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Tilt-angle lands
apes and temperature dependen
e of the 
ondu
tan
e inbiphenyl-dithiol single-mole
ule jun
tionsF. Pauly,1, ∗ J. K. Viljas,1, 2 J. C. Cuevas,3, 1, 2 and Gerd S
hön1, 21Institut für Theoretis
he Festkörperphysik and DFG-Center for Fun
tional Nanostru
tures,Universität Karlsruhe, D-76128 Karlsruhe, Germany2Fors
hungszentrum Karlsruhe, Institut für Nanote
hnologie, D-76021 Karlsruhe, Germany3Departamento de Físi
a Teóri
a de la Materia Condensada,Universidad Autónoma de Madrid, E-28049 Madrid, Spain(Dated: February 1, 2008)Using a density-fun
tional-based transport method we study the 
ondu
tion properties of severalbiphenyl-derived dithiol (BPDDT) mole
ules wired to gold ele
trodes. The BPDDT mole
ulesdi�er in their side groups, whi
h 
ontrol the degree of 
onjugation of the π-ele
tron system. Wehave analyzed the dependen
e of the low-bias zero-temperature 
ondu
tan
e on the tilt angle ϕbetween the two phenyl ring units, and �nd that it follows 
losely a cos2 ϕ law, as expe
ted from ane�e
tive π-orbital 
oupling model. We show that the tilting of the phenyl rings results in a de
reaseof the zero-temperature 
ondu
tan
e by roughly two orders of magnitude, when going from a planar
onformation to a 
on�guration in whi
h the rings are perpendi
ular. In addition we demonstratethat the side groups, apart from determining ϕ, have no in�uen
e on the 
ondu
tan
e. All this is inagreement with the re
ent experiment by Venkataraman et al. [Nature 442, 904 (2006)℄. Finally, westudy the temperature dependen
e of both the 
ondu
tan
e and its �u
tuations and �nd qualitativedi�eren
es between the examined mole
ules. In this analysis we 
onsider two 
ontributions to thetemperature behavior, one 
oming from the Fermi fun
tions and the other one from a thermalaverage over di�erent 
onta
t 
on�gurations. We illustrate that the �u
tuations of the 
ondu
tan
edue to temperature-indu
ed 
hanges in the geometri
 stru
ture of the mole
ule 
an be redu
ed byan appropriate design.PACS numbers: 73.63.-b, 73.63.RtI. INTRODUCTIONIn atomi
-s
ale 
ondu
tors the pre
ise positions of theatoms have a de
isive in�uen
e on the ele
troni
 trans-port properties.1,2,3 In the 
ase of metal-mole
ule-metal
onta
ts the importan
e of su
h details often 
ompli
atesthe reprodu
ibility of the experimental results.4,5,6 Forthis reason statisti
al analyses of the experimental data,su
h as 
ondu
tan
e histograms, have be
ome indispens-able for exploring the 
harge-transport 
hara
teristi
s ofsingle-mole
ule 
onta
ts.5,6,7,8,9,10Re
ently, making use of 
ondu
tan
e histograms,Venkataraman et al. were able to reveal the in�uen
eof mole
ular 
onformation on the 
ondu
tan
e of single-mole
ule 
onta
ts.11 In their experiments, these authorsinvestigated biphenyl-derived mole
ules, where di�erentside groups were used to 
ontrol the tilt angle ϕ betweentwo phenyl rings. Thereby, the extent of the delo
al-ized π-ele
tron system of the mole
ules 
ould be varied.They found that the 
ondu
tan
e exhibited a 
hara
ter-isti
 cos2 ϕ behavior, as expe
ted from a simple e�e
tive
π-orbital 
oupling model.12,13Motivated by the experiment of Ref. 11, we analyzetheoreti
ally the 
harge-transport properties of three dif-ferent biphenyl-derived dithiol (BPDDT) mole
ules 
on-ne
ted to gold ele
trodes. For simpli
ity, we refer tothese mole
ules as R2, S2, and D2 (Fig. 1). While R2is the 
onventional biphenyl, the other two mole
ules,2,2'-dimethyl-biphenyl (S2) and 2,6,2',6'-tetramethyl-

D2R2 S2

Figure 1: (Color online) Biphenyl mole
ules R2, S2, and D2.For S2 one hydrogen atom in the ortho position with respe
tto the ring-
onne
ting 
arbons in ea
h phenyl ring of R2 isrepla
ed by a methyl group. For D2 also the se
ond ortho-positioned hydrogen is substituted by a methyl group.biphenyl (D2), di�er from R2 by the in
orporation of oneor two methyl groups in the ortho position with respe
tto the ring-
onne
ting 
arbon atoms.As an important di�eren
e to Ref. 11, we bind themole
ules R2, S2, and D2 to gold using thiol end groupsinstead of amino groups. It has re
ently been shown thatamino groups are better suited to establish a reprodu
ible
onta
t of a mole
ule to a gold ele
trode.5,6 These �nd-ings have been explained by the less dire
tional 
hara
terof the amine-gold bond as 
ompared to the thiol-goldlinkage. Nevertheless, thiol groups remain a frequent
hoi
e to establish the ele
trode-mole
ule 
onta
t,4,7,10,14and the mole
ules R2, S2, and D2 with a
etyl-prote
tedsulfur end groups have re
ently been synthesized.15 Be-sides, it is the internal stru
ture of the mole
ules that is

