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Conductance Bistability in a Single Porphyrin Molecule in a STM Junction: A Many-Body
Simulation Study
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The conductance spectrum of the neutral and charged states of a single magnesium porphine molecule is
simulated by calculating many-electron states at the Harfreek and configuration interaction singles level;
numerical results reproduce the hysteretic switching behavior observed in a recent experiment (Wu, S. W.;
Ogawa, N.; Ho, WScience2006 312 1362).

Introduction Theoretical Approach

Hysteretic switching in molecular junctions is an important ~ 1h€ STM junction consisting of a molecule (M) weakly
factor for many applications of nanoscale electronic devices coupled to a metallic tip (T) and a substrate (S) is displayed in
and has been demonstrated recently for carbon nandtabds ~ Figure 1A. The total Hamiltonian is
a variety of oligophenylene-based compounds in both _
self-assembled monolayer assemBliesmd single-molecule Phowar = iy Hr  Hg *+ W 4 Ws (1)
transistors. Other examples of molecular switching involve where
large conformational changes, such as those in cantenanes
and rotoxane$, or isomerization of specific functional : 1 Pt
groups® Hy = z Gy, +£ Vi ¥i ¥ Vi 2)

Reversible switching of a single magnesium porphine (MgP) I v
molecule adsorbed on an oxidized NiAl(110) surface in a js the many-electron Hamiltonian for the isolated molectyle;
scanning tunneling microscope (STM) junction was reported an ., are the one-electron core and two-electron Coulomb

recently® This effect was attributed to charging and discharging  matrix elements, respectively. The isolated tip and substrate are

when the current was held constant and the bias voltage was

scanned beyond some threshold. The oxide provides a secondary Hy = Z eiw?wi X=T,S (3)

tunneling barrier between the molecule and substrate, on top i

of the tip-molecule vacuum barriéfThis decouples the MgP

from the NiAI(110) surface and is known to have a profound Where Hr and Hs represent the isolated tip and substrate,

impact on STM measurements; vibronic transitions that respectively. The molecutetip Wr and molecule-substrate

are quenched entirely when the molecule is directly chemisorbed couplingWs are given by

to a metallic surface can be resolved in both the STM N N

conductance and current-induced single-molecule fluor- W = % Vibiv t Vi, X=T,S  (4)

escence specftan the oxidized surface. Similar effects were 1eM ke

observed in STM measurements on ultrathin porphyrin layers

deposited on metal surfaces where the deeper organic layer

act as the spacer, allowing the detection of the STM-induced

emission signal® The alumina layer is expected to play a crucial

role in the switching behavior of MgP since it is highly

polarizable and can stabilize the charged molecular species,

allowing an injected electron to be trapped on the molecule.

The molecule-lead couplings may be much smaller than the

charging energy, thus reducing the tunneling rates by Coulomb _ X _

blockadej:l IX(t) i; Tr[‘]l p(t)] X TIS (5)
Both electrostatit? and phonon-assist&dmechanisms have

been proposed to describe the switching behavior of moleculare(t) is the time-dependent density matrix of the total system,

junctions. In the present work, we express the current through andJ' is the current operator for thiéh orbital

a STM junction in terms of many-electron molecular states with

The Fermi operatorsp;r and y; create and destroy, respec-
%ively, an electron in orbitap; with energye;, and Vi is the
coupling between orbitalgicy and ¢iet,s; hereafter, “states”
denote many-electron states and “orbitals” refer to a single-
electron energy levels.

The currenty through the molecule/lead contact is given by
a sum of contributions from individual orbitals

N andN =+ 1 electrons. We address differences between the x_ 1€ t t

> _ 3 == Vyyiyv, — Vg ¥ 6
conductance of the neutral and anionic charge states of MgP in ' R g iV Vi (©)
terms of the voltage division across the STM junction and
compare our numerical results with experiment. Upon expanding eq 5 perturbatively in the moleetkad
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. - . . . Time moves from bottom to top, and thEON| denotes a many-
Figure 1. (A) Schematic diagram of the STM junction consisting of  gjectron density matrix witi electronsGir involves the transfer of

the tip, molecule, substrate, and oxide tunneling barrier. (B) Energy 4p glectron to the lead from the molecule leaving the molecule positively

level diagram for MgP showing the many electron states oNfzad charged, an@Gr, represents the transfer of a hole to the lead from the
N + 1 electron reference configurations. The conductance is enhanced,,glecule leaving the molecule negatively charged.

