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The transport properties of single ferrocene moleculesected to nanoscopic gold electrodes are investigate@ imamework
of density functional theory (DFT) calculations using trenrequilibrium Green’s function formalism. Our setup déses a
molecular rotor, where one cyclopentadienyl (Cp) ring &ffierrocene molecule is fixed by the two electrodes, whiles#wand
ring is able to rotate. For small enough rotation energiesbrrier between the eclipsed and staggered conformaiiaie
ferrocene molecule ensures the functionality of a moleadaillator. The changes in the transmission functioroiidiced by
the relative rotation angle between the two Cp rings areyaedlin both linear and non-linear bias regimes. For largtation
energies, the device works in spinning mode. The real tinmavier of the nanomechanical device is investigated usiRg-D
based molecular dynamics, which shows its feasibility faplezations in terahertz regime. In the oscillating mode tatural
frequencies are determined, while the spinning mode shaemarkably reliable behavior with increasing rotationrgye

1 Introduction sorption, spin configuration and charge redistributiorcpss.
Molecular circuits with several ferrocene compounds as ac-
Organometallic molecular structures are currently irigeséd  tive region have been analyzZ&d'8 indicating the possibil-
as promising candidates for achieving the ultimate scading ity of fine tuning of the molecular conductance. Furthermore
various electronic devicéds Exploiting the unique proper- molecular quantum dot cellular automata for THz operating
ties of organic molecules a wide range of applications havérequencies in high density device have been investigdted
been devised, among which one can mention molecular trarand spintronic devices have been proposed by attaching me:-
sistorg”3, current rectifier§6, spin filters’ and spin current  allocene molecules to carbon nanotubes via transition Imete
switche€ or photochromic switchés Besides the electro- atomg®.
optical properties the mechanical properties are alsodrfich In this paper we investigate the transport properties @fisin
cus of recent studies which concern molecular machines anférrocene molecules attached to gold nanoscopic eleatrode
their components, such as e.g. molecular rdfyrbrakes®  pointing out the feasibility of the device structure as ater
and motors?. Based on conformation dependent conductionhertz oscillator. In our particular setup, one of the Cpsingn
properties, molecular electronic oscillators may be desig rotate, allowing for distinct couplings to the contacts,ieth
with typical frequencies in the terahertz regime. This fre-resultin current variations. The paper is structured devid.
quency domain, in-between the microwaves and far-infraredin the next section, details about the device model, compu-
usually termed as terahertz gdpis currently under intensive  tational method and geometric optimizations are presented
research. In the following section the ballistic transmission furctiin
Ferrocene is one example from the broader classl@h@-  both linear and non-linear bias regimes is evaluated for dif
allocenes which posses high chemical and thermal stalfility ferent ferrocene conformations, pointing out the chanbas t
It consists of two cyclopentadienyl (Cp) rings bound by acen occur due to the relative rotation of the Cp rings. Using roole
tral iron atom, which may rotate about the Cp-Fe-Cp axis.ular dynamics in the framework of DFT, the ferrocene-based
In the condensed phase the ground state is found to be thaolecular system is investigated in both oscillating arid-sp
staggered configuration (D5d), while in the gas phase it corning regimes, showing that the typical frequencies foured ar
responds to the eclipsed configuration (D5h). For the isoin the range of the terahertz domain.
lated molecule the difference between the staggered and the
eclipsed configurations is abowt20 meV.
Metal-molecule junctions based on ferrocene moleculeg Model and Method

have been recently investigated providing insights into ab- The active element of the molecular device is the ferrocene:

N Buch o o P b f molecule depicted in Fig. 1 (a) and (b) in the eclipsed anJ
University of Bucharest, Faculty of Physics, Materials abevices for ; ;
Electronics and Optoelectronics Research Center, P.O.M6x11, 077125 staggered anformatlons' Thef ferroc_ene molecule is aIthC.hL
Magurele-lifov, Romania. Fax: +40 (0)21 457 4418; Tel: +40)21 457 (O hanoscopic gold contacts via a pair of sulfur atoms, whic:
4949/157; E-mail: nemnes@solid.fizica.unibuc.ro. ensure strong binding, as indicated in Fig. 1(c). In thisiget
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Fig. 1 Ferrocene molecules in the eclipsed (a) and staggered (b) S osf 7
conformations. (¢) Nanoscopic Au electrodes are attached via two %2 : < : 5 : & 04
sulfur atoms. The lattice parameters specifying the relaxed electrode E [eV]

structure are indicated.
Fig. 2 (a) Transmission vs. energy for the structures with different

Ly: 242 (black), 23.R (red), 23 (blue) for the eclipsed (solid)
one Cp ring of the ferrocene molecule connected to the gol@nd staggered (dashed) configurations. The inset contains similar
electrodes is fixed, while the other can rotate. data for the structure with, = 24A, for three intermediate rotation

Geometry optimizations are performed using the SIESTAANglesd = 8° (dot - dashed), 16(dot - dot - dashed), 2&dot -
packagél, which takes advantage of the localized basis set offashed - dash'ed). (E)S)> Th((Z)ratlo of the transmission functions in the
numerical atomic orbitals to achieve linear scaling of tame WO configurationsT ™!/ Tt
putational time with the system size. The DFT calculations

are performed using the local density approximation, in the ded | . h d with the bulk o-
parametrization proposed by Ceperley and AfdeStructural expanded in crossection, when compared wi € bulk p~

Au u_ A Au __ A
relaxations are performed using a Monkhorst-Pack scheme 615‘?&?%0. i ;helparameteraﬁ a:’:ﬁAl andant_ S'XSA dE
1x 1x 10 k-points, with a maximum force tolerance 008 Indicated in Fig. 1(c) correspond to the layer of type A and Bx

eV/A respectively.
' Having the structural configuration of the semi-infinitecele
Table 1 Optimized structural parameters for different valugsfor trodes determined, the geometry of the whole system contain

the eclipsed (e) and staggered (s) conformations. ing the ferrocene molecule is optimized. The structuraa it

summarized in Table 1. The electrodes are positioned atrdiff
Lz [A] dau-s [A] dc_s[A] ac-s-aul’l  entdistances, denoted hy, measuring the distance between
24(e) 2.95 1.84 150.29 the first and the last Au layer depicted in Fig. 1(c). Incregsi
24(s) 2.96 1.85 150.28 L, from 234 to 24A, the Au-S bonds are stretched, resulting
23.5(e) 2.58 1.89 146.06

in larger anglesic_s ay. The data in Table 1 shows that the

gg'(igs) 5 '2% i 'gg ijg '23 Au-S bond changes significantly, while the C-S bond remains
23(s) 2 48 187 140.06 largely unaffected, indicating the Au-S bond is compagiyiv

weaker.

First, the Au nanoscopic electrode is investigated, wtsch i
a periodic A-B type stacking along the [001] direction offcc 3 Results and discussion
Au, having 9 atoms per unit cell. Following relaxations, the
fcc structure becomes contracted along the transportttireC 31 gajlistic transmission
i.e. the distance between the two layers A and B becomes
dag = 1.34A, which is smaller than half of the bulk lattice The ballistic transmission is calculated by employing thr.
constanta(A)“/Zz 2.04A. Due to the under-coordinated atoms non-equilibrium Green’s functions formalism (NEGF), im-
of the atomic sized nanowires, local strain is induced aed th plemented in TRANSIESTA®. Using the advanced/retarded
bonds become shorter and stroriJer The wire is slightly ~ Green’s function$G®" and the self-energielS r describing
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Fig. 3 Partial density of states for the eclipsed (a) and staggered (b) < 1+
conformationsli(; = 24A ), presented for different groups of atoms: ‘_3 o5l ,
C, H, Fe, S (black / solid); C, H, S (red / dot - dashed); C, H, Fe r | | | 1

0 0.2
UV

(blue / dashed). The arrows mark the chemical potentials. 0 01

Fig. 4 Transmission vs. energy at finite bias, for the structure with

the coupling between the molecular system and the contactE,Z=24A, in the eclipsed (a) and staggered (b) configurations:

One may write the ransmission function as: U = OV (black/solid)U = 0.2V (blue/dot-dashed) arld = 0.4V
] (red/dashed). (c) Current vs. bias for the two configurations,
T(E)=Tr[lL.(E)G'(E)Ir(E)G*(E)]. (1)  eclipsed (black/circles) and staggered (red/squares).