http://arXiv.org/abs/0705.3285v1


2most important for the 
harge-transport 
hara
teristi
sdis
ussed below.In this work we investigate the e�e
t of the degree of
π 
onjugation on the 
ondu
tan
e of BPDDT mole
ules
onne
ted to gold ele
trodes. For this purpose, we de-s
ribe the ele
troni
 stru
ture of the single-mole
ule 
on-ta
ts at the level of density fun
tional theory (DFT).We demonstrate that, in agreement with the experi-ments of Ref. 11, a cos2 ϕ behavior of the low-bias zero-temperature 
ondu
tan
e is obtained. This behavior isby and large independent of the methyl side groups intro-du
ed. We �nd that the breaking of the 
onjugation re-du
es the zero-temperature 
ondu
tan
e by roughly twoorders of magnitude. In addition, we study the tempera-ture dependen
e of the 
ondu
tan
e for all our mole
ules.For this we take two 
ontributions into a

ount. The �rstone 
omes from the broadening of the Fermi fun
tionsof the leads, the other one from a thermal average overdi�erent geometri
 
on�gurations. In our analysis we ob-serve that S2 and D2 exhibit a monotonously in
reasing
ondu
tan
e as a fun
tion of temperature, while for R2the temperature dependen
e is non-monotonous. Finally,we demonstrate that the temperature-�u
tuations of the
ondu
tan
e of single-mole
ule 
onta
ts 
an be redu
edby an appropriate design of the geometri
 stru
ture ofa mole
ule. This design should aim at stabilizing themole
ule with respe
t to the internal degrees of freedomthat are most relevant for its 
ondu
tion properties. Dueto the elimination of un
ertainties about the mole
ule'sinternal stru
ture in a 
onta
t, a more reliable 
ompari-son of experimental and theoreti
al results on the 
harge-transport 
hara
teristi
s of single-mole
ule jun
tions 
anbe expe
ted.The rest of the paper is organized as follows. In Se
. IIwe outline the methods used to 
ompute the ele
troni
stru
ture, geometry, and 
ondu
tan
e of the mole
ular
onta
ts dis
ussed below. Se
. III is devoted to the dis-
ussion of the results for the 
ondu
tan
e of the threeBPDDT mole
ules, in parti
ular their tilt-angle depen-den
e and temperature behavior. Te
hni
al details onthese issues are deferred to Apps. A and B. Finally, wesummarize our results in the 
on
lusions, Se
. IV.II. THEORETICAL MODELIn this se
tion we present the methods applied inour work. These in
lude the pro
edures for 
omput-ing the ele
troni
 stru
ture, the 
onta
t geometries, andthe 
ondu
tion properties of the mole
ular 
onta
ts. Forfurther details on our method we refer the reader toRefs. 16,17,18.A. Ele
troni
 stru
ture and 
onta
t geometriesFor the determination of the ele
troni
 stru
ture weemploy DFT as implemented in the RI-DFT module

C
R

L

ϕ

S2

R2

D2

Figure 2: (Color online) Mole
ules R2, S2, and D2 
onta
tedat both ends to Au [111℄ ele
trodes via a sulfur atom in athree-fold binding position. Faintly overlayed on the ground-state stru
ture of the single-mole
ule 
onta
ts are geometries,where the left ring is rotated to ϕ = ϕ0 ± 30◦. Here ϕ, asindi
ated for R2, is the tilt angle between the planes of the twophenyl rings, and ϕ0 is its ground-state value. The divisionof the jun
tions into the left (L), 
entral (C), and right (R)regions, of relevan
e in the 
ondu
tan
e 
al
ulations, is alsoshown.of the quantum 
hemistry pa
kage Turbomole v5.7(Refs. 19,20). All our 
al
ulations, in
luding the ele
-trode des
ription, are done within Turbomole's stan-dard Gaussian basis set, whi
h is of split-valen
e qual-ity with polarization fun
tions on all non-hydrogenatoms.20,21,22 As the ex
hange-
orrelation fun
tional weuse BP86 (Refs. 23,24,25). All 
al
ulations were per-formed in a 
losed-shell formalism, and total energieswere 
onverged to a pre
ision of better than 10−6 atomi
units.Our 
onta
t geometries are displayed in Fig. 2. Fortheir determination we 
al
ulate at �rst the geometri