whenuy is resonant with the energy difference between a and b (or
b'"), which have one more (or less) electron relative to a; b amday

be ground or excited states. are many-body overlap factorgl) |bl] and |b'Orefer to the

ground state of the neutral moleculé électrons), the states of
couplingVi, the second-order contribution can be expressed in the negatively charged moleculd ¢ 1 electrons), and the states
terms of nonequilibrium superoperator Green's functions (SGFs) of the positively charged molecul®l (— 1 electrons)Epa = Ep

of the molecule and leads — EaandEay = Ex — E, are the transition energies; see Figure
1B. In the energy domain, we have

_ & i Ik _
Iy = %Z kg ViVic de x [G/r(E)Gg_(E) GER(E) - Z q\;jl S\t‘)’,aa(E ~E,) (15)

LLEGRE)] (7)

where L and R represent “left” and “right” superoperators acting
on the ket and bra, respectively, of the density magtixhe
first term in eq 7 describes electron transfer to the lead from  \ye assume that the leads remain in equilibrium and their
the molecule, leaving the molecule positively charged, while grand canonical Green's functions are given by the fluctuation
the second term represents the reverse process, leaving thgjssipation relatiori§

molecule negatively charged. The energy domain SGFs are

kL (E) = Znig v ShOE — Ep) (16)

related via a Fourier transform to their time domain counterparts thR(E) = 27if, (E)0, O(E — &) (17)
mn _ b mn iEt/A
GLHE) = ., AC0e ®) Gh.(B) = 27i(1 - HENHSE—¢)  (18)

These can be recast in terms of ordinary (Hilbert space) two-

point correlation functions of the Fermi operators wherefx(E) = (1 + e 10"t is the Fermi function for lead

X with thermal energkT and chemical potentiadx. The current
— i o dependence on the bi& is introduced through the chemical
r(tt) = gTr[wm(t )¥n(H)p(0)] 9) potentialsur = E; + neVy, andus = Er — (1 — 5)eVh, whereE;

is the Fermi energy’ The voltage division facton is related
Mgy oy - o to the potential drop across the junction, which may be
ru(bl) = hTr[wm(t)wn(t )p(0)] (10) controlled by the thickness of the oxide layer. It determines the

] ] ) energy difference between the molecular statesianasVy is
Figure 2 shows the double-sided Feynman diagrams for the twoy 5ried.

SGFs that contribute to the curre@.r represents an electron Inserting egs 1518 into eq 7 gives
transfer, whileGg_ involves hole transfer.
Expanding the molecular Green'’s functions in many-electron _ X X
Statos gives Y %= ¥ Toafx(Ed = 3 Taoll ~ ix(E))  (19)
; i )
Glr® = ge*'Ea”‘Siii Sba (11)  where
2me
i X — (n) N(n)—-1
) i = % Z ViVid(Enm — €)Smn S~ (20)
Il?L(t) Zgg e iEpd ;1)1 b (12) nm A i kY] nm ﬁNmn n,m

is an effective tunneling rate constant from state m wth)
— 1 electrons to state n wittN(n) electrons. Assuming a
-1 , et continuous distribution of the lead energy levels and that its
Sﬂr,a = E"jalb O S\é’ya: [pib'jal] (13) density of states and the coupling to the molecule do not vary

1 + over the relevant energy range, we obtain for the tunneling rate
an =0plabd S, = Opblal (14) constants

where
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y ) The many-body overlap factors of Slater determinants con-
% VARSHY) (21) tainingN + 1 andN — 1 electrons, respectively, are then written
i€ as

