich polymer (a) side view
and (b) top view. The enclosed region in part a indicates the unit cell of
the polymer, and denotes the lattice constant.

Table 1. Calculated Lattice Constant (c), Binding Energy (Ep),

the TM atoms.

Discussion

In this paper, we perform a comprehensive first principles

study on the electronic and magnetic properties for the proposed Ti

1D sandwich polymers. Only the [TM(Bz)polymers with TM

= Sc, Ti, V, Cr, and Mn are considered since Fe, Co, and Ni
usually react with Bz to form the rice-ball structuf@g2 Our
theoretical calculations are performed within spin-polarized
density-functional theory (DFT) with the generalized gradient
approximation (GGA) PW91 function&l.The Vienna ab initio
simulation package (VASP¥;1°a plane-wave based program,

(GS), and the Energy Difference between the FM and AFM States
for the [TM(Bz)]» Sandwich Polymers (TM = Sc, Ti, V, Cr, and
Mn) (AE = E(FM) — E(AFM))

™ c(h) E, (eV/ITM) M (i) GS AE (eVITM)
Sc 3.78 4.844 0.00 PM metal
3.58 5.317 0.00 AFM metal 0.006
\ 3.37 5.334 0.80 FM metal —0.084
Cr 3.30 2.181 0.00 NM insulator
Mn 3.37 1.714 1.00 FM metal —0.250
Results

Our results for different [TM(Bz)] polymers are summarized

is used. We describe the interaction between ions and electrondn Table 1. We can see that the sandwich [TM(Bz)blymers

using the frozen-core projector augmented wave apprdakihe
plane-wave basis set cutoff is 400 eV. In a typical calculation,
a 1D periodic boundary condition is applied along the polymer
axis (thez direction) with Monkhorst-Pack?! k-point sampling.

There are two typical structural configurations for the
sandwich polymers. One is a normal sandwich structure with
Deh sSymmetry, in which the TM atom and Bz rings are arranged
alternatively, as shown in Figure 1 for tbgy, [V(Bz)]. polymer.
The other is a staggered sandwich structlrg 6ymmetry) in
which one of the Bz rings is rotated by 30% with respect to the
other ring. Our preliminary calculations for boBy, and Deg
[V(Bz)]. polymers indicate that the electronic and magnetic
properties of theDgg conformer differ little from those of the
correspondin@®e, one. The qualitative similarity between the
Dsg andDgp, configurations is also found in a previous study on
the sandwich clustef$. So hereafter we mainly focus on the
polymers withDg, Symmetry.
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display rich electronic and magnetic properties. All [TM(Bz)]
polymers studied here are metallic except that [Cr(BB]a
nonmagnetic (NM) insulator with a 0.71 eV direct energy gap
atT. [Sc(Bz)} is paramagnetic (PM). For [Ti(Bz)] the AFM
state is slightly favorable by 6 meV/Ti over the FM state. The
ground state for [V(Bz)] and [Mn(Bz)}. is the robust FM state.
The diversity of the magnetic properties for the sandwich
clusters with different TM atoms has been found by previous
theoretical studies. The NM insulating property for [Cr(Bz)]
accords with the singlet state for Cr(Bzue to the 18-electron
rule3 For [V(B2)].. and [Mn(Bz)}., the FM ground state also
agrees qualitatively with the doublet ground state for V{Bz)
and Mn(Bz).1>13However, two distinct cases are Sc and Ti. A
previous study showed that Sc(B& a doublet state in contrast
with the PM state for [Sc(Bz)]found here. On the other hand,
Ti(Bz), is a singlet state contrasting sharply to the AFM ground
state for [Ti(Bz)l. The binding energy of the [TM(Bz)]
polymers as given in Table 1 is defined as follows, =
E(Bz)+ E(TM) — E([TM(Bz)]«), whereE(TM) is the energy

of the isolated TM atom. We can see that [V(Bz}jas large
thermodynamic stability with the largest binding energy (5.334
eV/V atom). The trend of the lattice constant for the [TM(Bz)]
polymers is similar with that of the distance of the TM atoms
from the center of the Bz ring in TM(Bz}® [Cr(Bz)]., has the
smallest lattice constant (3.30 A) but not a very large binding
energy, which might result from the stable®3d valence
configuration for the Cr atom.
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(b)

orbitals; however af the V 3dy and 3dz-y2 orbitals could only
hybrid with C 2 and 2 orbitals due to the symmetry matching
rule. The C 2porbitals of a Bz hybrid with V 3¢, and 3gk-y?
e 2 1_y7 orbitals resulting in bonding states near X, and antibonding-

