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Large room temperature magneto-resistance observed for devices composed of
self-assembled mono-layers of different oligophenylene thiols sandwiched between gold
contacts has recently been reported [Z. Xie et al., ACS Nano, 10, 8571-8577 (2016)].
The transport mechanism through the organic molecules was determined to be non-
resonant tunneling. To explain this kind of magneto-resistance, we develop an analytical
model based on the interaction of the tunneling charge carrier with an unpaired charge
carrier populating a contact/molecule interface state. The Coulomb interaction between
carriers causes the transmission coefficients to depend on their relative spin orientation.
Singlet and triplet pairing of the tunneling and the interface carriers thus correspond to
separate conduction channels with different transmission probabilities. Spin relaxation
enabling transitions between the different channels, and therefore tending to maximize
the tunneling current for a given applied bias, can be suppressed by relatively small
magnetic fields, leading to large magneto-resistance. Our model elucidates how the
Coulomb interaction gives rise to transmission probabilities that depend on spin and how

an applied magnetic field can inhibit transitions between different spin configurations.

Indexing code: 72.25.Hg Electrical injection of spin polarized carriers; 72.25.Mk Spin
transport through interfaces; 68.55.am Polymers and organics; 72.25.Rb Spin relaxation

and scattering;



I. ITRODUCTION

Molecules, such as oligophenylene thiols, bond in oriented fashion to gold substrates and
lend themselves to the formation of well-defined self-assembled monolayers (SAMs).'
Charge transport through the molecules can be explored experimentally by contacting the
metal substrate, making a soft electrical contact to the exposed side of the SAM, and
applying bias.”> The conductance of these SAM-based molecular junctions is a topic of
intense investigation and different transport mechanisms such as tunneling and hopping
have been observed.*” While SAM-based experiments of molecular charge transport
measure the parallel conductance of roughly one hundred molecules, other techniques

: 6-7
have focused on single molecules.

The metal-molecule-metal junction electrical measurements have also addressed
magnetic field effects. In particular, the Kondo effect has been observed in low
temperature (typically 10 K) experiments on single molecules under relatively large
applied magnetic fields (typically several Tesla).*” The effect is a consequence of spin
correlation between the charge carriers in the contact and in the molecule. This
interaction leads to a conductance characterized by a zero-bias resonance, which is

sensitive to an applied magnetic field.

On the other hand, recent experiments on relatively short oligophenylene thiol
molecule SAMs have led to the observation of significant zero-bias, room temperature
magneto-resistance (MR) at low applied magnetic fields (0.1 T)." The transport was
shown to be due to non-resonant tunneling by comparing the conductances of molecules
of different lengths, and the relative MR was found to be essentially independent of the

length of the molecule and also independent of the direction of the magnetic field.



Conventional, single-particle effects do not explain these observed phenomena for the
following reasons: (1) the electron energy scale associated with a magnetic field is on the
order of 0.1 meV/T, i.e. negligible compared to the tunneling barrier and the thermal
energy for the small magnetic field applied; (2) the length scale of the confinement
potential associated with the weak magnetic field is large compared to the size of the
molecules; and (3) any modulation of the overlap of wave functions involved in the
tunneling process should dependent on the direction of the magnetic field. The
experimental observations are therefore attributed to an effect not considered in an
independent particle treatment, here specifically the interaction between a tunneling
charge carrier and an unpaired charge carrier in the molecule. Density functional
calculations and experiments have provided ample evidence that the chemisorption of
aromatic thiols on metals can lead to charge transfer, i.e. localized charge on the
molecule and compensating charge in the metal.'"" It is the aim of this paper to present
a more complete analytical model for the experimental MR results reported, and to
explore different parameter sets that may be relevant for different molecules. In section
IT the models for the tunneling transmission coefficients and subsequently for the carrier
distribution over the different transmission channels are developed. Section III presents
example results, and Section IV summarizes the conclusions. The presentation here is in
terms of electron tunneling. However the model developed has electron-hole symmetry

and in a simplified version was used to explain hole-tunneling MR phenomena in Ref. 10.

