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ince the discovery of ferrocene

[Fe(CsHs),] in 1951, studies of

metal —organic-molecule complexes
have been an active area of research in or-
ganometallic chemistry. These complexes
have found applications, among others, in
catalysis, molecular recognition, and nano-
magnetism.? Especially, multidecker sand-
wich complexes have attracted consider-
able attention because of their intriguing
structural, magnetic, and transport
properties.2~3> For example, previous ex-
perimental and theoretical studies have
shown that multidecker sandwich forms
are the most stable for Sc—, Ti—, and
V—CgHs (Bz) complexes,> 2" as well as for
the lanthanide rare earth metal—CgHg
complexes.??73° Experimentally, seven-
decker V,(Bz),, sandwich clusters and
eighteen-decker Eu,(CgHg), nanorods have
been synthesized by means of a laser vapor-
ization synthesis technique.®® Theoretically,
Wang et al.'? identified a structural transi-
tion from achiral D), to chiral D, structure
for the V,4Bzs sandwich cluster. Such a struc-
tural transition can be verified from either
broadened IR spectra or appearance of new
IR modes in an infrared (IR) spectroscopy ex-
periment."

There are also growing interests in mag-
netic properties of multidecker sandwich
complexes. Miyajima et al.2 detected mono-
tonic increase of the magnetic moment
with cluster size n for V,(Bz),+1 (n = 1—4)
and Sc,(Bz),+1 (n = 1—2), as well as nonzero
magnetic moments for Ti,Bz,.; (n = 2, 3)
in their Stern—Gerlach molecular beam de-
flection experiment. They also detected
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ABSTRACT Structural and magnetic properties of multidecker sandwich clusters TM,(ferrocene),+; [TM =V,

Ti, S¢, Mn, ferrocene=Fe(p,, n = 1—3] and corresponding one-dimensional sandwich nanowires (n = ) are

studied by means of gradient-corrected density functional theory. The TM,(FeCp,),+1 clusters are highly stable

polyferrocene-like sandwich structures due to strong Fe—Cp interaction. The total magnetic moment of

TM,(FeCpy)p+1 (TM =V, Ti, Mn) increases linearly with the size n. More strikingly, Ti,(FeCp,),+1 and V,(FeCp;)p+1

(n = 1-3) exhibit high magnetic moments 4, 8, 12 g and 1, 6, 11 v, respectively. In contrast, Sc,(FeCp,);+1

clusters are paramagnetic. The [TM(FeCp,)].. sandwich nanowires are ferromagnetic semiconductors whose band

gap is 0.361, 0.506, 0.51, and 1.310 eV, respectively, for TM = Ti, Sc, V, and Mn. Among the four sandwich

nanowires, [V(FeCp,)].. nanowire possesses the highest magnetic moment (5 pg) per unit cell.

KEYWORDS: sandwich clusters and nanowires
magnetic moments - nanomagnetism

high magnetic moments in Ln,(CgHg),, (n =
1-7Zm=n—-—1,n,n+ 1,Ln = Eu, Th, Ho,
Tm) clusters.?>% Theoretical studies by Kan-
dalam et al."" showed that the magnetic
moment of V,(Bz),+ increases linearly with
size n, and V atoms are coupled ferromag-
netically. Wang et al.'? suggested that the
measured magnetic moments of V,(Bz),
can be considered as an average over differ-
ent spin states of low-lying isomers. How-
ever, Weng et al.?' found that ferromagnetic
state of V,Bz; is unstable.

Besides finite-size clusters, infinitely
long sandwich complexes (or nanowires)
[TMBz].. (TM = transition metal) also exhibit
novel magnetic and transport
properties.'®~?' Xiang et al."’ revealed from
their density-functional theory calculations
that Mn—Bz sandwich nanowire is a half-
metallic ferromagnet and V—Bz is a quasi-
half-metallic ferromagnet, but Ti—Bz is anti-
ferromagnetic and Sc—Bz is paramagnetic.
Conversely, Rahman et al.'® and Maslyuk
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Multidecker sandwich clusters

FeCp,

Top View

finitely long [TM(FeCp,)].. sandwich nanowire.

et al.'® both predicted that V—Bz sandwich nanowire is
a half-metallic ferromagnet. Maslyuk et al.'® further sug-
gested that the V—Bz sandwich nanowire can be poten-
tially a spin filter. Koleini et al.3* proposed an efficient or-