We first investigate the transport in the linear bias regime.
Figure 2(a) sh(_)ws the transmission functi_ons for threeediff in the staggered and eclipsed configurations. Los 244
ent valued.,, with the ferrocene molecule in the eclipsed and 1o optains a ratid (9 /T(® = 1.22, which can be exploited
staggered configurations. Decreaslngthe peaks in trans- ;. signal generation.
mission are shifted towards lower energies. This indictites
possibility of controlling the transmission at the Fermesgy
(1 = 0), by adjusting the distance between the electrodes. Th
peaks in transmission become broader as the distance is d@fe also investigate the non-linear bias regime. The cuisent
creased, due to an enhanced coupling between the molecutalculated for a biag up to 0.4V in steps of 0.05V. The trans-
system and the contacts. Switching from the eclipsed to thenission functions are plotted in Fig. 4(a) and (b) for the two
staggered conformation, the peaks also become broader. bonformations. The general trend observed is a decrease in t
the eclipsed configuration the overlappipgrbitals of pairs  transmission function with the applied bias, due to the asym
of the carbon atoms from equivalent positions in the two Cpmetry induced by the applied electric field which enhances th
rings is stronger than in the staggered conformation. &ukte elastic scattering. Figure 4(c) shows the current vs. agdpli
in the staggered configuration the overlap between the santsias calculated within the coherent transport formalisrthwi
orbitals and the neighboring sulfur atoms is larger, whidni  the relation:
line with the observed increased coupling in the transimissi %
function. To show the role of the sulfur atoms in the transmis | =— /dE T(E;VU) [fen(E; L) — feo(E; )], (2)
sion we plotted in Fig. 3 the partial density of states. Thredse h.
in the vicinity of the chemical potential are dominated b} su wherepy = eU/2 andur = —eU/2 are the chemical poten-
fur orbitals and a smaller contribution from the iron atom in tials in the left and right contacts, respectively. The geagd
the structure of the ferrocene molecule. Detailed analykis configuration ensures a better coupling with the contaets th
the transmission function at the Fermi energy, as a functionhe eclipsed configuration and therefore the lifetime ofrdse
of the rotation angleéd shows that the maximum is reached onances is decreased. As a consequence the current obtair.ed
for the staggered configuration. The transmission funstionfor the staggered conformation #€20% larger at the max-
for three intermediate configuratior®= 8°,16°,28 are de- imum bias considered = 0.4 V. Ferrocene-based molecu-
picted in the inset of Fig. 2(a). The change in the conduetanclar wires?® have been investigated experimentally in the nor.
is measured as the ratio between the transmission functiodmear bias regime, recently by using the STM break junc-

%.2 Non-linear biasregime
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uously and the molecule is passing successively through thz
staggered and eclipsed configurations. By increasing the ro
tation energy, the periods are systematically smallegiren
from 0.65 ps for 46 meV to 0.42 ps for 76 meV, as indicated
in Fig. 5(b). One should also note that the angular velosity i
slightly decreasing in time for lower energies, due to the fa
that a larger fraction of the kinetic energy is transfertddw-
ever, increasing the rotation energy of the Cp ring, theesgst
becomes more stable.
I 2 ET | The rotation of the Cp ring in the context of varying trans-
90| e = mission function with the anglé is the prerequisite for the
L= ‘ ‘ ‘ L] device to work as a signal generator. The operating freque:;
° 50 e 2000 2500 cies are found in the range of 1-1.4 THz for the oscillating
mode, which are natural frequencies of the system and 4.5-2.
Fig. 5 Rotation angle of the Cp ring vs. time, for the oscillating THz for the spinning mode. The device structure is therefore

mode (a) and for the spinning mode (b). The horizontal dashed lineguitable for applications in the terahertz regime.
mark the range of the rotation angle, +/23&) and, in steps of 72
the equivalent positions, in this case the eclipsed conformations (b).