II. THEORY

A.  The tunneling process



The analytical model for molecular tunneling to be developed in this work describes a
molecule in contact with metal contacts at both ends. The model molecule has two
distinct single-electron energy levels. Both levels are two-fold spin-degenerate, and the
lower level is occupied by one electron of either spin orientation. We refer to this state as
the ‘interface state’ and associate its formation and occupation by an unpaired electron
with the charge transfer that occurs when the molecule bonds with one of the metal
contacts, e.g. via a thiol-Au bond that enables the SAM to form. The ‘interface state’
energy level therefore lies below the metal contact Fermi energy.'” Tunneling through
the molecule is enabled by a virtual two-electron state whose energy level lies above the
metal Fermi energy due to the mutual Coulomb interaction of the two electrons. This
energy level depends on the total spin of the two electrons. As a consequence, the
tunneling barrier seen by an electron depends on its spin. A schematic energy level
diagram for the electron transfer between the two metal contacts is shown in Fig. 1.
Under bias, an electron arrives at the non-magnetic emitter/molecule interface with
randomly oriented spin (|T) or |1)). Together with the unpaired localized electron in the
interface state it forms singlet and triplet states, defined as, |S) = (|TL) — [i1))/V/2,
ITo) = (IT) + W) /2, |TL) = |11), IT-) = L), where the second spin orientation
symbol always refers to the electron in the interface state. (The specific example
depicted in Figure 1 shows the tunneling of an electron based on the virtual intermediate
state |TT).) We assume that the spin is conserved during the tunneling process. Hence,
non-resonant tunneling is enabled by the virtual occupation of the corresponding two-

electron molecular state, i.e. either singlet or triplet.
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FIG. 1 Schematic representation of an electron tunneling through the organic molecule.
For the case shown the spins of the tunneling electron and the unpaired ‘interface state’
electron are parallel. (a), (b) and (c) display the energy level diagrams for the initial,

intermediate (virtual), and final states, respectively.



The system comprised of the metal contacts and the molecule is modeled with the
aid of a one-dimensional chain of interacting localized states,'* as is shown in Fig. 2. The
molecule is represented by two sites, L and R, and the left and right metal contacts by

sites n < 0 and n > 0, respectively.
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FIG. 2 Linear chain model for the molecule (sites L and R) and the metal emitter (n < 0)
and collector (n > 0) contacts. Also indicated are the energy levels associated with the

local orbitals and the different intersite transfer matrix elements.



We assume that the parameters are such that non-resonant tunneling at the contact
metal Fermi energy adequately describes the transport process. First we explore the
single-electron and two-electron states of the isolated molecule. The former are simply

found by diagonalizing the Hamiltonian:
Hyo = e cif ¢, + egcgeg — tyo(ci e + ho) (1)

where g p represent the energy levels associated with two
sites; —tpo = < Y. |HyolWg > is the transfer matrix element between the two sites, and
Y, and Y represent the spatial wave functions. Diagonalization yields:

ELtERT A2+4t12V10

EMO,+,—- = 5 (2)

Here, A= e — ¢;. As indicated above, we refer to the lower level as the interface state,
which is occupied by an unpaired electron in equilibrium. [y,,_) represents that single-

electron state in the molecule:

[Ym-) = a,_[P) + ag_|Pg) (3)

Next, we calculate the molecular two-electron states. Since the two electrons are
in close proximity, their Coulomb interaction is strong and can lead to a large
singlet/triplet splitting. To explore this, we consider the spin explicitly and include the
interaction e?/ |ﬁ — ﬁ| between electrons 1 and 2, labeled by superscripts. There are
four single-electron states: [P )[T), [Y L), [WeT), [Wr)L), hence six two-electron

states can be formed:

Singlet states:

1S1.) = Wb wE)
Skr) = i)k = (I 182) = [1)[12)) (4a)
1Se) =75 (WD) + [PRIYE)



Triplet states:

IT,) = ITI72)
IT) = 5 (DR — i)y HOID (4b)
ITo) = 5 (THI2) +11)[12)

The Hamiltonian is not spin-dependent. Thus, the 6 X 6 Hamiltonian matrix with

singlet and triplet basis states block diagonalizes into two 3 X 3 blocks as follows.

Singlet Matrix 1S..) |SrR) 1S, r)
(Spel 2e, +U J V2(=tyo + D)
(5a)
<SRR| ] ZER + U \/E(_tMO + D)
(Sirl V2(—tyo + D) V2(—tyo+D) e +eg+C+]
Triplet Matrix |To) |T.) |T_)
(To e tept+C—]J 0 0 (5b)
<T+| O £L+8R+C_] O
<T_| 0 0 €L+€R+C_]
Here,
2 2
U =< it || VIVE >=< VhvR || VhvR > (62)
2
C =< pipi I*—* PR > (6b)
2 2
D =< YLV || ViR >=< YRVR || VIV > (6¢)
2
J =< YLk || WhvE > (6d)

The two expressions for U and D are taken to be equal for simplicity.



Obviously, all off-diagonal elements need to be zero in the triplet block, because
the spin wave functions are orthogonal and there is no contribution from electron transfer.