‘ TM=V, Ti., Sc. Mn
Figure 1. Sketches of TM,(FeCp,),+1 (up to n = 3) multidecker sandwich cluster and 1D in-

ganometallic spin filter by placing V,,Bz,, clusters
between two single-wall carbon nanotube (or
graphene) electrodes. They found high transmission
spin polarization from 73% (strong bonds) up to 99%
(weak bonds), independent of specific structure or ori-
entation of V,Bz,,. Atodiresei et al.3® also found that

magnetization direction in organic magnetic molecules

can be altered by controlling their oxidation state. For

example, a change of magnetization direction, from in-
plane to axial, can be observed by charging or discharg-

ing Eu,(CgHg)s molecule.

Despite many ferrocene-like molecules such as VCp,,

CrCp,, MnCp,, CoCp,, NiCp,, and ZnCp; being synthe-

sized experimentally®6~4

or studied theoretically,*~>7

only a few studies were reported on the multidecker

TABLE 1. Point Group Symmetry (PGS), Magnetic Moment (M), Average
Distance between TM and Cp Ligand (Rrm—cps Rre—cp)y HOMO—LUMO gap
(A), Average Binding Energy BE;.c,, and BE, and Their Differences,

BE—BErec,2 of the Lowest-Energy Structure of FeCp, and
TM,(FeCp2)p+1(n = 1-3)

cluster PGS M(me) Rwg(A) Reey(B) A(eV) BErg,(eV) BE(eV)
FeCp, Dsy 0 1.670  3.186 8.22
V;(FeCpy), G 1 1.847 1702 0.747 2.021 6.150

)
VilFepa); Gy 6 1.891 1740 0.717 2.290 5.847
Vi(FeCpals G n 1.901 1757 0.632 2430 5.729
Ti(FeCpay Gy 4 2,034 1701 0.184 2.191 6.210
Tiy(FeCp,)s*  Dsp 8 2.031 1713 0295 2423 5.907
Tis(FeCp,)s"  Dsp 12 2.030 1725 0.469 2.583 5.804
Safelp), G 1 2.100 1715 0532 2.084 6.175
Safelp)s G 0 2,093 1725 0.669 2.300 5.852
Solfelp)s G 1 2.080 1.820  0.545 2.369 5712
Mm(FeCp), G 1 1.697 1.699  0.302 1.064 5.834
Mn,(FeCpy)s  Dsy 2 1.695 1712 0228 1.250 5431
Mns(FeCpy)s G 3 1.693 1722 0.024 1.285 5.248

“The optimized structures are obtained using a thermal smearing value of 0.005 au.

ACANT AN ] ;
A@L\LAJ\@) VOL.3 = NO.3 = ZHANG ET AL.

BE—BEgcc, (eV)

4129
3.557
3.299
4.019
3.484
3.2M
4.091
3.552
3343
4770
4181
3.963

sandwich clusters based on the CsHs
ligands. Triple-decker sandwich complexes
Ni,Cps* and Fe,Cps* were synthesized in
the 70s.°%>° Later, Nagao et al.®° synthe-
sized multidecker sandwich complexes
TM,(FeCpy)p+1 (TM =V, Ti, n = 1—3). Theo-
retically, Zhou et al®' and Shen et al.>
studied ferromagnetic properties of
first-raw transition metal—Cp (Cp = CsHs)
sandwich nanowires. Wang et al.3 investi-
gated magnetic properties of V,(FeCpy)n-1
clusters and nanowire. In this paper, we
present a systematic ab initio study of
structural and magnetic properties of mul-
tidecker sandwich clusters TM,(FeCp2)p+1
(TM = Sc, Ti, V, Mn, n = 1—3), as well as the
corresponding one-dimensional (1D) [TM-
(FeCp,)l. sandwich nanowires. We find
that TM,(FeCp,)n+1 (TM =V, Ti, Mn) clusters are ferro-
magnetic and their magnetic moment increases linearly
with n. In contrast, the Sc,(FeCp,),+1 clusters are para-
magnetic. The four sandwich nanowires [TM(FeCp,)]-
are all ferromagnetic semiconductors with band gap
ranging from 0.361 to 1.310 eV. The V-, Ti- and Mn-
nanowires exhibit high magnetic moment of 5, 4, and
3 g per unit cell, respectively.