3stru
ture of a gold (Au) [111℄ pyramid with a thiolatedbenzene mole
ule on top. This pyramid 
onsists of threelayers of Au with 3, 6, and 10 atoms. The tip atom ofthe pyramid is missing so that the sulfur (S) atom ofthe benzene binds to a threefold hollow site on top ofthe Au stru
ture. We relax all atomi
 positions ex
eptfor the layers 
ontaining 6 and 10 atoms, whi
h are kept�xed. In parti
ular, their latti
e 
onstant is set to 4.08 Å,the experimental bulk atomi
 distan
e of gold. Next, we
ompute the geometry of the biphenyl mole
ules R2, S2,and D2 of Fig. 1 with the hydrogen atoms in the po-sition 4 and 4' substituted by sulfur atoms, whi
h arebonded to a single gold atom, respe
tively. For ea
h ofthese mole
ules we repla
e the single Au atoms on ea
hside with the previously mentioned Au [111℄ pyramids,where the thiolated benzene mole
ule has been removed.In this pro
ess we take 
are that the sulfur atoms of thebiphenyl mole
ules are in the old positions of the sulfuratoms of the thiolated benzene on top of the Au pyra-mids, and that the S − S mole
ular axis and the [111℄dire
tion are aligned. The ground-state 
onta
t geom-etry is subsequently obtained by relaxing the 
ompletestru
ture, where we keep only the terminal two gold lay-ers on ea
h side �xed (atoms shown in blue in Fig. 2).As above, the latti
e 
onstant in these layers is 4.08 Å.The relaxations thus in
lude all atoms of the mole
ule,two sulfur atoms, and six Au atoms, three on ea
h side.In the determination of the 
onta
t geometries we let themaximum norm of the Cartesian gradient de
ay to valuesbelow 10−4 atomi
 units.B. Transmission fun
tionTo 
ompute the 
harge transport we apply a methodbased on standard Green's fun
tion te
hniques and theLandauer formula expressed in a lo
al nonorthogonalbasis.17,26,27 The lo
al basis allows us to partition the ba-sis states into left (L), 
entral (C), and right (R) parts,a

ording to a division of the 
onta
t geometry. Thusthe Hamiltonian (or single-parti
le Fo
k) matrix H , andanalogously the overlap matrix S, 
an be written in theblo
k form
H =





HLL HLC 0

HCL HCC HCR

0 HRC HRR



 .Within the Green's fun
tion method the energy-dependent transmission τ(E) is expressed as28
τ(E) = Tr [ΓLGr

CCΓRGa
CC ] , (1)with the Green's fun
tions

Gr
CC(E) = [ESCC − HCC − Σ

r
L(E) − Σ

r
R(E)]

−1and Ga
CC = [Gr

CC ]
†, the self energies

Σ
r
X(E) = (HCX − ESCX) gr

XX(E) (HXC − ESXC) ,(2)

the s
attering rate matri
es ΓX(E) = −2Im [Σr
X(E)],and the ele
trode Green's fun
tion gr

XX , where X =
L, R.In Fig. 2 we show how we divide our 
onta
ts intothe L, C, and R regions. In this way we obtain HCCand SCC for the C region, whi
h 
onsists of the BPDDTmole
ule and three gold atoms on ea
h side of the jun
-tion. The L and R regions are made up of the two ter-minal gold layers on ea
h side of the gold pyramids (blueshaded atoms of Fig. 2), whi
h have been kept �xed tobulk atomi
 distan
es in the geometry relaxations. Thematri
es HCX and SCX , extra
ted from these �nite 
on-ta
t geometries, serve as the 
ouplings to the ele
trodesin the 
onstru
tion of Σ

r
X(E). However, the ele
trodeGreen's fun
tions gr

XX(E) in Eq. (2) are modeled as sur-fa
e Green's fun
tions of ideal semi-in�nite ele
trodes.In order to obtain these surfa
e Green's fun
tions, we
ompute the ele
troni
 stru
ture of a spheri
al gold 
lus-ter with 429 atoms. From this we extra
t the Hamilto-nian and overlap matrix elements 
onne
ting the atomin the origin of the 
luster to all its neighbors and, usingthese �bulk parameters�, 
onstru
t a semi-in�nite 
rystalwhi
h is in�nitely extended perpendi
ular to the trans-port dire
tion. The surfa
e Green's fun
tions are then
al
ulated from this 
rystal using the so-
alled de
ima-tion te
hnique.29 We have 
he
ked that the ele
trode 
on-stru
tion in the employed nonorthogonal basis set has
onverged with respe
t to the size of the Au 
luster,from whi
h we extra
t our parameters.16 In this waywe des
ribe the whole system 
onsistently within DFT,using the same nonorthogonal basis set and ex
hange-
orrelation fun
tional everywhere.We assume the Fermi energy EF to be �xed by thegold leads. From the Au429 
luster we obtain a Fermienergy for gold of EF = −5.0 eV, whi
h is 
hosen tolie halfway between the levels of the highest o

upiedmole
ular orbital (HOMO) and the lowest uno

upiedmole
ular orbital (LUMO) of the 
luster of −4.96 and
−5.01 eV, respe
tively.C. Condu
tan
eThe low-bias 
ondu
tan
e in the Landauer formalismis given by28,30

Gϕ(T ) = G0

∫ ∞

−∞

dE

[

−
∂

∂E
f(E)

]

τϕ(E). (3)In this expression T is the temperature, G0 =
2e2/h is the 
ondu
tan
e quantum, τϕ(E) is theenergy-dependent transmission [Eq. (1)℄, and f(E) =
1/

