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ABSTRACT: Kohn−Sham (KS) density functional theory (DFT) describes well the atomistic structure of molecular junctions
and their coupling to the semi-infinite metallic electrodes but severely overestimates conductance due to the spuriously large
density of charge-carrier states of the KS system. Previous works show that inclusion of appropriate amounts of nonlocal
exchange in the functional can fix the problem and provide realistic conductance estimates. Here however we discover that
nonlocal exchange can also lead to deleterious effects which artificially overestimate transmittance even beyond the KS-DFT
prediction. The effect is a result of exchange coupling between nonoverlapping states of diradical character. We prescribe a
practical recipe for eliminating such artifacts.

Computational studies of molecular junctions often employ
Kohn−Sham density functional theory (KS-DFT) for

determining their nuclear and geometric structure in thermal
equilibrium.1−8 For conductance, the Kohn−Sham theory is
however not a reasonable choice, because the energy gap εL−εH
between the lowest unoccupied and highest occupied KS
eigenvalues is much smaller than the electron−hole quasipar-
ticle (QP) gap,9−13 often leading to gross overestimation of the
low voltage conductance.14−22

One way to overcome this failure is to include a portion of
exact Hartree−Fock (HF) exchange in the exchange-correlation
functional, within a generalized KS (GKS)6,23−35 approach to
DFT. When a proper tuning procedure is applied, the GKS
eigenvalue gap comes close to the QP gap,36−38 and a
quantitative improvement in the predictions of conductance in
comparison to experimental results is seen.21,39,40

Here we discover that exact-exchange can also have an
opposite role, similar to the potential spurious effect first
revealed in ref 41, where artificially high electronic transmission
can be found depending on the employed electrode model. In
ref 41 it was shown that artificially high transmission in gapped
but ghosted systems (that is where bridge atoms are only
included as ghost atoms) is likely a result of imposing a
diradical nature across the two electrode regions rather than
reflecting a basis set related artifact as suggested in an earlier

report.42 In this manuscript we focus on a different and novel
issue, namely the detrimental effects of nonlocal exchange
interactions causing unphysical couplings of diradical states in
the lead. Furthermore, we prescribe a way to generically avoid
the spurious predictions in practical calculations.
In order to demonstrate the problem in using exact exchange

for conductance calculations we use HF theory to calculate the
transmission function T(E) (shown in Figure 1) of two nearly
identical molecular junctions composed of a single phenyl ring
connected to gold leads through sulfur atoms. (The details of
the computational approach are provided in the Appendix.)
The two systems, tagged Au31 and Au41, differ by one atom on
each lead. Both systems have the same chemical potential

μ ε ε= +( )L HHF
1
2

≈ −3.9 eV (see Figure 2(a)), but Au31

features substantially higher transmission than Au41. This
drastically elevated transmission upon a seemingly benign
change in the electrode region is clearly an artifact.
To understand this remarkable result we study the HF

frontier eigenvalues for Au41 and Au31 shown in Figure 2(a).
We point out that these eigenvalues pertain to orbitals that are
primarily located on the leads. Due to the symmetric nature of
the system, the eigenfunctions appear in pairs, ϕL(x,y,z) =

Published: July 25, 2016

Letter

pubs.acs.org/JCTC

© 2016 American Chemical Society 3431 DOI: 10.1021/acs.jctc.6b00493
J. Chem. Theory Comput. 2016, 12, 3431−3435

pubs.acs.org/JCTC
http://dx.doi.org/10.1021/acs.jctc.6b00493
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.jctc.6b00493&iName=master.img-000.jpg&w=359&h=127


ϕR(−x,y,z), situated on the left and right leads. The effect of
each such pair on the conductance can be analyzed using a
symmetric double-well Hamiltonian Ĥ = −t|ϕL⟩⟨ϕR| − t|
ϕR⟩⟨ϕL|, where the parameter t is the tunneling matrix element
(t/2π is the average rate of transition between the left and right
states). Diagonalization of the Hamiltonian produces Ĥ =
t|ψ+⟩⟨ψ+| − t|ψ−⟩⟨ψ−| where ψ± = (ϕL ± ϕR)/√2 are the
ground and excited states of Ĥ and evidently t is also half the
energy splitting between the eigenvalues. Hence it is clear that
degenerate states, where t = 0, do not contribute to
transmission.
This explains why in Au41, where all frontier levels come in