RESULTS AND DISCUSSION

Multidecker Sandwich Clusters. Structural Properties. Geomet-
ric sketches of multidecker sandwich clusters
TM,(FeCp,)n+1 and 1D [TM(FeCp,)].. nanowires are
shown in Figure 1. Lowest-energy structures of these
clusters are presented in Figure S1 in the Supporting In-
formation. The size-specified structural, energetic, elec-
tronic, and magnetic properties of the lowest-energy
clusters TM,(FeCp,),+1 (TM = Ti, Sc, V, Mn) are summa-
rized in Table 1. Only Mny(FeCp,);, Ti»(FeCp,)s, and
Tiz(FeCp,)4 have Ds, symmetry, and all other
TM,(FeCpy)n+1 clusters have lower symmetries than
Dsy,. Vibrational frequency analysis shows that Ds,-
TM(FeCp,), (TM =V, Ti, and Mn) and Ds,-Mns(FeCp,),4
clusters have imaginary frequencies and the stable
structures of these clusters adopt a lower symmetry
such as G,,, G, or C,. Moreover, imposing Ds, symme-
try on Sc(FeCp,),, Va(FeCp,)s, Va(FeCp,)s, and Scs(FeCpy)4
clusters results in exact (or near) degeneracy of the
highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO). Hence,
the energetically preferred low-symmetry structure is a
consequence of the Jahn—Teller effect, which gives rise
to a finite HOMO—LUMO gap (0.295—0.717 eV) and
lower energies (0.14—0.24 eV) for these clusters. As
shown in Figure 2, exact degenerate orbitals (HOMO/
LUMO, labeled as e;) for Ds,-Scs(FeCp,)4 are split into
two close orbitals in the low-symmetry C; structure
(both labeled as a), which may be the underlying rea-
son for the distortion of Scz(FeCp,)4 cluster. The signifi-
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cant deformation of this cluster (see Figure S1 in the
Supporting Information) may be correlated with the
fact that Sc has fewer valence electrons (3d'4s?) and
thus may have relatively weaker interaction with the
FeCp, molecule than other TMs.

The C—H (Rc-p) bond length in TM,(FeCpy),+1 clus-
ters is ~1.086 A, close to the value in isolated FeCp,
molecule. The C—C bond length (Rc-¢) varies, depend-
ent on the location of Cp ring in the clusters: Rc_c =
1.43 A for the two side Cp rings, increases toward the
center of the clusters, and reaches a maximum value of
1.508 A for Sc,(FeCp,)s. For the Fe—Cp distance Rre—cpr
at the two end of all clusters, it is close to that (1.670 A)
in the isolated ferrocene molecule, but increases to-
ward the center of TM,(FeCp,),+1 clusters, with values
ranging from 1.76 A (for TM = Ti, V, and Mn) to 2.146 A
(for TM = Sc). The distance Rim-cp, (TM # Fe) is gener-
ally much longer than Re._c, for TM =Sc, Ti, and V, but
comparable to Rre—cp for TM = Mn (see Table 1). The dif-
ferent structural behavior can be seen more clearly in
Figure S1, where all metal—ring distances are pre-
sented. Although Ryn—cp is much smaller than Rry—cp
(TM =V, Ti, Sc), the variation ratios of Rpy—c, for TM =
V, Ti, Sc, and Mn are comparable, that is, Rry—cp are
shortened by 1.5~4.9% compared to those in pure TM-
Cp, complexes (1.942, 2.060, 2.145, and 1.769 A for TM
=V, Ti, Sc, and Mn, respectively).

Relative Stabilities. Relative stabilities of the clusters
TMp(FeCp,),+1 are investigated on the basis of two
forms of binding energies (BEs): (1) BE(n) = {nE[TM] +
(n + 1)E[Fe] + 2(n + 1)E[Cp] — E[TM,(FeCp.),+11}/(2n +
1), and (2) BErecp,(n) = {nE[TM] + (n + 1)E[FeCp,] —
E[TM,(FeCp,)n+11¥/n. The BE and BEgecp; measure the av-
erage metal—Cp and TM—FeCp, interaction, respec-
tively. Here, E[ -] denotes total energy of the cluster or
atom. As shown in Table 1, BErec,, increases gradually
with n for all clusters. For V—, Ti—, Sc—FeCp,, BErecpz >
2.0 eV, but BEgecp,< 1.3 eV for Mn—FeCp,. The latter be-
havior might be because the Mn atom is a stable half-
filled electronic structure (3d°4s?) and thus has relatively
high promotion energy from 4s23d° to 4s'3d° and rela-
tively weak bonding with the organic ligands.