4 Conclusions

8 [7]

2180 00 T _lemiSIle- —

tion techniqué® and different anchoring groups to contact the ) ] o
electrodes to each of the two Cp rings. We investigate a ferrocene based molecular device in the

framework of density functional theory calculations. Inrou

setup one cyclopentadienyl ring is connected to nanoscopiz

gold electrodes, while the other one can rotate, indicating

In the case of pristine ferrocene molecules, there is aioot@t  the possibility of producing electrical signals in the tegez

energy barrielE, with respect to the metal-cyclopentadienyl regime. We analyzed in detail the structural features aad th

axis of ~2kJ/mol (~ 20.7 meVY’, which is comparable with  coupling between the contacts and the molecular systems i=

other DFT calculation® and with experimental data mea- the context of adjusting the distance between the elecrode

sured by gas phase electron diffractin Both linear and non-linear bias regimes have been consi*-
We perform molecular dynamics calculations using the Ver-ered and the results indicated a significant difference eetw

let algorithm. Depending on the rotation enery, imposed  the eclipsed and staggered conformations of the ferrocen.

on the second Cp ring, assuming the ferrocene molecule inimolecule, in the context of coupling to the electrodes. We

tially in the eclipsed configuration, one can distinguish be employed molecular dynamics calculations within the DFT

tween two regimes. FdEg < Ep, i.e. the low energy regime, approach and determined the nanomechanical properties. V.c

the Cp ring oscillates with a maximum dihedral angle belowdistinguished between two regimes, the oscillation regone

36°, which corresponds to the staggered conformation. Figlow rotation energies generated by the internal rotationdra

ure 5(a) shows the dynamics of the Cp ring, in the low energyand the spinning regime, for large rotation energies. Tlte na

regime, measured by the dihedral an@lefor a time interval ~ ural frequencies of the Cp ring oscillations were establish

T = 2.5 ps. One can see that for the 2-4 meV range, the oscilas a function of rotation energy and the stability of curren:

lation period is~1 ps. One period is defined by time to reach variations was discussed. To conclude, we indicate theposs

an equivalent conformation. By increasing the rotatiorrgye  bility of using a rotating molecular device with the ferroee

to 11 meV, the amplitude is getting larger, ifqax~ 16°,and  molecule as active element for terahertz applications.

the period decreases te).72 ps. However, increasing further

the rotation energy the systems spends more time at the poiln_s

where the rotation is reversed. Consequently, the osoiflat eferences

period is getting larger. Part of the initial kinetic enegy 1 conducting and Magnetic Organometallic Molecular Matésiad. L. O.

transferred to neighboring atoms and in-between the C and H M. Fourmigue, Springer, Berlin/Heidelberg, 2009.

atoms of the rotating Cp ring. Near the critical pdiat= Ep, 2 H. Song, Y. Kim, Y. H. Jang, H. Jeong, M. A. Reed and T. Liefure

which corresponds to a complete stop in the staggered eonfor _ f(o?sg't‘:ﬁz’ 103?/- eekin R, Heimbuch. A K. and H. 3. W. ZaialAPL
. . . . Dotthewes, V. GeskKin, R. AHelimpuch, A. K. an . J. WL Zarsd)

mation, the osqlllatlons beco.me. unstal:_JIe. _ Mat, 2014.2, 010701

A more predictable behavior is obtained for larger rotation 4 g 3. ashwell, R. Hamilton and L. R. H. High, Mater. Chem.2003,13,

energies, abovey. In this case, the Cp ring rotates contin-  1501.