(nearly) degenerate pairs, transmission is low (see Figure 2

(a)). As Au31 is “obtained” from Au41 by removal of two
atoms (one from each lead) it has one less frontier orbital in
each lead. The only rather mysterious issue is why the HOMO
and LUMO delocalize and split in energy. This is a mystery
since it would seem reasonable that localized versions can be
formed such that the energy would be degenerate. Often, when
a structural symmetry involves a HOMO LUMO degeneracy
the system spontaneously breaks the symmetry through a
nuclear configuration distortion thereby lowering the energy of
the HOMO (structural Jahn−Teller effect43). This however is
not the case here: we do not allow for nuclear relaxation, and
yet the system breaks the degeneracy as a purely nonlocal
electronic effect.
In order to establish the unphysical nature of the energy

splitting we emphasize the absence of overlap between the left
and right leads by removing the phenyl bridge, obtaining two
gapped systems. Sulfur atoms are also removed, where only the
gold atoms are left intact. The electron transmission function of
the gapped system is shown in Figure 3(b) (compare to the
bridge case in [a]), and one immediately notices a switch:
Au31, which is conductive in the bridged system, is an insulator in
the gap system, and Au41, which is insulating in the bridged system,
is conductive in the gapped case!
The energy eigenvalues of the gapped systems are shown in

Figure 2(b). This time the orbitals of Au31 form degenerate
pairs explaining the low transmission. In going from the
nonconducting gapped Au31 to Au41 we add an atom to each
of the two leads and therefore obtain two additional orbitals.
Due to the symmetry and spatial separation we expect the two
additional orbitals to be localized and degenerate. As in the
bridged system, but once again, surprisingly, these orbitals
interact and become delocalized and nondegenerate. This
exaggerates the calculated transmission for Au41, a qualitatively
wrong prediction due to the presence of the wide gap.
In the gapped system there is no overlap between the left and

right orbitals. This emphasizes the fact that the coupling
between the orbitals is not due to kinetic energy, external
potential, or Hartree potential operators as all these interactions
are local, i.e. require overlap between orbitals on the two leads.

Figure 1. Transmission as a function of electron energy through two
molecular junctions, Au41 and Au31, calculated using HF theory. The
lead is represented in Au41 by 29 Au gold atoms, arranged in parallel
planes each containing 4 gold atoms and an utmost (first) layer of a
single atom which participates in the Au−S bond. The lead of Au31
has 28 in total of gold atoms, where the second layer has only 3 gold
atoms. Thus, the leads in Au41 are identical to Au31 except for the
one additional gold atom (encircled in the figure) in the second layer.
The bridge is also shown and is composed of a phenyl ring with two
sulfur atoms in opposite positions for connecting to the outermost
gold atom of each lead.

Figure 2. Frontier orbitals and eigenvalues of the Au41 and Au31 systems for (a) the bridged system at the Hartree−Fock level, (b) the gapped
system at the Hartree−Fock level, and (c) the LDA level. The energy scale in the case of LDA is much smaller than in the case of HF, as indicated by
the arrows between the panels. A larger presentation of the panel figures is provided in SI Figures S1−S3.
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The only explanation for the energy splitting is the nonlocal
orbital coupling caused by exact exchange interaction. In SI
section 1 we demonstrate in detail how exact exchange causes
splitting of degeneracy in a pair of levels occupied by 2
electrons (but not in a pair occupied by 4 or 0 electrons). For
this reason the pair HOMO−1 and HOMO−2 and the pair
LUMO+1 and LUMO+2 in the Au31 gap/HF panel of Figure
2 stay degenerate in spite of the presence of the exchange
operator. In Au41 nonlocal exchange splits the HOMO−
LUMO levels because they are occupied by only 2 electrons
(the number of valence electrons in Au41 is not divisible by 4,
as it has 2 × 29 highest valence band electrons from 2 × 29
gold atoms). In contrast, the Au31 system has 2 × 28 highest
valence band electrons, and all its degenerate pairs of orbitals
are either occupied by 4 electrons or zero electrons.
To verify this theory, we study the behavior of these systems