A similar result was obtained in ref 11 using a kinetic model S\;—bl = Z CjtimwB}(D (28)
and master equation approach. These factors follow naturally ]

from the many-body expansion of the molecular Green’s . " ‘

functions?® The advantage of the Green'’s function approach is Sup = Z C A BT (29)
that all interactions and coherence effects can be included ]

exactly through self-energies. The master equation approach istpe overlap of two Slater determinanBJand|QUis given by
simpler to interpret but requires further approx?mations 10 the determinant of a matri®| QU= de{ S} whose elements;S
achieve closu_re;_ cohergnce effects are usually |g_nored. The_ ¢7|¢°0are the overlap integrals between occupied orbit-
present description avoids the self-energy calculation by for- 5,519 A noted earlier, these electronic overlaps are calculated
mulating the problem directly in terms of the many-body states pepyeen states with the same nuclear configuration (vertical
for the neutral and charged molecule and by the weak coupling ansitions). In order to include the effects of nuclear relaxation
assumption to the leads. upon charging, one could introduce a set of Fran€kndon

In our simulations we treat states a, b, ahdtithe Hartree factors describing the overlap of nonorthogonal vibrational wave
Fock (HF) and configuration interaction singles (CIS) 1é¥%el  functions between the different charge stateandN =+ 1.
where the ground electronic state (a single Slater determinant) The spatial dependence of the current is determined by the
is used as the reference for constructing the excited states inygriation of the coupling/iT with the position of the STM tij8°
terms of singly excited Slater determinants. The nuclear The tip is represented by a spherical orbjtalicentered atq;

geometry of the molecule for the states a, b, drid bonstrained  the coupling is assumed to be proportional to the oveviapl
to the equilibrium geometry for our reference st This [i|rRL

assumption is justified if the electron tunneling rates are faster
than the response of the nuclear degrees of freedom to theResults and Discussion
additional charge. One could relax this restriction by considering
a complete set of vibronic states for the+ 1 states of the

molecule. These consist of both electronic and vibrational
components and would need to be calculated at different nu-
clear configurations; however, this goes beyond the present

study. . .
) calculate the conductance using eq 19, we set the Fermi energy
Let |ALJ [BL) and [B'Lldenote to the ground-state Slater g 5 zero and use; as an adjustable parameter to fit the
determinants constructed from the relaxed molecular orbitals experimental conductané@.

of theN, N + 1, andN — 1 electron molecules

We have calculated the STM conductance spectrum of the
neutral and charged states of MgP at the-tipolecule contact.
This involves a series of electronic structure calculations to
determine the electronic states of neutral and anionic MgP, the
many-body overlap factors, and the moleetti@ coupling. To

The electronic structure calculations are described bétow.
First, a pair of reference configurations for the neutral and
IAC= N Y2de ¢f... g} (22) anionic MgP are found by minimizing the ground-state energy
with respect to the molecular geometry using the unrestricted
Hartree-Fock (UHF) method with a 3-21G basis set. The
neutral equilibrium geometry is used to calculate the electronic
, , states involved in the conductance of the neutral molecule, and
IB'C= (N — 1) Vet ¢? ... 45, } (24) the anion equilibrium geometry is used to calculate the electronic
states involved in the conductance through the anion.

Here, each column of the Slater determinant is represented by In _the exp(_anmental setupMgP IS adsorbed on an ultrathin
the diagonal elemeng; corresponding to electranoccupying a'”m'”“".‘ oxide layer grown on a N|AI(1.10) surface. The_ effgcts
the ith molecular orbital. Note that the relaxed orbitals of the of the. oxide Iayer are |r!cluded approx]mately by treafung Itas
charged molecule are not orthogonal to those of the neutral a static charge distribution. To determine an appropriate set of
molecule: hence, one cannot constriRitby simply adding a point charges, we have mao_le use of_calculanons reported by
column and row to]AL] For N + 1 electrons, the excited Kresse and co-workers in which the unit cell geometry has been

; — <. bR b : determined via plane wave density functional theory (D¥T).
states are given bybl= 3 ¢jBi0where ¢ is the CIS We performed a single point DFT energy calculation of the
coefficient for the singly excited Slater determinaB{Cicon- oxide unit cell under periodic boundary conditions using the

structed by transferring an electron from the occupietb a PBE exchangecorrelation functionals with a 3-21G basis. A

IBO= (N + 1)1 Yde ¢ ... 45, .} (23)

virtual ¢, Mulliken population analysis of the ground-state density matrix
, was used to assign partial charges to the oxide atomsy 83