3.3 Molecular dynamics

4| Journal Name, 2010, [vol] 1-5 This journal is © The Royal Society of Chemistry [year]



Page 5 of 5

Physical Chemistry Chemical Physics

10
11
12
13
14
15
16

17

18

N.J. Geddes, J. R. Sambles and A. S. MaAuty. Mater. Optic. Electron.
2004,5, 305.

F. Ding, S. Chen and H. Wanbflaterials, 2010,3, 2668.

S. SanvitoNature Materials 2011,10, 484.

Y. Ni, K. lun Yao, C. qun Tang, G. ying Gao, H. hua Fub and S.gcon
Zhub,RSC Ady.2014,4, 18522.

L. Zhy, K. L. Yao and Z. L. LiuAppl. Phys. Lett.2010,97, 202101.

G. S. Kottas, L. I. Clarke, D. Horinek and J. Miclthem. Rey.2005,
105, 1281.

J.-S. Yang, Y.-T. Huang, J.-H. Ho, W.-T. Sun, H.-H. Huaxg(C. Lin,
S.-J. Huang, S.-L. Huang, H.-F. Lu and |. Chd&axg. Lett, 2008, 10,
2279.

J. Michl and E. C. H. Syke#CS Nan2009,3, 1042.

P. H. SiegellEEE Transactions on Microwave The8002,50, 910.

C. Engtrakul and L. R. Sit&ano Lett, 2001,1, 541.

D. M. Djimbi, S. L. Roux, C. Massobrio and M. Boerd, Phys.: Con-
dens. Matter.2014,26, 104206.

T. Uehara, R. V. Belosludov, A. A. Farajian, H. M. IzusekdaY. Kawa-
zoe,Jap. J. Appl. Phys2006,45, 3768.

H. Mizuseki, R. V. Belosludov, T. Uehara, S. U. Lee and Ywdaoe,J.
Kor. Phys. S0¢.2008,52, 1197.

C. Morari, I. Rungger, A. R. Rocha, S. Sanvito, S. Melintel &.-M.

19

20

21

22
23

24

25

26

27

28

29

RignaneseACS NANQ2009,3, 4137.

V. Cauda, M. Graziano, D. Demarchi, G. Piccinini, A. Saagin and
A. Pulimeno,|EEE Transactions on Nanotechnolo@13,12, 498.

P. Wei, L. Sun, E. Benassi, Z. Shen, S. Sanvito and S. BloGhem.
Phys, 2011,134, 244704.

J. Soler, E. Artacho, J. Gale, A. Garcia, J. Junquera ar8i-B. P. Orde-
jon,J. Phys.: Condens. Mattg2002,14, 2745.

D. Ceperley and B. AldeRhys. Rev. Lett1980,45, 566.

X. Zhang, J. lai Kuo, M. Gu, X. Fan, P. Bai, Q.-G. Songe an@CSun,
Nanoscale2010,2, 412.

M. Brandbyge, J.-L. Mozos, P. Ordejon, J. Taylor and KkBto, Phys.
Rev. B 2002,65, 165401.

S. A. Getty, C. Engtrakul, L. Wang, R. Liu, S.-H. Ke, H. U.rBager,
W. Yang, M. S. Fuhrer and L. R. SitRhys. Rev. B2005,71, 241401(R).
Y.-Y. Sun, Z.-L. Peng, R. Hou, J.-H. Liang, J.-F. ZhengYxXZhou, X.-S.
Zhou, S. Jin, Z.-J. Niua and B.-W. MaBhys. Chem. Chem. Phy2014,
16, 2260.

N. Mohammadi, A. Ganesan, C. T. Chantler and F. Wan@rganomet.
Chem, 2012,713, 51.

S. Coriania, A. Haalanda, T. Helgaker and P. JorgenSéem. Phys.
Chem, 2006,7, 249.

A. Haalanda and J. Nilssoficta Chem. Scandl1968,22, 2653.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-5 |5