using the local density approximation (LDA) where exchange
interaction is purely local (i.e., depending on the electron
density and not the reduced density matrix [see further
discussion in SI section 1]). The frontier eigenvalues of the
LDA calculations for the Au31 and Au41 systems are shown in
Figure 2(c) where all levels indeed remain degenerate for both
Au31 and Au41. This proves that the splitting is necessarily a
result of nonlocal exchange. Furthermore, Figure 3(c) shows
that both Au31 and Au41 with LDA have similar low
transmission due to this full level degeneracy.
The final issue we discuss now is how to avoid the nonlocal

exchange coupling which leads to spuriously high transmission.
One obvious solution is to choose the leads such that there is
no diradical character. However, we emphasize, that it is not
always obvious how to accomplish this. In our system, for
example, we could move continuously from the bridged to the
gapped configuration by gradually stretching the Au−S bonds.
At some stage during this process the system would “switch”

the parity of the leads representation, but it is not easy to
determine in general when.
A systematic approach can be obtained by taking into

account the spin state of the model system. Studying the
transmission as a function of spin state in Figure 3(a) and (b)
and comparing the energies in Table 1, it turns out that

whenever the conductance is spuriously high the singlet energy
is higher than the triplet energy by as much as 1 eV. This
correlates nicely with the fact that one should base the low bias
conductance calculations on the lowest possible energy state.
An alternative approach is to perform the calculation in the spin
unrestricted framework that represents an ensemble average of
the conductance of the two spin states. In Figure 3 we show
that the transmission of the spin-unrestricted state is
qualitatively correct in the sense that it is similar to that of
the lower energy restricted spin state avoiding the spurious
elevated values of the high energy spin state.
In summary, we have discussed the spurious effects of exact

nonlocal exchange on predictions of molecular junction
conductance:
1. Nearly identical junctions are predicted by Hartree−Fock

based transmittance calculations to yield widely different
conductances: Au31 has much higher T(E) than Au41. The
trend reverses when we remove the molecular bridge (gapped
systems): Au31 has much lower T(E) than Au41.

Figure 3. Transmission functions calculated using restricted (singlet and triplet) and unrestricted spin (Sz = 0) for [upper panel] (a) the bridged
system at the Hartree−Fock level and [lower panel] the gapped system at the (b) HF (c) LDA, and (d) B3LYP levels. The added atom in the Au41
electrode model over the Au31 model is highlighted by a pink circle (introduced in Figure 1).

Table 1. Total Energy Difference ΔETS = ET − ES (eV)
between the Triplet and Singlet Energies of the Bridged and
Gapped Systems

bridged gapped

Au41 0.2 −1.1
Au31 −1.0 0.4
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2. Our junctions are symmetric and therefore produce pairs
of molecular orbitals which are either exactly or approximately
mirror images and energy-degenerate. A pair of states becomes
degenerate as their coupling is reduced, and therefore they stay
localized on the two sides of the junction, similar to the
symmetric double-well with zero coupling. Hence, the
transmittance of the junction can be understood almost solely
in terms of the apparent degeneracies of the frontier energy
levels.
3. We show that when each lead is a closed shell system the

energy levels form degenerate pairs and support low
conductance (in the absence of interactions that break these
degeneracies). However, when a closed shell Hamiltonian is
used to describe the conductance in a case where each lead has
on the average an odd number of electrons, nonlocal exchange
can split the energy degeneracy of the HOMO−LUMO pair,
leading to prediction of unusually high transmittance. We
proved the essential role of nonlocal exchange by showing that
the degeneracy splitting does not occur in an LDA treatment.
4. Hence we concluded that use of Hartree−Fock exact