The energies for the three triplet states are therefore degenerate:
ET=€L+€R+C_] (7)

Diagonalization of the singlet matrix 1is straightforward but the resulting
expressions are somewhat complicated and are therefore deferred to the Supplementary
Information section. Relatively simple results are obtained for the case A= 0; setting

&g = &L = ER:

Es, = 2¢0 + ”*“2’ \/(” 4 4(tyo — D)? (8a)
ES,Z == 280 + U _] (8b)
Ess = 260+ ”*“2’ + \/(” 4 4(tyo — D)? (8¢)

Because the on-site interaction term, U, can be assumed to be quite large compared
to all other terms, Eg ; is usually the lowest singlet level. The spatial parts of the singlet

wave functions are written as:
|S®) = aLL)|SLL> + a(v)lsRR) + a(v)lsLR> 9)

Here the superscripts in parenthesis label the three singlet states, i.e. v = 1,2,3 with

v = 1 labeling the lowest energy state.

In nearly all cases the lowest energy singlet level lies beneath the triplet level.
This is particularly the case when A is non-zero, as will be discussed further in the

following section.

Now we consider the left and right metals. They are modeled by the Hamiltonian:



Hup = — Xn=1tme(ch Capr + he) — Xl typ(cf cpoq + he) (10)

—tyg 18 the transfer matrix element in the metal, n labels the sites of the chain in the
contact, and N is a large positive integer, as sketched in Fig. 2. A single electron state
characterized by wave number k may be written as: [,) = YN a,, [Y,) or X=¥ a,, |y,).
It is readily found that the coefficients for the sites immediately adjacent to the molecule,
a,, and a_4, are both given by: (1 — r)/v/2N. Here r = e~2**®_ is the lattice constant,
k is related to the electron energy by &, = —2ty g cos(ka), and the total number of sites,

N, provides the proper normalization.

The metal contacts are coupled to the organic molecule through a tunneling

Hamiltonian of the form:
Hy = —t,(cjfc_q + he) — tr(cicy + ho) (11)

—1;, (—7g) is the transfer matrix element between the metal site immediately adjacent to

the molecule on the left (right) side (Fig. 2).

We describe the tunneling process in second order perturbation theory. Since the
virtual, intermediate state |m), is a two-electron singlet or triplet state, we also need to
consider singlet and triplet states formed by the electron in the molecule interface state
(defined by Eq. (3)) and the electron in the emitting or collecting contact as initial, |i),

and final, |f), states:

There is one possible initial/final singlet state:
Ik, S) = = (WDIWR-) + Wi W) 75 (T = 11H)112) (12a)

And three possible initial/final triplet states:

10



Ik, T,) = [THI12)

T2y = (Wb Wh-) — Wi Eh | NI (12b)
e, To) = 2 (IMHI112) + |11 12))

With these wave functions, the following transmission matrix elements are
obtained in second order perturbation theory for singlet and triplet pairing, denoted by S
and T subscripts, respectively. (For the singlet case, we consider only the lowest energy

singlet state, which yields the lowest tunneling barrier. Following Eq. (9), that state is

identified by a superscript (1)).

(M2 = |<i|HT|m><m|HT|f> 2 _ la-nl*grR(V2a;) - +afgap-)*(V2agaap-+agga,)? (132)
s Ei~En 4N (ext+emo——Es1)?

(M)|? = |<i|HT|m><m|HT|f> 2 _ la-nl*tirha} af (13b)
T Ei~Em 4N (ex+emo,~—Er)?

E; represents the two-particle energy in the initial state, which is g, + &y _, if the
Coulomb interaction between an electron in the metal emitter contact and the electron in
the molecular interface state is negligible. For small applied bias tunneling is dominated
by electrons at the contact Fermi level; hence, €, = €. E,, corresponds to the
intermediate state: E,,, = E, for singlet pairing and E,,, = E7 for triplets. The effective
tunnel barriers are Eg 1 — &0 - — &, and E7 — €y - — €, for singlet and triplet paired

electrons at the Fermi level, respectively.

The density of states in the contacts is given by g(&) = 2N /m\/4tf; — €%, which
includes the spin degeneracy. We attribute a quarter of the density of states to the singlet

and each of the triplet initial and final states.

The transmission rates per unit energy for electrons at energy € forming singlet and

the triplet states can therefore be expressed as:

11



7 VNPl P ety Y s ey O (14a)
S PR S 8mh(e+emo,~—Es1)?tyg
21 . g(€)\2 2 _ (thyp—e?)titRal aj_
_2m 92y _ 14
WT h ( 4 ) |< T>| 87Th(£+£Mo,—_ET)2t1%/IE ( b)

B.  Spin relaxation

The model constructed in the preceding section essentially defines four parallel
transmission channels for the four possible spin configurations in the initial state. Spin
relaxation can enable transitions between the transmission channels. This is unlikely to
occur in the intermediate (virtual) state, i.e. during the tunneling process, because the
energy difference between the singlet and triplet states is significant. However, for the
initial states one electron populates the metal emitter contact and its Coulomb interaction
with the unpaired electron in the molecular interface state is very weak. Therefore singlet
and triplet initial states are nearly degenerate and even relatively weak mechanisms can
produce transitions between them. In the real physical system, there are of course a large
number of initial singlet and triplet states with different spatial wave functions. In our
model, this is reduced to the four states of Eq. (12). Finally, an applied magnetic field
splits the energy levels of the triplet states and therefore exercises influence on the
transitions between the transmission channels. It is important to stress, however, that the
magnetic field induced splitting is very small, such that the thermodynamic effects are
entirely negligible."” In this section we construct a model for the electron ensemble in the

initial state.