BICE (N+ 1) def{¢f .. 6P, ¢ g0y . dpsd  (25) supercell of alumina charges was then constructed and included
into the electronic structure calculations of MgP. The config-

Similarly, the Slater determinani&;C= [y;ACand|AiC= W)iTAD uration of the alumina charges was frozen in our calculations.

are constructed from the molecular orbitals of the reference state!n 9eneral, the aluminum and oxygen atoms would respond to

by adding a hole or electron, respectively dinto |AL the charge state of the MgP adsorbate; however, we ignored
this effect and used a fixed configuration in the interest of
simplicity.

i~z 12 A A A A
A= (1) N ““def{¢y... ¢i° 4 Piig-- ) (26) A suitable binding configuration for the MgP was obtained

i Ne 1 —1/2 A ALA by minimizing the UHF/3-21G energy with respect to translating
IATE (= 1)'N! "de{ ;... ondi } (27) and spinning the molecule in a fixed plane parallel to the charges
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Bodialinder or annihilated. The tunneling rate constants for the ground states

L are dominated by the terms corresponding to an electron
os annihilated from the highest occupied or created in the lowest
A 038 unoccupied orbitals. This is not the case for the rate constants
an | bb=2 involving the excited charged states, where there are comparable
" . " B contributions from several different orbitals. The many-body
z rather than single-electron (orbital) theory is then required.

. s Experimentally, MgP is observed to switch between two states
I . . 028 with different conductance profilesi{dV versusV curves); the
ars b= . evidence given ref 6 suggests that the two states exhibit a
difference in charge and were identified as the neutral and
. t e e e e e anionic ground states. The actual identity of the charged states
S L L may not be determined solely from the empirical data. Our
Figure 3. Many-body overlap factors between tNeelectron ground simulations show that the catio_n and doqble-charged _anionic
state|a.lof MgP and the four lowest energy staté&Jand [bOwith N states are at much higher energies (see Figure 1B). This agrees
— 1 andN + 1 electrons, respectively. The horizontal axes indicates with the identification of the charge states proposed in ref 6.
(tec) ole Injesion 1o the highest en aceupied and (blue) election | J11¢ 1eulral MgP conductance is negligible betwedrB and
injection into the lowest ten unoccupied spin orbitals; the upper and 0.55 V where the onset of a peak is observed. Slnge there Is.no
lower horizontal axes index the up and downj spin orbitals, £V symmetry in the conductance and our calculations predict
respectively. The low-energy conductance peaks involving the ground that|Eag| > 2.0 eV, theny must be nearly equal to 1. This can
states of the charged molecule are dominated by the contribution from be rationalized by considering the fact that the oxide thickness
the HOMO and LUMO. The higher energy peaks which involve the s greater tha 5 A sothat the tip-molecule distance may be
excited states of the charged molecule contain more or less equalgpqrter than the tipsubstrate distance. The experimental
contributions from different orbitals. S . .
conductance spectrum for anionic MgP exhibits a slight sym-
at a height 62 A above the uppermost layer of the oxide metry with the onset of low-intensity peaks -a0.45 and 0.7
structure; the same binding configuration was used for the V. The potential drop across the junction should be effected by
anionic MgP. Note that the internal nuclear degrees of freedom the additional charge on the molecule; the symmetry of the
of the molecule were constrained to the vacuum equilibrium conductance spectra and the fact ti&t| is much larger than
positions even in the presence of the charge distribution, and|E.y| implies 7 &~ 1/2 and that the observed peaks for the
only the electronic structure was allowed to relax. The ground- negatively charged MgP are due to bipolar conduction involving
state electronic energies, atomic overlap integrals, and moleculaithe N electron states. Using differeptvalues for the neutral
coefficients of both the neutral and anionic equilibrium geom- and anionic MgP may be justified based on the experimental
etries were stored for later use. Next, the electronic states of ghservation that the STM tip retracts when MgP is charged so

theN + 1 andN — 1 electron species were calculated at the that the tip-molecule and the moleculesubstrate distances may
neutral MgP reference geometry at the unrestricted CIS level hpecome comparable.