XETUVE H : T .

d, like states neal" arise due to the weak hybridization between

z Bz 2p.and 2p states and these V 3d orbitals. Such hybridization
q . do | xydey leads to the large dispersion of the D1 band with the highest
1 energy af in the whole Brillouin zone. Clearly, the contribution
L from Bz orbitals to the states near the Fermi level is very small,

/ and the holes are mainly of TM 3d character, so ferromagnetism
in such systems is identified to be due to the double exchange
(DE) mechanisn3223

The spin densities for both [V(Bz)]and [Mn(Bz)], are

shown in Figure 3a and b, respectively. The spin density for
[V(Bz)] clearly indicates the 3dcharacter, which is in accord
with the band structure. Yet, the spin density for [Mn(Bzj
mainly due to Mn 3¢, and 3d; orbitals, as discussed above.
An interesting phenomenon should be noted: The spin polariza-
tion not only is located around the TM atoms but also has a
small negative contribution from the Bz 2prbitals. The spin
injection to Bz is due to the hybridization effect. More occupied
hybridized bands will lead to a larger spin polarization of Bz.
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Energy (eV) the spin polarization of Bz in [Mn(Bz)]is (0.090ug) larger
Figure 2. Electronic band structures for (a) [V(Bz)and (b) [Mn(B2z)}. than that (0.06%g) in [V(Bz)].. The spin injection to Bz has
Part ¢ shows the C and V PDOS for [V(B2)] also been found by Muhida et al. in the study of TM(BEJM
= Mn, Fe, and Co}® However, the six C atoms in a Bz ring
contribute equally to the spin polarization in both [V(Bz#nd

Since [V(B2)], and [Mn(Bz)}. have robust ferromagnetism,
which is crucial for practical spintronic applications, the detailed [MN(B2)]..
electronic and magnetic properties are examined carefully. The '
band structures for [V(Bz)]and [Mn(Bz)], are shown in Figure
2. For [V(B2)]., there is a gap just above the Fermi level for
the spin-up component indicating a quasi-HM behavior. The
V, Mn 4s orbitals lie in the conduction band with very high

contrasting sharply to their results that two of the
C atoms contribute much larger than the otHérs.
In the above paragraphs, we have shown that the ground state
of both [V(B2)]» and [Mn(Bz)], polymers is FM. We now turn
to study the magnetic properties of [V(Bz)and [Mn(Bz)}.

d the band d the Fermi level il polymers at finite temperatures. Unfortunately, there is no long-
energy, an € bands aroun € rermi level are mainly range FM or AFM order in any infinite strictly 1D isotropic

contributed by the TM 3d orbitals. The bands which are mainly system with a finite range exchange interaction at any nonzero

composed by the TM 3d orbitals are labeled by their 3d temperaturé? However, there are several mechanisms for the

components in Figurg 2 In the crystal field of the Bz ligands, occurrence of FM or AFM order in 1D or quasi-1D systems at
the TM 3d bands split into three parts: A 2-fold degenerated finite temperatures: barriers due to the magnetic anisotropy,

band Dl_contnbuted mal_nly by TM Sgland 3¢y orbitals, a finite size, and interchain couplings. Large magnetic anisotropy
nonbonding ban_d DZ. with TM 3d character, and a 2-fold energy can block the thermal fluctuation and stabilize long-
dggene_rated antibonding band D3 dug to TM.add 3¢, The range FM order; e.g., 1D monatomic chains of Co constructed
dlspers!ve D1 band crosses the localized D2 band. And the D3 "' bt <ubstrate exhibit long-range FM order below the
band with high energy is separated from the other two bands. blocking temperature 15 R However, our calculated results