[

e−(E−EF )/kBT + 1
] is the Fermi fun
tion with Boltz-mann's 
onstant kB . The fa
tor −∂f(E)/∂E is the so-
alled thermal broadening fun
tion.28 For zero temper-ature, Eq. (3) redu
es to Gϕ(T = 0 K) = G0τϕ(EF ).Here and hen
eforth we index G and τ with ϕ, whi
h pa-rameterizes di�erent geometri
al 
onta
t 
on�gurations.In our 
ase these 
on�gurations 
orrespond to di�erent



4mole
ular 
onformations with the tilt angle ϕ betweentwo phenyl rings (Fig. 2). At �nite temperature, tilt an-gles ϕ di�ering from the minimum-energy, ground-statevalue 
an be a

essed. We a

ount for this additionaltemperature-dependent 
ontribution to the 
ondu
tan
eby the thermal average30,31
Ḡ(T ) = 〈Gϕ(T )〉ϕ (4)with 〈· · · 〉ϕ =

∫

dϕe−Eϕ/kBT (· · · ) /
∫

dϕe−Eϕ/kBT . Inthis expression Eϕ is the energy of the metal-mole
ule-metal 
onta
t for angle ϕ. The 
ontribution of Gϕ(T ) to
Ḡ(T ) 
an be seen as a �ele
troni
� or �lead-indu
ed� tem-perature dependen
e, be
ause it follows from the Fermifun
tions of the ele
trodes. Its determination is dis
ussedin App. A. On the other hand, the ϕ average representsa �
on�guration-indu
ed� 
ontribution to Ḡ(T ). For thelater dis
ussion, we also introdu
e the varian
e

δG(T ) =
√

〈

(Gϕ(T ) − Ḡ(T ))2
〉

ϕ
(5)that des
ribes the �u
tuations of the 
ondu
tan
e.III. RESULTS AND DISCUSSIONLet us �rst dis
uss some properties of the isolatedmole
ules (Fig. 1). For R2, S2, and D2 we obtain phenyl-ring tilt angles ϕ of 36.4◦, 90.0◦, and 90.0◦, respe
-tively. The tilt angle of R2 is a result of the interplaybetween the π 
onjugation, whi
h tries to �atten thestru
ture (ϕ = 0◦), and the steri
 repulsion of the hy-drogen atoms in the ortho positions with respe
t to thering-
onne
ting 
arbons, whi
h favors tilt angles 
loseto ϕ = 90◦ (Ref. 32). The methyl groups introdu
edin S2 and D2 in
rease the steri
 repulsion and 
ause alarger ϕ. As a 
onsequen
e, the 
onjugation between thephenyl rings is largely broken in S2 and D2, whereas R2still preserves a reasonable degree of delo
alization of the

π-ele
tron system over the whole mole
ule. This fa
t is
learly re�e
ted in the 
hange of the HOMO-LUMO gaps
∆, whi
h are 3.85 eV for R2, 4.74 eV for S2, and 4.70 eVfor D2. Thus, ∆ in
reases by roughly 1 eV when goingfrom R2 to S2 or D2. This suggests that the mole
ulesS2 and D2 will show a more insulating behavior than R2,when they are in
orporated into a mole
ular 
onta
t.Now, we study the geometri
 stru
ture of the metal-mole
ule-metal 
onta
ts. In Fig. 2 we show the biphenylmole
ules 
onta
ted at both ends to gold ele
trodes viasulfur bonds, where the sulfur resides on the threefoldhollow position of Au [111℄ pyramids. The mole
ular 
on-formation in the jun
tion is very similar to the ground-state stru
ture of the isolated mole
ule, as there is no in-ternal stress on the mole
ule in this binding position.16,33In parti
ular, we obtain ground-state tilt angles ϕ0 of
33.8◦, 89.3◦, and 89.7◦ for R2, S2, and D2, respe
tively.In order to analyze the 
ondu
tion properties of thesemole
ular jun
tions, we have 
omputed the transmission

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0
E (eV)
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Figure 3: (Color online) Transmission τϕ0
(E) as a fun
-tion of energy E for the ground-state geometries of the 
on-ta
ts shown in Fig. 2. The zero-temperature 
ondu
tan
es

Gϕ0
(T = 0K) of mole
ules R2, S2, and D2 are 9.2× 10−3G0,

1.9 × 10−4G0, and 1.2 × 10−4G0, respe
tively. The verti
aldashed line indi
ates the Fermi energy EF .
τϕ0

(E) as a fun
tion of energy for the ground-state ge-ometries of the 
onta
ts (angle ϕ0 in Fig. 2). The re-sults are plotted in Fig. 3, and our transmission 
urve forR2 agrees well with previous theoreti
al studies.34 Obvi-ously, τϕ0
(E) is dominated by a gap around the Fermienergy EF , whi
h re�e
ts the HOMO-LUMO gaps ∆ ofthe isolated mole
ules. As 
an be expe
ted due to thesimilar geometri
 
onformations of mole
ules S2 and D2with ϕ0 ≈ 90◦, their transmission 
urves 
losely resembleea
h other. However, the most important observation tobe made from Fig. 3 is the great redu
tion of the trans-mission τϕ0