exchange may lead to spuriously high conductance even in
cases where it should be close to zero and that it occurs when
the leads acquire a diradical nature in the electronic structure
calculation.
5. We find that employing unrestricted or high spin

framework of the electronic structure calculations remedies
the problem as it correctly treats the two leads as separate
uncoupled systems.
To conclude, the use of portions of exact exchange opens

frontier orbital gaps to their proper energies and helps to
correct the severe overestimation of (semi) local KS
conductance calculations. However, here we present a scenario
where such an energy gap deleteriously elevates the
conductance due to artificial coupling by nonlocal exchange.
While the discussion here focused on the Hartree−Fock

method, the spurious effects we discovered are expected to
plague all density functionals that deploy nonlocal exchange,
such as hybrids and range-separated hybrids with varying
degrees of extent. For example, B3LYP follows the same trend
as observed with the HF level for the gapped case, where the
transmission is spuriously enhanced for the Au41 based system
(see Figure 3(d), with the corresponding orbitals shown in the
SI Figure S4). The effect is also expected to prevail when the
GW approximation12,18,44 is used to estimate the junction
transmittance20 because nonlocal exchange is part of the GW
self-energy.
The remedy for this problem is similar to the practical fix of

the H2 molecular bond-breaking problem by the use of
unrestricted spin calculations or restricted lowest energy spin
state calculations. However, the bond-breaking conundrum
differs from the presented problem in one important aspect:
The former appears in both restricted HF and LDA treatments,
while the latter shows up only in restricted HF (i.e., due only to
long-range exchange). Our proposed remedy removes a
qualitative deficiency, one that can cause artificially high
transmission by orders of magnitude. The performance of the
method, screening for possible remaining imperfections, can be
assessed by comparing to conductance measurements.