For [V(Bz)]., in the majority part, the D2 band is fully occupied show that the ma. ; ; ;
) ) gnetic anisotropy energy in both [V(Bajd
End;here ISa Sl’m?:: r:jol_e |r;1the Pl pand, and bo;h 21 at?_d |D2 [Mn(Bz)]» polymers is smaller than 0.1 meV/TM, indicating
ands are partly filled in the minority part. Such 3d orbitals that the ferromagnetism in these polymers might be stabilized

oc%Jpatlog. resultl\s/l n ta OprttOtal Imagnetllc tmoment fotrh only at extremely low temperatures by the magnetic anisotropy
[V(B2)]... Since a Mn atom has two valence electrons more than induced barrier. There are also some reports indicating the

a V atom, both Dl. and D2 bands are fu_IIy occupied in both existence of FM in 1D chains with finite lengths, where the
spin compon(_ants n [Mn(BZ")]. The ref“a'“'T‘g_"”e valence length of the chains is related to the range of the exchange
e!ectron half fills t_he D3 band_ In the spin majority part. Sucha interactior?® The most relevant work related to the current study
picture of the orbital occupation leads to the peculiar HM FM is the discovery of FM in 1D WBz)as1 sandwich clusters by
behavior in [Mn(B2z)}, with a total magnetic moment 1.0G. Miyajima et al’ as mentioned above. Since here we mainly
The above analysis based on the crystal field theory quali- focys on infinite 1D polymers, thus we will not discuss more

tatively describes the electronic and magnetic properties of the o, this point. The interchain coupling is found to be an important
two polymers. However, the large dispersion of the D1 band
and the FM mechanism in these systems remain to be clarified.ggg

To penetrate into this problem, we plot the projected density of

states (PDOS) for [V(Bz)]in Figure 2c. We can see there is a (ggg Mermin, N. D.; Wagner, HPhys. Re. Lett. 1966 17, 1133.

X : i ( Gambardellal, P.; Dallmeyer, A.; Maiti, K.; Malagoli, M. C.; Eberhardt,
considerable contribution to the V D1 band near X from G 2p W.; Kern, K.; Carbone, CNature (London)2002 416, 301.

Zener, CPhys. Re. 1951, 82, 403.
Sato, K.; Dederichs, P. H.; Katayama-Yoshida, H.; Kudrnoyskyd.
Phys.: Condens. Matte2004 16, S5491.
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mechanism to stabilize long-range FM or AFM order in quasi- (a) (b)

cedBia

i

1D systems. Some quasi-1D systems have been discovered to
display FM6:27or AFM28 order at finite temperatures. Here we
study the hexagonal bundles composed of [V(BaD)} [Mn-
(Bz)]~ polymers. The optimized distance between the centers
of neighbor polymers is about 6.95 A for both-Bz and Mn-

Bz bundles. Our results indicate that these bundles are energeti-
cally more favorable (by about 31 and 17 meV for ¥Bz

and V—Bz bundles, respectively) than their corresponding 1D
isolated chains. It is well-known that there is spin frustration
for an AFM spin configuration in a hexagonal lattice. Here we
refer to the spin configuration where some neighbor chains
couple antiferromagnetically and some neighbor chains couple -