(EF ) at the Fermi energy for S2 and D2 as
ompared to R2. In parti
ular, the 
ondu
tan
e of S2(D2) is lower than that of R2 by a fa
tor of 48 (77),i.e. roughly by two orders of magnitude. This 
learly re-veals the importan
e of the 
onjugated π-ele
tron systemfor the 
harge transport in biphenyl mole
ules.13 In ad-dition, it shows that the 
ondu
tan
e 
an be tailored bymeans of adequate side groups that for
e the biphenylmole
ules to adopt di�erent mole
ular 
onformations.11To investigate the dependen
e of the 
ondu
tan
e onthe tilt angle in more detail, we have 
ontinuously varied
ϕ for all the 
onta
ts. We do this by rotating one of thephenyl rings with respe
t to the other, as illustrated inFig. 2, without relaxing the 
onta
t geometries for tiltangles deviating from ϕ0. By 
hanging ϕ, we obtain theresults depi
ted in Fig. 4, where the total energy Eϕ andthe 
ondu
tan
e Gϕ(T = 0 K) are plotted as a fun
tionof ϕ (Ref. 35,36,37). We explore the tilt-angle intervalsof [0◦, 360◦[ for R2, [60◦, 300◦] for S2, and [60◦, 120◦]for D2 (Ref. 38). In ea
h 
ase the angular resolution is
∆ϕ = 2◦.In the energy 
urve Eϕ of mole
ule R2 there are eightextrema visible, four minima and four maxima. They
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Figure 4: (Color online) Lands
apes of the total energy Eϕ (upper panels) and the 
ondu
tan
e Gϕ(T = 0K) (lower panels)as a fun
tion of tilt angle ϕ for the mole
ules R2, S2, and D2. Dotted verti
al lines indi
ate positions of extrema in Eϕ forthe respe
tive mole
ules (all panels). In the lower panels a fun
tion of the form α + β cos2 ϕ has been �tted to Gϕ(T = 0K)(see the legend). For the �t parameters we obtain α = 5.95 × 10−5G0 and β = 1.35 × 10−2G0 (R2), α = 1.81 × 10−4G0 and
β = 1.35 × 10−2G0 (S2), and α = 1.58 × 10−4G0 and β = 1.42 × 10−2G0 (D2).are lo
ated at 34◦, 144◦, 214◦, and 324◦ for the energyminima and 90◦, 178◦, 270◦, and 358◦ for the maxima.Due to the symmetry of the biphenyl mole
ule, one wouldexpe
t a 180◦ periodi
ity and a mirror symmetry of both
Eϕ and Gϕ(T = 0 K) with respe
t to 0◦ (or equivalently
90◦, 180◦, or 270◦). While the 180◦ periodi
ity is presentfor Eϕ, the mirror symmetry is violated, as one 
an seein Fig. 4. The reason for this is that the hydrogen atomshave been �xed in their positions with respe
t to thephenyl rings as obtained for the ground-state tilt angle
ϕ0. They are standing slightly away from the phenylring planes in this position, whi
h leads to the observedviolation of the mirror symmetry.37,39 Contrary to Eϕ, allexpe
ted symmetries are restored for the 
ondu
tan
e.In parti
ular, Gϕ(T = 0 K) possesses only two minimaat 90◦ and 270◦ and two maxima at 0◦ and 180◦. As afun
tion of tilt angle, the 
ondu
tan
e 
hanges from 2.0×
10−4G0 in the minima to 1.4 × 10−2G0 in the maxima,that is, it 
hanges by a fa
tor of 70.In the 
ase of mole
ules S2 and D2, Gϕ(T = 0 K) fol-lows 
losely the shape of the energy 
urve. For S2 thereare two minima in Eϕ at 94◦ and 268◦ with 
ondu
tan
esof 2.2 × 10−4G0, separated by a lo
al maximum at 174◦with a 
ondu
tan
e of 1.3×10−2G0. This 
orresponds toa ratio of 60 between the maximum and minimum 
on-du
tan
e. D2 exhibits an energy minimum at 90◦ andthe 
ondu
tan
e at this point is 1.2 × 10−4G0.