■ APPENDIX

Computational Details
We used the Q-Chem45 quantum chemistry software package
with the Los Alamos double zeta effective core potential
(LANL2DZ)46−48) to do all quantum chemical and geometry
calculations. (We confirm the trends presented in this study
with a larger basis set (Stuttgart-Bonn ECP (SRSC)49) shown
in SI Figure S5.) The latter were done using the B3LYP
functional50−54 and include single gold atoms that are each
attached to thiol groups to which an electrode representation is
added for the transmission analysis. The coordinates of the
bridge with the Au41 electrode model is given in SI Table S1.
The transmission was calculated using T-Chem6,27−33 within
the Q-Chem45 software package. Further information on the
transmission calculation procedure is provided in the SI section
1 along with a sample of the T-Chem input file.
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(13) Kümmel, S.; Kronik, L. Rev. Mod. Phys. 2008, 80, 3−60.
(14) Di Ventra, M.; Pantelides, S. T.; Lang, N. D. Phys. Rev. Lett.
2000, 84, 979−982.
(15) Baer, R.; Livshits, E.; Neuhauser, D. Chem. Phys. 2006, 329,
266−275.
(16) Ke, S.-H.; Baranger, H. U.; Yang, W. J. Chem. Phys. 2007, 126,
201102.
(17) Koentopp, M.; Chang, C.; Burke, K.; Car, R. J. Phys.: Condens.
Matter 2008, 20, 083203.
(18) Spataru, C. D.; Hybertsen, M. S.; Louie, S. G.; Millis, A. J. Phys.
Rev. B: Condens. Matter Mater. Phys. 2009, 79, 155110.
(19) Yeganeh, S.; Ratner, M. A.; Galperin, M.; Nitzan, A. Nano Lett.
2009, 9, 1770−1774.
(20) Strange, M.; Rostgaard, C.; Hakkinen, H.; Thygesen, K. Phys.
Rev. B: Condens. Matter Mater. Phys. 2011, 83, 115108.
(21) Baratz, A.; Baer, R. J. Phys. Chem. Lett. 2012, 3, 498−502.
(22) Stefanucci, G.; Kurth, S. Nano Lett. 2015, 15, 8020−8025.
(23) Seidl, A.; Görling, A.; Vogl, P.; Majewski, J. A.; Levy, M. Phys.
Rev. B: Condens. Matter Mater. Phys. 1996, 53, 3764−3774.
(24) Liu, C.; Walter, D.; Neuhauser, D.; Baer, R. J. Am. Chem. Soc.
2003, 125, 13936−13937.
(25) Walter, D.; Neuhauser, D.; Baer, R. Chem. Phys. 2004, 299,
139−145.
(26) Shimazaki, T.; Xue, Y.; Ratner, M. A.; Yamashita, K. J. Chem.
Phys. 2006, 124, 114708.
(27) Chen, Y.; Prociuk, A.; Perrine, T.; Dunietz, B. D. Phys. Rev. B:
Condens. Matter Mater. Phys. 2006, 74, 245320.
(28) Das, M.; Dunietz, B. D. J. Phys. Chem. C 2007, 111, 1535−1540.
(29) Perrine, T.; Dunietz, B. D. Phys. Rev. B: Condens. Matter Mater.
Phys. 2007, 75, 195319.
(30) Perrine, T.; Dunietz, B. D. Nanotechnology 2007, 18, 424003.
(31) Perrine, T.; Dunietz, B. D. J. Phys. Chem. A 2008, 112, 2043.
(32) Perrine, T. M.; Smith, R. G.; Marsh, C.; Dunietz, B. D. J. Chem.
Phys. 2008, 128, 154706.
(33) Perrine, T. M.; Berto, T.; Dunietz, B. D. J. Phys. Chem. B 2008,
112, 16070−16075.
(34) Barone, V.; Hod, O.; Peralta, J. E.; Scuseria, G. E. Acc. Chem. Res.
2011, 44, 269−279.
(35) Krepel, D.; Peralta, J. E.; Scuseria, G. E.; Hod, O. J. Phys. Chem.
C 2016, 120, 3791−3797.
(36) Baer, R.; Livshits, E.; Salzner, U. Annu. Rev. Phys. Chem. 2010,
61, 85−109.
(37) Kronik, L.; Stein, T.; Refaely-Abramson, S.; Baer, R. J. Chem.
Theory Comput. 2012, 8, 1515−1531.
(38) Phillips, H.; Zheng, Z.; Geva, E.; Dunietz, B. D. Org. Electron.
2014, 15, 1509−1520.
(39) Baratz, A.; Galperin, M.; Baer, R. J. Phys. Chem. C 2013, 117,
10257−10263.
(40) Yamada, A.; Feng, Q.; Fenk, K.; Dunietz, B. D. Submitted.
(41) Pal, P.; Dunietz, B. D. J. Chem. Phys. 2012, 137, 194104.
(42) Herrmann, C.; Solomon, G. C.; Subotnik, J. E.; Mujica, V.;
Ratner, M. A. J. Chem. Phys. 2010, 132, 024103.
(43) Jahn, H. A.; Teller, E. Proc. R. Soc. London, Ser. A 1937, 161,
220−235.
(44) Hedin, L. Phys. Rev. 1965, 139, A796−A823.
(45) Shao, Y.; et al. Mol. Phys. 2015, 113, 184−215.
(46) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 270−283.
(47) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299−310.
(48) Wadt, W. R.; Hay, P. J. J. Chem. Phys. 1985, 82, 284−298.
(49) Dolg, M.; Stoll, H.; Preuss, H.; Pitzer, R. M. J. Phys. Chem. 1993,
97, 5852−5859.
(50) Vosko, S. H.; Wilk, L. L.; Nusair, M. Can. J. Phys. 1980, 58,
1200−1211.

(51) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B: Condens. Matter
Mater. Phys. 1988, 37, 785−789.
(52) Becke, A. D. J. Chem. Phys. 1993, 98, 1372.
(53) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.
(54) Stephens, P.; Devlin, F.; Chabalowski, C.; Frisch, M. J. Phys.
Chem. 1994, 98, 11623−11627.