with a 3-21G basis set. The electronic state energies, molecular
orbital coefficients, and CIS coefficients were stored. A similar
calculation was performed for the anionic reference geometry,

cloctron Staes, Finally, we calouated the ono.cleciion overlap2: T aSymmetry (symmetry) of the conductance specira fo
: Y, Pthe neutral (anionic) reference configurations comes from the

integrals between the atomic basis of the reference geometries | d. Panels-a sh h iall ved d
and a 51x 51 grid of spherical Gaussian tip orbitals (width 77 values used. Panels-a show the spatially resolved conduc-

_ o tance maps (at fixed bias) for the correspondingly labeled peaks
of ZI\A,';)Pposnmn&i 3 Aabove and parallel to the molecular plane in panels A and B. Panels a and b show the spatial distribution

We assembled the tunneling rates constants and the curren{)f the conductance through thi— 1 andN + 1 eleciran ground

using the stored output from the quantum chemistry calculations 3t2te§ e;tt:]he neLt’.trﬁl MgPIrefSrencde c?nflguratlon. Ff)?rr: els ¢ an(;:l
for both the neutral and anionic reference systems. The tunneling epict the Spatially resolved conductance maps ot the groun

elements\/iT(rT) at each tip position were calculated using the and lowest excitedN electron states at the anionic reference

reference state’s molecular orbital coefficients and the- tip geom_etry. _The same states give rise to symmetric p(_aaks at
molecule atomic overlap matrix. For bod+ 1 andN — 1 negative bias. Thé&\ + 2 electronic states have much higher

electronic configurations at the neutral reference geometry, we ENergies 'and are peyond .thls range of bias values. The
used the atomic overlap integrals and the orbital coefficients to asymmetric patterns in the stimulated conductance maps reflect

construct a pair of master overlap matrices between the orbitalsthe .dlst.ornons induced by the underlying alumina charge
of the neutral and charged molecules. We then constructed thedistribution. The calculated conductance maps show an en-
various occupiegtoccupied overlap matrices whose matrix ancement on the outer rings of the MgP and a diminished
determinants give the different terms which are summed in eq conductance over the central Mg atom; this is consistent with
21. The number of matrix determinants is truncated by retaining the €xperimental STM images, especially for peak b where the
terms whose CIS coefficients are greater than 0.1. With the calculated map reproduces the observed characteristic ten-lobe
tunneling rate constanfg, andly the current and conductance — Pattern.
are evaluated according to eq 19. In summary, we have combined a many-body expansion of
In Figure 3, we compare the many-body overlap factors the molecular Green’s function with electronic structure calcula-
between the ground state of the neutral MgP and the four lowesttions to simulate the conductance spectra for different charge
energy states oN + 1 electron MgP. The points along the states of a single MgP molecule in a STM junction. The
horizontal axis indicate the orbital where the electron is created conductance is calculated by employing a sum-over-states

lh
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.
.
.
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-
-
-
.
.
-
.

H-4 H-3 H-2 H-1

In Figure 4, we show the calculated conductance spectra for
(A) the neutral and (B) the negatively charged reference
configurations of MgP at the ten tip positions indicated in panel
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Figure 4. Calculated STM conductance spectra for (A) the neutral magnesium porphine (MgP) reference configuratips Witfasymmetric

spectra) and (B) the negatively charged MgP reference configuratiomwith0.5 (symmetric spectra). The curves labeleell® are displaced

vertically for clarity and correspond to the different lateral tip positions indicated by the white nhumbers in panel a. Pdnale the spatially

resolved d/dV signals for the four peaks marked with dashed lines in panels A and B. Peaks a and b are due to tunneling through ground electronic
states of theN — 1 andN + 1 electronic ground states, respectively, at the neutral MgP geometry. Peaks ¢ and d are due to tunneling through the
ground state of th&l electronic ground and the first excited states, respectively, at the negatively charged MgP geometry. These peaks also occur
at negative bias and have identical spatial profiles.

expression which shows peaks when the chemical potential ofRelé. B 2004 m( 233204k (c) Guo, X.-L.; Dr?ngl, Z.-C.; Trifonov, Aid?;
; ; ; Miki, K.; Mashiko, S.; Okamoto, TNanotechnolog2004 14, S402.
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