The 
lose agreement of the minimal 
ondu
tan
es forR2, S2, and D2 (Figs. 3 and 4) is remarkable. In the 
on-du
tan
e minima the 
onformations of these mole
ulesare the same, ex
ept for their di�erent side groups andtheir slightly varying orientations with respe
t to the goldele
trodes. These observations demonstrate that the sidegroups 
ontrol the 
onformation, but otherwise have littleimpa
t on the zero-temperature 
ondu
tan
e. This is inagreement with the experimental observations of Ref. 11.The large ratios between maximal and minimal 
on-du
tan
es (70 for R2 and 60 for S2) reported abovehighlight the relevan
e of the extent of the 
onjugated
π-ele
tron system on the 
ondu
tion properties of thebiphenyl mole
ules. In order to further investigate this,we have �tted the Gϕ(T = 0 K) 
urves of Fig. 4 to fun
-tions of the form α + β cos2 ϕ (see the �gure 
aptionfor the obtained �t parameters). A behavior Gϕ(T =
0 K)/G0 ∝ cos2 ϕ is expe
ted if the 
oupling betweenthe π-ele
tron systems of the two phenyl rings plays thedominant role in 
harge transport, as dis
ussed in moredetail in App. B. For all three mole
ules our �t mat
hes
Gϕ(T = 0 K) very well. What is more, we obtain avery similar parameter β for all of them. On the otherhand, the small but positive values of α indi
ate thatthe 
ondu
tan
e at perpendi
ular tilt angles (ϕ = 90◦ or
270◦) does not vanish entirely, as a pure cos2 ϕ depen-den
e would suggest. This observation was also made in
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Figure 5: (Color online) Behavior of the 
ondu
tan
es Ḡ(T )and 〈Gϕ(T = 0K)〉
ϕ
as a fun
tion of temperature T for themole
ules R2, S2, and D2.Ref. 11. The absen
e of a 
omplete blo
kade of the trans-port 
an be understood by the presen
e of other than the

π-π 
ouplings.Next, we analyze the behavior of the 
ondu
tan
e withrespe
t to temperature. In addition to Ḡ(T ) = 〈Gϕ(T )〉ϕ[Eq. (4)℄ we study 〈Gϕ(T = 0 K)〉ϕ. In this way we
an quantify the lead-indu
ed 
ontribution to the tem-perature dependen
e of Ḡ(T ). To perform the average
〈Gϕ(T = 0 K)〉ϕ we use the energy and 
ondu
tan
e land-s
apes Eϕ and Gϕ(T = 0 K) of the gold-mole
ule-gold
onta
ts as shown in Fig. 4. For Ḡ(T ), instead, we have
al
ulated the transmission fun
tion for ea
h angle in aninterval around EF in order to obtain Gϕ(T ) (see theexplanations in Se
. II and App. A).40,41The temperature-dependent 
ondu
tan
es Ḡ(T ) and
〈Gϕ(T = 0 K)〉ϕ are plotted in Fig. 5 for the mole
ulesR2, S2, and D2 for temperatures T between 0 and 300 K.With respe
t to the behavior of Ḡ(T ) we observe qualita-tive di�eren
es for the three mole
ules 
onsidered. S2 andD2 exhibit a monotonously in
reasing 
ondu
tan
e Ḡ(T )with in
reasing T . In 
ontrast, after an initial drop, a
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Figure 6: (Color online) Flu
tuations δG(T ) of the 
ondu
-tan
e as a fun
tion of temperature T for the mole
ules R2,S2, and D2.non-monotonous weak temperature dependen
e is foundfor R2.The small di�eren
es between Ḡ(T ) and
〈Gϕ(T = 0 K)〉ϕ for S2 and D2 indi
ate that forthese mole
ules the lead-indu
ed 
ontribution to thetemperature dependen
e 
an be negle
ted as 
omparedto the 
on�gurational one. The monotonous in
reaseof Ḡ(T ) 
an therefore be understood by Eϕ and
Gϕ(T = 0 K) (Fig. 4). The ground-state or equivalentlyzero-temperature 
on�gurations for both mole
ules
orrespond to 
onformations with minimal 
ondu
-tan
es. Therefore elevated temperatures give a

ess to
onformations with higher 
ondu
tan
e values, resultingin the observed steady in
rease of Ḡ(T ). For mole
uleR2 the situation is di�erent. Here, the energy Eϕ0

at theground-state tilt angle of ϕ0 = 34◦ does not 
orrespondto a minimum of Gϕ(T = 0 K). Elevated temperaturesgive a

ess to both higher and lower 
ondu
tan
es and,as a result, 〈Gϕ(T = 0 K)〉ϕ exhibits no 
lear trend. Thedi�eren
es between Ḡ(T ) and 〈Gϕ(T = 0 K)〉ϕ signifythat for R2 both 
ontributions to the temperaturedependen
e of the 
ondu
tan
e, namely the lead-indu
edand the 
on�guration-indu
ed ones, play an equallyimportant role.42Finally we analyze the �u
tuations of the 
ondu
tan
e
δG(T ) [Eq. (5)℄, whi
h we have plotted in Fig. 6 for tem-peratures T ranging between 0 and 300 K. In ea
h 
ase
δG(T ) in
reases monotonously with T . This is 
lear,as �nite temperatures give a

ess to 
ondu
tan
es dif-fering from the ground-state 
ondu
tan
e Gϕ0

(T = 0 K)(Fig. 4). It is also evident from Fig. 6 that δG(T ) islargest for R2 and smallest for D2. Indeed, be
auseof its two methyl side groups, D2 is the most rigid ofthe three mole
ules with respe
t to ring tilts, while R2
an a