Journal of Chemical Theory and Computation Letter

DOI: 10.1021/acs.jctc.6b00493
J. Chem. Theory Comput. 2016, 12, 3431−3435

3435

http://dx.doi.org/10.1021/acs.jctc.6b00493
http://pubsdc3.acs.org/action/showLinks?crossref=10.1088%2F0953-8984%2F20%2F8%2F083203&coi=1%3ACAS%3A528%3ADC%252BD1cXktlWht7g%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1088%2F0953-8984%2F20%2F8%2F083203&coi=1%3ACAS%3A528%3ADC%252BD1cXktlWht7g%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FRevModPhys.80.3
http://pubsdc3.acs.org/action/showLinks?crossref=10.1080%2F00268976.2014.952696&coi=1%3ACAS%3A528%3ADC%252BC2cXhsV2ksbnN
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fjp312776c&coi=1%3ACAS%3A528%3ADC%252BC3sXmtleltbg%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1063%2F1.464304&coi=1%3ACAS%3A528%3ADyaK3sXhtlagt7o%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fjp076313z&coi=1%3ACAS%3A528%3ADC%252BD2sXhtlGqt7rN
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2Fj.orgel.2014.03.040&coi=1%3ACAS%3A528%3ADC%252BC2cXovFGru7s%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2Fj.chemphys.2003.12.015&coi=1%3ACAS%3A528%3ADC%252BD2cXhslWhurs%253D
http://pubsdc3.acs.org/action/showLinks?pmid=23181291&crossref=10.1063%2F1.4767344&coi=1%3ACAS%3A528%3ADC%252BC38Xhslahu77E
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fct2009363&coi=1%3ACAS%3A528%3ADC%252BC38XktVynsLc%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fct2009363&coi=1%3ACAS%3A528%3ADC%252BC38XktVynsLc%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fja029085p&coi=1%3ACAS%3A528%3ADC%252BD3sXotlOksb8%253D
http://pubsdc3.acs.org/action/showLinks?pmid=10031814&crossref=10.1103%2FPhysRevLett.55.1418&coi=1%3ACAS%3A528%3ADyaL2MXlvVektb8%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.83.115108&coi=1%3ACAS%3A528%3ADC%252BC3MXkt1Kgur0%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.83.115108&coi=1%3ACAS%3A528%3ADC%252BC3MXkt1Kgur0%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.74.245320&coi=1%3ACAS%3A528%3ADC%252BD2sXosFSktQ%253D%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.74.245320&coi=1%3ACAS%3A528%3ADC%252BD2sXosFSktQ%253D%253D
http://pubsdc3.acs.org/action/showLinks?pmid=20055678&crossref=10.1146%2Fannurev.physchem.012809.103321&coi=1%3ACAS%3A528%3ADC%252BC3cXmtF2gs7k%253D
http://pubsdc3.acs.org/action/showLinks?pmid=9983927&crossref=10.1103%2FPhysRevB.53.3764&coi=1%3ACAS%3A528%3ADyaK28Xht1ejsrs%253D
http://pubsdc3.acs.org/action/showLinks?pmid=9983927&crossref=10.1103%2FPhysRevB.53.3764&coi=1%3ACAS%3A528%3ADyaK28Xht1ejsrs%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevLett.51.1888
http://pubsdc3.acs.org/action/showLinks?pmid=18433257&crossref=10.1063%2F1.2897425&coi=1%3ACAS%3A528%3ADC%252BD1cXltFymt7Y%253D
http://pubsdc3.acs.org/action/showLinks?pmid=18433257&crossref=10.1063%2F1.2897425&coi=1%3ACAS%3A528%3ADC%252BD1cXltFymt7Y%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fnl803635t&coi=1%3ACAS%3A528%3ADC%252BD1MXjvVegur8%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Facs.nanolett.5b03294&coi=1%3ACAS%3A528%3ADC%252BC2MXhvVehs7jI
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevLett.49.1691&coi=1%3ACAS%3A528%3ADyaL3sXit1CisQ%253D%253D