On the other hand, BE decreases with n for all clus-
ters, correlating with the trend of overall increased
metal—ring distances Rrw.cp + Rre-cp (Table 1). A similar
trend has been found for V,Bz,.; clusters (n = 1—3).12
We suggest that the difference BE — BEgccp, may be
used to characterize the Fe—Cp interaction. As shown
in the last column of Table 1, some trends in BE —
BErecp2 can be seen: (1) BE — BEgecp, decreases with in-
creasing n, which correlates with the increased Rrecp.
(2) Despite having the smallest BE and BEecp,,
Mnp(FeCp,),+1 clusters actually show the greatest en-
ergy difference BE — BEecp, and the shortest Rre cp
among the four sandwich clusters. (3) BE — BErecy, are
much larger than BEgc,, in all the four clusters, imply-
ing that the interaction between Fe and Cp is much
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Figure 2. Frontier molecular orbitals of Sc;(FeCp,), in high-symmetry
Dsp, and the lowest-energy C; structures.

-3.2-4

stronger than that of TM (#Fe)—Cp. This distinctive en-
ergy characteristic explains why all the clusters adopt
“polyferrocene” sandwich-like structures as shown by
experiments.®®

Electronic and Magnetic Properties. The multidecker sand-
wich clusters exhibit different magnetic properties. All
Ti—, V—, Mn—FeCp;, clusters are ferromagnetic and
their total magnetic moment increases linearly with n.
More strikingly, Ti,(FeCp,),+1 and V,(FeCp2)n+1 show
large increment in the magnetic moment with increas-
ing size n. The total magnetic moment of Ti,(FeCp,),+1
(n = 1-3)is 4, 8, 12 g, respectively, and that of
V,(FeCpy)p+1 (n = 1-3)is 1,6, 11 wp. The magnetic mo-
ment for Mn,(FeCp,),+1 is relatively small, which is 1, 2,
3 pg for n = 1—3. The stable spin state of Sc,(FeCp)n+1
is either a singlet with even-number electrons or a dou-
blet with odd-number electrons, and thus Sc,(FeCp,),+1
is paramagnetic regardless of the size n. We should
point out that Wang et al.3* obtained higher magnetic
moments of 5, 10, 15 g for V,(FeCpy)y+1 (n = 1—=3). In
our calculations, these spin states have close energies
(AE =0.018, 0.125, and 0.118 eV) with respect to the
most stable spin states. This inconsistence may be due
to different computational approaches and imple-
mented codes (PW91/DNP in DMol vs norm-conserved
pseudopotential PBE in Siesta). We also used
PW91PW91/6-31G(d) level of theory implemented in
the Gaussian 03 package®' to verify these nearly degen-
erate spin states and found that the spin state of 5, 6,
and 11 pgis 0.11, 0.023, and 0.028 eV lower in energy,
respectively, than that of 1, 10, and 15 . for
V,(FeCpy)n+1 (n = 1—3). Hence, multiple iso-energy iso-
mers with different spins may coexist.

To understand differences in the magnetic proper-
ties of the TM (V, Ti, Mn, Sc)—FeCp;, clusters, we show
the occupied-frontier-orbital diagram and percentage
contribution to d orbital from the TM and Fe atoms in
Figure 3. Under Ds, structural symmetry of ligand field,
the five degenerated d orbitals of Fe or TM are split
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Figure 3. Occupied molecular orbitals diagrams of the lowest-energy structure of TM,(FeCp,),+1 (TM =V, Ti, Sc, Mn; n =
1,2) clusters. Blue dashed lines refer to orbitals responsible for the magnetic moment of the clusters. The two numbers in pa-
renthesis are the percentage contribution from d orbitals of V (Ti, Sc, Mn) and Fe. The double arrows refer to those clusters
with doubly degenerated spin-up (or spin-down) orbitals [e.g., Ds,—Ti>(FeCp,); and Ds,—Mn,(FeCp,)s].