ess a large range of 
ondu
tan
e values due toits shallow energy lands
ape (Fig. 5). Sin
e S2 hasonly one methyl side group, it is an intermediate 
ase.From Fig. 6 we obtain the temperature-�u
tuation ratios
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δGR2(T )/δGS2(T ) = 4.2 and δGS2(T )/δGD2(T ) = 4.2for T = 300 K, where δGX2(T ) refers to the varian
e ofthe mole
ule X2.In experiments with mole
ular jun
tions the 
ondu
-tan
e in the last plateau of an opening 
urve is gener-ally attributed to that of a single mole
ule. In pra
ti
ethe measured 
ondu
tan
es are always time averages overany fast �u
tuations of the 
onta
t geometry, in parti
u-lar the internal 
onformations of the mole
ule. In termsof our de�nitions, Ḡ(T ) represents su
h a time averagefor a given 
onta
t realization, while δG(T ) des
ribes thefast �u
tuations.The time-averaged single-mole
ule 
ondu
tan
e mayvary 
onsiderably from one jun
tion realization toanother.4,6,9 These variations, and hen
e the peak widthsin 
ondu
tan
e histograms, 
an be attributed to twotypes of fa
tors. The �rst one is due to 
hanges at themole
ule-ele
trode interfa
e and in the 
onta
t environ-ment, and the se
ond one is due to modi�
ations of themole
ule's internal geometri
 stru
ture. Con
erning the�rst 
ontribution, the surfa
es of the metalli
 ele
trodesare atomi
ally rough and disordered, and the mole
ulebinds di�erently to the ele
trodes in every realization ofthe jun
tion.6,10,43 As a result, the interfa
e-related vari-ability of the single-mole
ule 
ondu
tan
e is hard to 
on-trol at present, although more reprodu
ible results 
anbe a
hieved by a proper 
hoi
e of the binding groups.5Regarding the se
ond point, however, the re
ent pos-sibilities of 
hemi
al synthesis allow the stru
ture of amole
ule to be designed. In order to measure the 
on-du
tan
e of a single mole
ule more reprodu
ibly, su
ha design should aim at making the mole
ule �rigid� (forexample by means of side groups, as in the examples 
on-sidered above).11,16,33 In this way the variability due tothe 
hanges in the internal stru
ture is redu
ed, be
ausethe bonded mole
ules stay 
loser to their ground-state
onformations in isolation.In our analysis several simplifying assumptions havebeen made. In parti
ular, we have 
on
entrated on a
ertain realization of a single-mole
ule jun
tion (Fig. 2)and all temperature-indu
ed 
hanges at the ele
trode-mole
ule interfa
e have been negle
ted. Furthermore,only one 
on�gurational degree of freedom of themole
ule, the tilt angle ϕ, has been taken into a

ount,and we treated it as a 
lassi
al variable. Nevertheless,our analysis serves to illustrate the importan
e of thetemperature-related e�e
ts on the average 
ondu
tan
eand its �u
tuations, and how these 
an be 
ontrolledby an appropriate design of the mole
ules. By redu
-ing un
ertainties about the 
onta
t geometries in thisway, 
omparisons between theoreti
al and experimentalresults 
an be made with a higher degree of 
on�den
e.IV. CONCLUSIONSIn 
on
lusion, we studied the 
harge-transport prop-erties of di�erent dithiolated biphenyl derivatives. We

showed by means of density-fun
tional-based methodsthat the 
ondu
tion properties of these mole
ules aredominated by the degree of π-ele
tron delo
alization. Abroken 
onjugation, indu
ed by side groups, was foundto suppress the 
ondu
tan
e by roughly two orders ofmagnitude. By varying the tilt angle ϕ between the dif-ferent phenyl rings, we observed a 
lear cos2 ϕ behaviorof the zero-temperature 
ondu
tan
e. However, the sup-pression of the 
ondu
tan
e for perpendi
ular ring 
on-�gurations is not 
omplete due to the presen
e of otherthan π-π 
ouplings between the phenyl rings. We showedthat the methyl side groups in the biphenyl mole
ules
ontrol the 
onformation, but they have little impa
t onthe zero-temperature 
ondu
tan
e otherwise. All these�ndings are in agreement with the experimental resultsof Ref. 11.Based on the energy lands
apes with respe
t to ringtilts, we also determined the temperature dependen
e ofthe 
ondu
tan
e. Here we 
onsidered two di�erent 
on-tributions. The �rst one originates from the Fermi fun
-tions of the leads, while the other one is due to a ther-mal average over di�erent 
onta
t 
on�gurations. Weobserved qualitatively di�erent temperature 
hara
teris-ti
s for the well-
onjugated biphenyl mole
ule as 
om-pared to the mole
ules whose 
onjugation was brokenby means of methyl side groups. Furthermore, we il-lustrated that an appropriate design 
an help to redu
etemperature-indu
ed 
ondu
tan
e �u
tuations by stabi-lizing a mole
ule in a 
onformation 
lose to its ground-state stru
ture in isolation. In this way un
ertaintieswith respe
t to the mole
ule's internal stru
ture are re-du
ed, and a more reliable 
omparison between theoret-i
ally and experimentally determined 
harge-transportproperties of single-mole
ule jun
tions seems possible.A
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ilities.Appendix A: TEMPERATURE DEPENDENCE OFTHE CONDUCTANCEIn order to evaluate the temperature behavior of the
ondu
tan
e Gϕ(T ) as de�ned in Eq. (3), we make aSommerfeld expansion.44 For this we 
ompute τϕ(E)[Eq. (1)℄ at 11 equally spa
ed points in the energy in-