http://pubsdc3.acs.org/action/showLinks?pmid=17552745&crossref=10.1063%2F1.2743004&coi=1%3ACAS%3A528%3ADC%252BD2sXmtlChtbw%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fj100096a001&coi=1%3ACAS%3A528%3ADyaK2cXmvVSitbY%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fj100096a001&coi=1%3ACAS%3A528%3ADyaK2cXmvVSitbY%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FRevModPhys.74.601&coi=1%3ACAS%3A528%3ADC%252BD38Xlt1ymsL0%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1063%2F1.448800&coi=1%3ACAS%3A528%3ADyaL2MXht1SjtLk%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRev.139.A796&coi=1%3ACAS%3A528%3ADyaF28XpslyrsA%253D%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1063%2F1.448975&coi=1%3ACAS%3A528%3ADyaL2MXht1SjtLY%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1098%2Frspa.1937.0142&coi=1%3ACAS%3A528%3ADyaA1cXht1Y%253D
http://pubsdc3.acs.org/action/showLinks?pmid=21730436&crossref=10.1088%2F0957-4484%2F18%2F42%2F424003&coi=1%3ACAS%3A528%3ADC%252BD2sXhsVartbjL
http://pubsdc3.acs.org/action/showLinks?crossref=10.1063%2F1.448799&coi=1%3ACAS%3A528%3ADyaL2MXhtlyju70%253D
http://pubsdc3.acs.org/action/showLinks?pmid=16555911&crossref=10.1063%2F1.2177652&coi=1%3ACAS%3A528%3ADC%252BD28XivV2jsbk%253D
http://pubsdc3.acs.org/action/showLinks?pmid=16555911&crossref=10.1063%2F1.2177652&coi=1%3ACAS%3A528%3ADC%252BD28XivV2jsbk%253D
http://pubsdc3.acs.org/action/showLinks?pmid=9944570&crossref=10.1103%2FPhysRevB.37.785&coi=1%3ACAS%3A528%3ADyaL1cXktFWrtbw%253D
http://pubsdc3.acs.org/action/showLinks?pmid=9944570&crossref=10.1103%2FPhysRevB.37.785&coi=1%3ACAS%3A528%3ADyaL1cXktFWrtbw%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.79.155110&coi=1%3ACAS%3A528%3ADC%252BD1MXlsVertr8%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.79.155110&coi=1%3ACAS%3A528%3ADC%252BD1MXlsVertr8%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1139%2Fp80-159&coi=1%3ACAS%3A528%3ADyaL3cXlvFagt74%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1063%2F1.464913&coi=1%3ACAS%3A528%3ADyaK3sXisVWgtrw%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fj100124a012&coi=1%3ACAS%3A528%3ADyaK3sXis1WitLw%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Facs.jpcc.5b11133&coi=1%3ACAS%3A528%3ADC%252BC28Xhtlygs7c%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Facs.jpcc.5b11133&coi=1%3ACAS%3A528%3ADC%252BC28Xhtlygs7c%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1063%2F1.3283062&coi=1%3ACAS%3A528%3ADC%252BC3cXnsVarsA%253D%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.75.195319&coi=1%3ACAS%3A528%3ADC%252BD2sXmtlGmsL8%253D
http://pubsdc3.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.75.195319&coi=1%3ACAS%3A528%3ADC%252BD2sXmtlGmsL8%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Far100137c&coi=1%3ACAS%3A528%3ADC%252BC3MXivFCktr0%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fjz201562a&coi=1%3ACAS%3A528%3ADC%252BC38XosFegsg%253D%253D
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fjp065640o&coi=1%3ACAS%3A528%3ADC%252BD28XhtlKjs7%252FK
http://pubsdc3.acs.org/action/showLinks?crossref=10.1016%2Fj.chemphys.2006.06.041&coi=1%3ACAS%3A528%3ADC%252BD28XhtVOrtb3M
http://pubsdc3.acs.org/action/showLinks?system=10.1021%2Fjp8075854&coi=1%3ACAS%3A528%3ADC%252BD1cXhtlyisbvJ
http://pubsdc3.acs.org/action/showLinks?pmid=11017420&crossref=10.1103%2FPhysRevLett.84.979&coi=1%3ACAS%3A528%3ADC%252BD3cXnsFaqug%253D%253D