into one nondegenerate orbital o (d,, or a;), two degen-
erate orbitals  (dy,, dy, or e1) and & (dy, de2—,2, or e,).
These orbitals are fully split into five nondegenerate or-
bitals under structural symmetry of C,, (or lower than
G,,) of ligand field. According to the Htickel rule (4n +
2, where n is an integer), the Cp radical is short of one
electron to form a stable aromatic structure. Therefore,
a Cp ring tends to draw an extra electron from TM or Fe
forming Cp~ in the cluster.3

In a ferrocene molecule, the Fe (3d%4s?) atom be-
haves like Fe?" with two electrons transferred to two
neighboring Cp rings. For C,-V(FeCp,),, twelve d orbit-
als are contributed from Fe atoms, every Fe atom can
transfer two valence electrons to its neighboring Cp
rings as in pure ferrocene, and the two end FeCp, units
contribute nearly zero magnetic moment to the clus-
ter. On the other hand, the V atom possesses five va-
lence d electrons (two 4s electrons fill the 3d shell in the
metal—ligand clusters), three of them fill one o(d,)
and two 8(d,, d,2_,2) orbitals on the majority manifold
and two of them fill two minority 3(d,, d,-,?) orbitals,
ending up one unpaired electron to o(d) orbital.
Hence, the magnetic moment of V(FeCp,), is 1 pg. In
G,,~V1(FeCp,)s, we identify eight d orbitals due mainly
to the V atoms. Two a(d2) and four &(d,y, d,2—,2) orbit-
als are filled in the majority channel and two 8(d,,,

d,2_,2) orbitals are filled in the minority channel. As a re-
sult, two o(d,2) and two 8(d,,, d,>-,2) majority electrons
are unpaired and give rise to magnetic moment of 4 .
Compared to V(FeCp,),, one additional 8(d,y, dy2-,2) mi-
nority electron from every V atom is transferred to its
neighboring Cp ring, which liberates two valence elec-
trons of Fe atoms unpaired. This can be clearly seen
from Figure 3a, two d electrons of the Fe atoms are
pushed to the m(d,,) orbitals in the majority channel,
contributing a magnetic moment of 2 pg. Conse-
quently, the total magnetic moment of G,,-V,(FeCp,)s
is 6 wg. Similar analysis can be carried out for V5(FeCp,),.
Especially, the center V atom provides two electrons to
its neighboring Cp rings, leaving three electrons on the
majority manifold. As a result, the number of the un-
paired electrons on V, Fe, V, Fe, V atoms is respectively
2,2,3,2,2,giving the total magnetic moment 11 g for
the sandwich cluster V3(FeCp,),.

Again, similar analysis can be performed for
TM,(FeCp,)y+1 (TM = Sc, Ti, and Mn). For G,,-Ti(FeCp,),,
there are two 8 (d, d,2—,?) and one o (d,) orbitals con-
tributed mainly by the Ti atom on the majority channel.
Hence, one d electron is transferred from Ti atom
(3d%4s?) to its adjacent Cp rings (two 4s electrons fill
the 3d shell too, and the Ti atom thus has four d elec-
trons in the cluster). As a result, one m(d,,) electron of Fe

>
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atoms is liberated on the majority channel. Overall, the
Ti atom and two Fe atoms give rise to 3 pgand 1 pg
magnetic moment, respectively, and the total magnetic
moment is 4 pg. For Ds,-Tiy(FeCp,)s, every Ti provides
three unpaired d electrons to two 3(d, d,-,2) and one
o(d) orbitals, the two outer Fe atoms jointly provide
one unpaired electron to the m(d,,) orbital, and the cen-
ter Fe atom provides one unpaired electron to the
w(dy,) orbital. Overall, the total magnetic moment of
Ti,(FeCp,); cluster is 8 pg. In Figure 3b, we used up/
down arrows to mark the doubly degenerated orbitals
for Dsp-Tiy(FeCp,)s. With the same reason, the total mag-
netic moment of Tiz(FeCp,)4 cluster is 12 .