8terval −0.5 eV ≤ E − EF ≤ 0.5 eV around the Fermienergy EF for every tilt angle ϕ. This interval is 
hosenlarge enough that the thermal broadening fun
tion28
b(E, T ) = −

∂

∂E
f(E) =

1

4kBT
sech2

(

E − EF

2kBT

)has de
ayed to small values even for the highest tem-peratures 
onsidered. (For example one gets b(EF ±
0.5 eV, 300 K)/b(EF , 300 K) = 1.59 × 10−8.) Next, we �ta polynomial of order N = 10 to τϕ(E) at these energypoints a

ording to

τϕ(E) =
N

∑

n=0

τ (n)
ϕ (E − EF )n .With the 
oe�
ients τ

(n)
ϕ = dnτϕ(E)/dEn|E=EF

/n! de-termined from the least squares �t [where in parti
ular
τ

(0)
ϕ = τϕ(EF )℄, the temperature dependen
e of Gϕ(T ) isgiven as

Gϕ(T ) = G0



τ (0)
ϕ (ϕ) +

⌊N/2⌋
∑

m=1

(

2 − 22(1−m)
) (A1)

×ζ(2m) (2m)!τ (2m)
ϕ (kBT )

2m
]

.In this expression ⌊N/2⌋ is the largest integer smallerthan or equal to N/2 and ζ(x) is the Riemann zeta fun
-tion. Appendix B: EFFECTIVE π-ORBITALCOUPLING MODELThe dependen
e of 
harge transfer on the tilt angle ϕbetween two phenyl rings has been inspe
ted previouslyin Refs. 12,13. In this appendix we dis
uss expli
itly, howthe cos2 ϕ behavior of the 
ondu
tan
e 
an be understoodbased on an e�e
tive π-orbital 
oupling model within theGreen's fun
tion formalism.For this purpose we bring the transmission fun
tion
τϕ(E) [Eq. (1)℄ into a slightly di�erent form, followingRef. 17. We assume that the C part of our 
onta
ts 
anbe divided into two regions 1 and 2, where region 1 (2)is not 
oupled to the R (L) part of the system via dire
t

hoppings or overlaps. Furthermore, regions 1 and 2 are
onne
ted to ea
h other by t12 = H12 −ES12. Then wemay write
τϕ(E) = Tr [A11T 12A22T 21] , (B1)where A11 = i(gr

11 − ga
11) and gr

11 = [ga
11]

†
=

[ES11 − H11 − (Σr
L)11]

−1 are the spe
tral density andthe Green's fun
tions of region 1 in the absen
e of t12,
T 12 = t12 + t12G

r
21t12, and Gr

21 = (Gr
CC)21. Similarexpressions hold for A22 and T 21.In our 
ase, the regions 1 (2) are made up of allatoms in the �rst (se
ond) phenyl ring plus the sulfurand three gold atoms to the left (right) in region C(Fig. 2). To simplify the dis
ussion, we 
onsider theele
troni
 stru
ture of the mole
ule in the jun
tions asseparable into σ and π valen
e ele
trons, a pro
edure
alled π-ele
tron approximation.45 Furthermore, we 
on-
entrate on the 
ouplings between those 2p orbitals on thering-
onne
ting 
arbon atoms, whi
h 
ontribute to the π-ele
tron system. These are oriented perpendi
ular to therespe
tive phenyl rings, and are thus rotated by the angle

ϕ with respe
t to ea
h other. The indi
es 1 and 2 thenrefer to these 2p orbitals, and the matri
es in Eq. (B1)be
ome s
alars. Within an extended Hü
kel model H12is proportional to the overlap S12 (Refs. 46,47,48) andthe s
alar 
oupling element t12(ϕ) = H12(ϕ) − ES12(ϕ)at tilt angle ϕ is seen to be proportional to cosϕ.Be
ause the Fermi energy of gold is lo
ated in theHOMO-LUMO gap of the organi
 mole
ules (Fig. 3),
Gr

21 
an be assumed to be small at EF . Therefore
T12(ϕ) ≈ t12(ϕ). Sin
e the ϕ dependen
e of A11 (A22)
an be expe
ted to be small, the cos2 ϕ behavior of thezero-temperature 
ondu
tan
e follows from Eqs. (3) and(B1)

Gϕ(T = 0 K) = G0τϕ(EF ) ≈ |t12(ϕ)|
2
A11A22.Here all energy-dependent quantities are evaluated at

EF .Small deviations from the cos2 ϕ dependen
e of
Gϕ(T = 0 K) 
an be expe
ted due to higher-order termsin the expansion of T12 or other than the π-π 
ouplingsin t12. These in
lude for example σ-σ 
ouplings of thering-
onne
ting 
arbon atoms and next-nearest-neighbor
ouplings between regions 1 and 2.
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