ferromagnetically as the AFM one. The AFM coupling between Fw

V—Bz chains is Sllghtly more favorable. by abOl.'It 3 me\.//TM Figure 3. Spin density for (a) [V(Bz)} and (b) [Mn(Bz)}.. The isovalues
than the FM coupling. In contrast, the interchain coupling in for the red and blue isosurfaces ar@.014 and 0.014/A3, respectively.
Mn—Bz bundles is found to be FM (with the energy about 5
meV/TM lower than the AFM coupling). The different coupling  Mn atoms are almost the same as those in the FM state. The
manners between these two cases might originate from theenergy difference between this configuration and the FM state
different characters of their spin densities. From the energy js J per TM atom. The estimated effective exchange parameter
difference between the AFM and FM coupling in these bundles, for [V(B2)]» and [Mn(B2)], is 24 and 62 meV respectively,
the interchain coupling is estimated to be about 0.75 or 1.25 which is larger than the intrachain exchange coupling (about
meV/TM for V—Bz and Mn-Bz bundles, respectively. The 0.4 meV) inp-NPNN27 The relatively large effective exchange
interchain coupling should be large enough to stabilize the parameter for [V(Bz)} and [Mn(Bz)}. is due to the DE
intrachain FM at finite temperature since it is significantly larger mechanism, which usually leads to FM with a relatively high
than that in other typical qausi-1D magnetic systems; for Curie temperature; e.g., the relative high Curie temperature
example, the interchain couplingwas estimated to be about  (about 228-370 K)%° for Mn doped GaN is due to the DE
0.1 K (0.009 meV) irp-nitrophenyl nitronyl nitroxide [{-NPNN) mechanisn?3-30
with a Curie temperature of 0.65 K. Pressure is well-known to have a drastic effect on the
The intrachain exchange coupling is an important parameter electronic and magnetic properties of the magnetic matéfials.
in describing the magnetic properties in quasi-1D magnetic Here, the effect of pressing and stretching on the electronic and
systems. Here we derive the exchange parameters in [\(Bz)] magnetic properties of [V(Bz)]and [Mn(Bz)} is examined
and [Mn(Bz)}. isolated polymers using total energy calculations by changing the lattice constant. It is found that the electronic
for different spin configurations. The intrachain coupling in their and magnetic properties of [V(Bz)hnd [Mn(Bz)}, change little
bundles is expected to have a similar magnitude as that inwhen they are compressed to a reasonable degree. However,
isolated polymers. Since the distance between a TM atom andstretching can dramatically change their electronic and magnetic
its next nearest neighbor TM is larger than 6.0 A, the magnetic properties. [V(Bz)} turns into HM FM when the lattice constant
coupling between them should be negligible. Considering only is in the range 3.47 to 3.78 A. To show the HM FM behavior,
the nearest magnetic coupling, the effective Heisenberg Hamil-we plot the band structure of [V(Bz)with a lattice constant
tonian for the 1D [TM(Bz)} polymer can be written ader = 3.55 A in Figure 4. Clearly, the energy gap opens in the spin
—2i Ja-e+1, whereJ is the effective exchange parameter majority part in the stretched [V(Bz)Jpolymer, in contrast to
between the nearest neighbor TM atoms arislthe unit vector a gap opening in the spin minority part in [Mn(Bz)]Along
pointing in the direction of the magnetic moments at sitdere with the increase of the lattice constant, the hybridization
we termJ as an effective exchange parameter but not a pure between TM and Bz is weakened. The bandwidth of the D1
exchange parameter, singelso includes the magnitude of the  band, especially in the spin majority part, becomes narrower.
magnetic moment of the TM atoms. One might expect that  In the spin majority part the downshift of the D1 band nEar
could be deduced from the energy difference between the AFM makes the D1 band fully occupied and the system HM
state and FM state. However, we find that the local magnetic ferromagnetic. We note that turning the [V(Bz)jolymer into
moments for V and Mn atoms in the AFM state differ HM FM through stretching experimentally the polymer is
significantly from those in the FM state, so the above method possible. The stress in a hexagonal bundle composed by
to obtainJ might be questionable. We circumvent this problem [V(Bz)].. polymers with lattice constants= 6.95 A andc =
by considering another magnetic configuration: The magnetic 3.55 A is about 4.8 GPa, which could be easily realized
configuration istt} with the periodicity 4 times that for the  experimentally. By increasing the lattice constant of [Mn(Bz)]
FM case. In this case, the local magnetic moments for V and to the critical value 3.48 A, the HM behavior disappears. With