In the case of C,-Mn(FeCp,),, six d electrons from ev-
ery Mn (3d°4s?) atom occupying the 3 (d,y, dy2—2) and
o (d2) orbitals evenly on the majority and minority
manifolds, suggesting that Mn transfers one electron
to its adjacent Cp rings (Figure 3c). As a result, one elec-
tron liberated from Fe atoms occupies the m(d,,) or-
bital unpaired, and the magnetic moment of Mn-
(FeCpy)z is 1 pg. Likewise, for C;-Sc(FeCp,), (Figure 3d),
the Sc atom transfers one valence electron to its adja-
cent Cp rings (the remaining two electrons occupied
the dd orbitals), and liberates one electron of Fe atom
which contributes 1 g magnetic moment. However,
unlike Mn,(FeCp,)s, the two liberated electrons of Fe at-
oms in the case of Scy(FeCp,); align pairedly, resulting
in zero magnetic moment for Sc,(FeCp,);. We thus ex-
pect that Sc,(FeCp,),-+1 clusters are paramagnetic and
possess 1 wg magnetic moment when n is odd, and zero
moment when n is even. Note that this electron trans-
fer can explain the increase of Fe-Cp distance with size
in all the four systems, as the cluster size n increases,
more electrons transfer from TM (TM =V, Ti, Sc, Mn) at-
oms to the Cp rings, which lowers the oxi-
dation states of Fe atoms and weakens

TABLE 2. Unit-Cell Length (c), PGS, Bond Lengths, Binding
Energy (BEg.cp,), Total Magnetic Moment Per Unit Cell (M),
Band Gap (Gap), Energy Difference between FM and AFM
(or PM) States [AE = E(FM) — E(AFM/PM)], and Electronic

Ground State (GS) of 1D [TM(FeCp,)].. (TM =V, Ti, Sc, Mn)
Sandwich Nanowires

v Ti Sc Mn
c(R) 7.46 7.50 7.73 7.2
PGS Gy, G G G
Re—c (R) 1.452,1.453 1.447—1.464 1.445—1512  1.450—1.463
Re—w (R) 1.085, 1.086 1.084, 1.085 1.084—1.090  1.085, 1.086
Ree—cp k) 1.805, 1.804 1.735 1.681,1.777 1.941
Ru—q () 1.924 2.016 2.210 1.672
BE recpa (€V)  2.643 2625 2377 1.466
M (jep) 5 4 1 3
gap 0.51 0.361 0.506 1310
AE (eV) 0.77 0.48 0.1 0.32
GS semiconductor ~ semiconductor ~ semiconductor  semiconductor

[Ti(FeCp,)].. with BEgecpa = 2.625 €V, and [Sc(FeCp,)]..
With BErecp2 = 2.377 eV. As in the case of finite-size clus-
ter Mn,(FeCp2)s+1, IMn(FeCp,)l.. has the least BErecp: =
1.466 eV.

Electronic structure calculations show that all four
sandwich nanowires [TM(FeCp,)l.. (TM =V, Ti, Sc, Mn)
exhibit sizable energy gaps, ranging from 0.361 to 1.310
eV (Table 2), indicating they are all semiconductors.
Moreover, all the four sandwich nanowires are ferro-
magnetic with magnetic moment per unit cell being 5,
4,1, and 3 pg, respectively, for TM =V, Ti, Sc, Mn. We
have examined relative stability between the ferromag-
netic state (FM) and antiferromagnetic (AFM) or para-
magnetic (PM) state. The FM state is lower in energy
(per unit cell) by 0.77, 0.48, 0.11, and 0.32 eV than the
AFM or PM state, for TM =V, Ti, Sc, and Mn, respec-
tively. In contrast, the 1D (V—Bz).. and (Mn—Bz).. sand-

the Fe—Cp interaction and thus increases
the Fe—Cp distance.

1D [TM(FeCp,)].. Sandwich Nanowires. Struc-
tural, binding energy and magnetic mo-
ments of 1D sandwich nanowires [TM-
(FeCp,)l. (TM = V, Ti, Sc, Mn) are
summarized in Table 2. Structural features
of the sandwich nanowires are similar to

[CpFeCpV] | 4 ch;

[CpFeCpTI] |

those of sandwich clusters. For example,
[V(FeCp,)l. nanowire has the largest unit-
cell length ¢ = 7.73 A, while [Mn(FeCp,)1..
nanowire has the shortest length ¢ = 7.22
A. Moreover, Rrw-cp is greater than Ree.cp
except TM = Mn. For the latter, Ryn.cp =
1.672 A < Reecp = 1.941A.

The binding energy per unit cell of [TM-

4—CH 4

(FeCp»)l. sandwich nanowire is defined as
BEfecp2 = E(FeCp,) + E(TM) — E[TM-
(FeCp»)l.. Among the four types of nano-

Energy (eV)

wires, the [V(FeCp,)].. nanowire has the
largest BErecp2 = 2.643 eV, followed by

www.acsnano.org

Figure 4. Local (LDOS) electronic density of state of 1D [TM(FeCp,)].. nanowires and a
ferrocene molecule. The dash line refers to shifted Fermi level which corresponds to
(HOMO + LUMO)/2 here. Gaussian broadening of half-width 0.054 eV is used.
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wich nanowires have smaller magnetic moment per
unit cell (0.8 and 1.0 g, respectively) than [V(FeCp,)].
and [Mn(FeCp,)], while (Sc—Bz).. sandwich nanowire is
paramagnetic and (Ti—Bz).. is AFM."” Hence, the re-
placement of benzene by ferrocene can significantly en-
hance ferromagnetic coupling within 1D sandwich
nanowire.

In addition, some [TM(FeCp,)].. sandwich nanowires
may possess spin-polarized properties, similar to
[FeCpl.. and [VCp].. nanowires.>'32 The latter two are ac-
tually half-metallic. For example, [Ti(FeCp,)].. has a small
gap of 0.361 eV in the majority channel and a large
gap of 2.455 eV in the minority channel. If the small
gap can be closed by applying an external electric field
or an external mechanical force,®? the sandwich nano-
wire may be turned into a half-metal as well.

Magnetism of the [TM(FeCp,)].- sandwich nano-
wires can be understood from local density of states
(LDOS) projected on TM, Fe, and Cp. As shown in Fig-
ure 4, for the V—, Ti—, and Mn—FeCp, nanowires,
strong exchange splitting can be observed in
d-projected LDOS of TM and Fe atoms. Near the Fermi
level, the majority d electrons from TM atoms outnum-
ber the minority ones, resulting in high magnetic mo-
ment for the three nanowires. More specifically, for the
[V(FeCp,)l-. nanowire, its magnetic moment stems
mainly from do and d§ electrons of V atoms and dm
electrons of Fe atoms. For [Ti(FeCp,)].., most of the
d-DOS of Fe atoms disperses over the range of —3 to
—0.5 eV (do and dd) while that of Ti atom is just below
the Fermi level. The magnetism of [Ti(FeCp,)]., mainly
arises from do and dm electrons of Ti and Fe atoms. For
[Mn(FeCp,)l.., however, d electrons of Mn almost
equally distribute in the majority and minority chan-
nels. Magnetism of [Mn(FeCp,)].. is due mainly to d
and db electrons of Fe atoms. For [Sc(FeCp,)].., little ex-
change splitting occurs and unpaired electrons in the
dd orbitals of Sc near the Fermi level dominate nano-
wire’s magnetic behavior.

COMPUTATIONAL METHODS

We used density functional theory (DFT) methods with
the Perdew—Wang gradient-corrected functional (PW91)%3
and all-electron double numerical basis set with polarization
functions (DNP basis set) implemented in the DMol3 pack-
age.®* A convergence criterion of 107° au on total energy and
electron density was adopted for the self-consistent field cal-
culations. The global cutoff was set to 5.5 A. Geometry opti-
mization was performed using the Broyden—Fletcher—
Goldfarb—Shanno algorithm with a convergence criterion of
1072 au on the displacement and the gradient and 107° au on
the total energy. Reliability of the PW91/DNP level of theory
was tested through a series of calculations for single Sc, Ti, V,
and Mn atoms, a ferrocene complex, as well as correspond-
ing metallocenes. As shown in Table 3, the PW91/DNP level
of theory reproduces experimental values of ionization en-
ergy of Sc, Ti, V, Mn atom, C—C, and C—H bond lengths,
metal—ligand distances, binding energy and ionization en-
ergy of metallocene molecules.>’/6566

O
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The different magnetic behavior among [TM-
(FeCp,)] sandwich nanowires can be further under-
stood from their difference in the electron filling, as
shown for finite-size clusters. Taking [V(FeCp,)].. as an
example, below the Fermi level, eight d orbitals of Fe at-
oms and three d orbitals of V atom can be identified, in-
dicating that two valence electrons of VV atom are trans-
ferred to its neighboring Cp rings. Thus, the V and Fe
atoms have three and two unpaired electrons, consis-
tent with calculated Mulliken spin of 3.097 and 2.125 g,
respectively. Likewise, in V3(FeCp,),, the center V atom
transfers two electrons to its side Cp rings and contrib-
utes a local magnetic moment of 3 .