(26) Kahn, O.; Bakalbassis, E.; MathoreeC.; Hagiwara, M.; Katsumata, K.; (29) Reed, M. L.; EI-Masry, N. A.; Stadelmaier, H. H.; Ritums, M. K.; Reed,
QOuahab, L.Inorg. Chem.1997 36, 1530. Vasil'ev, A. N.; Ignatchik, O. M. J.; Parker, C. A.; Roberts, J. C.; Bedair, S. Appl. Phys. Lett2001,
L.; Sokolov, A. N.; Hiroi, Z.; Isobe, M.; Ueda, YJETP Lett.2003 78, 79, 3473.
551. (30) Wierzbowska, M.; Sachez-Portal, D.; Sanvito, hys. Re. B 2004 70,
(27) Takahashi, M.; Turek, P.; Nakazawa, Y.; Tamura, M.; Nozawa, K.; Shiomo, 2352009.
D.; Ishikawa, M.; Kinoshita, MPhys. Re. Lett. 1991 67, 746. (31) Temmerman, W. M.; Heinemann, Mhys. Re. B 1994 49, 4348. Mathon,
(28) For instance, see: Satija, S. K.; Axe, J. D.; Shirane, G.; Yoshizawa, H.; O.; Baudelet, F.; IfieJ. P.; Polian, A.; d’Astuto, M.; Chervin, J. C.;
Hirakawa, K.Phys. Re. B 198Q 21, 2001. Pascarelli, SPhys. Re. Lett. 2004 93, 255503.

J. AM. CHEM. SOC. = VOL. 128, NO. 7, 2006 2313



ARTICLES Xiang et al.

3 we perform some calculations on these 1D polymers using a

2 & CRYSTALO3 code** The results show that both [V(Bz)and

1 | [Mn(Bz)]. are HM FM in their most stable configurations.

0 ™ Although there are some minor differences between the PW91
< - /_K and B3LYP results, our main conclusions remain valid when
% 2 / using the B3LYP functional. The applicablity of the semilocal
g 3 GGA functional to the 1D [TM(Bz)} polymers is not surprising
S since the current studied systems aremabnjugated. In fact,

5 LDA has been successfully applied to study the conformation

6 —— and electronic structure of polyethyleffe.

7 Conclusions

-8 In conclusion, we have performed a comprehensive first

X r X principles study on the electronic and magnetic properties for

Figure 4. Electronic band structure for [V(Bz)jwith the lattice constant the proposed 1D [TM(Bz)] polymers with TM= Sc, Ti, V,
c = 3.55 A It clearly shows the HM behavior in this system. Cr, and Mn. We demonstrate that all polymers except [Cr(B2)]
are metallic. [Sc(Bz)] is PM. [Ti(Bz)]. is a magnetic system
where the FM state is almost isoenergetic to the most stable
FM state. [V(B2)], is quasi-HM FM, and the ground state of
Mn(Bz)]. is HM FM. In addition, [V(Bz)}. could be tuned to
become HM FM through stretching. The hexagonal bundles
composed by [V(Bz)] and [Mn(Bz)], polymers are studied.
The intrachain exchange coupling is very large due to the DE
mechanism. We find that the interchain coupling is large enough
to stabilize the intrachain ferromagnetic order at finite temper-
atures. The 1D [TM(Bz)] polymers, especially [V(Bz) and
[Mn(Bz)]«, with such peculiar electronic and magnetic properties
would be ideal materials for promising spin-polarized transport.

further increase of the lattice constant of [Mn(Bz)jp to a
second critical value 3.70 A, an FM metal to AFM insulator
transition takes place. The drastic changes of the electronic an
magnetic properties of [Mn(Bz)Jare also caused by the reduced
hybridization. Although the band narrowing of the D1 band also
takes place, the downshift of the D3 band near X in the spin
majority part plays a crucial role in determining the electronic
and magnetic properties of [Mn(Bz)] The disappearance of
the HM behavior results from the D1 band partly occupying
the spin minority part as a consequence of the downshift of the
D3 band in the spin majority part. The FM metal to AFM
insulator transition can be reasonably explained as follows: The
band narrowing of the D1 band results in a smaller DE effect; ~Acknowledgment. This work is partially supported by the
thus the superexchange AFM interaction can compete with andNational Project for the Development of Key Fundamental
even overwhelm the DE interaction, since the former depends Sciences in China (G1999075305, G2001CB3095), by the
Previous studies indicated that the local density approximation 10474087, 20533030), by the USTC-HP HPC project, and by
(LDA) and other semilocal GGA functionals fail to describe the Virtual Laboratory for Computational Chemistry of CNIC
some conducting polymers. A typical example is the dimeriza- @nd Supercomputing Center of CNIC, Chinese Academy of
tion of trans-polyacetylene: LDA predicts almost no carbon ~ Sciences.
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