CONCLUSION

Structural, electronic, and magnetic properties of
multidecker sandwich clusters TM,(FeCpy)p+1 [TM =V,
Ti, S¢, Mn, n = 1—3] and 1D [TM(FeCp,)].. sandwich
nanowires have been studied by using gradient-
corrected density functional theory. The TM,(FeCp2)+1
clusters are highly stable and form polyferrocene-like
sandwich structures because of strong Fe—Cp interac-
tion. The Mn,(FeCp,),+1 clusters have stronger Fe—Cp
and weaker Mn—Cp interaction than the other three
systems. The total magnetic moment of TM,(FeCpy),+1
(TM =V, Ti, Mn) increases linearly with the size n. More
strikingly, Tin(FeCp2)n+1 and V,(FeCp,),+1 exhibit giant
magnetic moments 4, 8, 12 pgand 1, 6, 11 g, respec-
tively forn = 1-3.

[TM(FeCp,)]. sandwich nanowires also show distinc-
tive magnetic properties. All the four nanowires are fer-
romagnetic semiconductors. A relatively large band
gap of 1.310 eV is found for [Mn(FeCp,)].. among the
four, while [V(FeCp,)]. nanowire possesses the highest
magnetic moment (5 pg) per unit cell. The tunable mag-
netic properties of TM—Cp sandwich clusters and
nanowires may be exploited for applications in nano-
electronics and spintronics.

All multidecker sandwich clusters whose initial structure has
Dsy, symmetry were fully optimized without any symmetry con-
straint. During the optimization, a cluster’s spin state was deter-
mined by checking the “auto” set in the DMol3 package. Next, to
ensure the cluster was not trapped in a local-minimum spin
state, various spin projection values were assigned to the clus-
ter; geometry optimization was then reperformed for each given
spin state. The lowest-energy structures were further verified to
be true minima via harmonic frequency computation using the
DFT-based semicore pseudopotential basis set (DSPP) imple-
mented in DMol® package.

For [TM(FeCp,)].. sandwich nanowires, the unit cell consists
of a FeCp, molecule and a TM atom, as shown in Figure 1. Peri-
odic boundary conditions were applied along the nanowire di-
rection (z direction). The lattice constant c (in z direction) is equal
to the sum of the distance between the TM atom and their adja-
cent CsHs ring or the distance between two CsHs rings in FeCp,
molecule. The lattice parameters in x and y directions are fixed at
15 A to ensure interaction between the nanowire and its image
negligible. Structural optimization was taken with the Monk-
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TABLE 3. Comparison of DFT Results (PW91/DNP) with
Experimental (exptl) Ones for Benchmark Systems: Fe, V,
Ti, Sc, Mn, MnCp,, FeCp,, and VCp,. Rtm_c;, is the Distance
between Transition Metal Atom and the Mass Center of
the C;H; Ligand. IP is the lonization Potential

system properties theory exptl

Fe IP (eV) 7.72 7.7~17.92

e IP (eV) 5.795 6.54—6.70°

Ti IP (eV) 6.351 6.01—7.30°

v IP (eV) 7.050 6.74~7.50°

Mn IP (eV) 7.22 7.430~7.435°

MnCp, Re—c (R) 1.429 1.429 + 0.008°
Re—y (R) 1.086 1.125 =+ 0.010°
Rri—cp (B) 2113 2.046 = 0.008°
IP (eV) 6.645 6.18~7.30°

Fe(p, Re_c(B) 1.432 1.440 = 0.002°
Re—y (R) 1.086 1.104 = 0.006°
Riv—p () 1.670 1.660°
IP (eV) 6.951 6.60~7.20°
Ey (eV) 8.22 6.938¢

V(p, Re—c (R) 1425 1.434 + 0,003
Re— (R) 1.087 1.133 + 0.014°
Rri—cp (B) 1.942 1.928 = 0.006"
IP (eV) 6.78 6.78,6.70—7.30°

“Reference 65. “Reference 57. Reference 66.

horst-Pack grid of 1 X 1 X 12-points sampling without symme-
try constraint. Electronic density of state (DOS) was calculated
with 24 k points sampling in the 1D Brillouin zone.
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