The system Hamiltonian, H, includes the Zeeman interaction, H;, which is time-
independent, and a random interaction coupling to the electron spin that fluctuates either

in time or space, Hg. This interaction models the effects of scattering, which together

12



with spin-orbit coupling can cause spin flips. It also models the effects of the hyperfine
interaction on either electron comprising the pair, which also gives rise to spin relaxation.
Lastly, we allow for a small exchange splitting between the singlet and triplet initial
states that arises if the exchange interaction between electrons in the contact and
electrons in the interface states of the molecules is not entirely negligible. This effect on
the initial states is modeled by the Hamiltonian H,,. The energy level diagram
envisioned for the initial state as a function of the applied magnetic field is shown in Fig.

3.

For a particular molecule the two electrons of the initial state are again labeled by

superscripts. The Zeeman interaction is written as,

Hyz = g145S7Bz + 921557 B7 (15)
where By is the applied magnetic field, up is the Bohr magneton, and g, , are the g-

factors. Using g = (g1 + g2)/2 and Ag = (g, — g»)/2 we write the interaction as

follows,

Hy = H+ AH = pg(sz + s3)gBz + up(sz — s3)AgB; (16)
The Hamiltonian for the interaction Hg coupling to the electron spins can be written as:

Hp = HpBh - 5T+ ppBj - 52 (17)

We first choose H as the 0™-order Hamiltonian, H,, and Hp = Hg as a perturbation.

Subsequently, we will include H,, and AH into H,,.

13
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FIG. 3 Schematic energy level diagrams for the initial singlet and triplet two-electron pair
states as a function of the applied magnetic field. (a) Neglecting the small exchange
splitting, all levels are degenerate at B, = 0. (b) Showing the effect of a small exchange
splitting, E,,. (c) Including the effect of different g-factors for the two electrons. Also

indicated are the allowed spin-relaxation transitions.

A spin density matrix is used to describe the ensemble of non-equilibrium electron
pairs. The four-dimensional spin Hilbert space is spanned by the singlet and triplet
(initial) states. H, is diagonalized, and the energies are sketched in Fig. 3. The time

evolution of the density matrix, p, is given by a stochastic Liouville equation:'

0
+ 9p
cre Ot

dp _ 1L 9p
E_h[p’HO-l_HP]-l_at

(18)

ann

Here the last two terms describe the creation of initial state electron pairs by the supply of
electrons from the emitting contact and the annihilation of such pairs by the tunneling
process, respectively. (To avoid the introduction of additional parameters, contributions
to the annihilation term associated with transport away from the metal/molecule interface

are suppressed).

Transforming to an interaction picture representation, we define p*(t) =
e (/MHot 5 () =(W/MHot ' fx — o(t/MHot [, e=(t/MHot =~ and p, = p(0). In second order
iteration, the first term in the right side of (18) becomes:'’

~lp" Hpl = +[p5, Hpl + 2 [y [[ps, Hi (£)], Hp (£)]de’ (19)

Noting that fluctuations in and out of the ensemble of electron pairs through the

last two terms in Eq. (18) randomize the phase of the ensemble averaged density matrix,
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we can take pj to be diagonal. Furthermore, using |j) and |k) to label the cigenstates of

H, we find for the first term on the right side of Eq. (19):
[po, Hplji = {1Hp k) (oo — por) (20)
and the diagonal elements vanish.

Hp, is taken to vary randomly for the ensemble, and we therefore focus on the
ensemble averaged diagonal density matrix elements, e.g. {jlp*|j} = (jlplj)."” The

second term in Eq. (19) yields:
-1t . . ((E e 1 (ot _i(Ei—
ﬁf_t(] 1polj) Xk Gjre (D) Ei~ET/M g 4 ﬁf_t Yilklpolk)Gyj(D)e M EimET/h gz (21)

Here, the energy of state |j) is expressed as E; and the time correlation function, Gj, (1) =

(JIHp(t)|k){k|Hp(t + T)|j), depends only on the time difference, 7.

The matrix elements of Hp are non-zero only for A4S, = 0, £1. In addition, all

Gj (1) originate from Hy and are proportional to (Bp)? = [(B,%)2 + (B,%)Z] /12. Finally,
the correlation functions are symmetric around T = 0 and decrease rapidly to zero as ||
increases because the electrons in the emitting metal contact are mobile and nuclear spins
may fluctuate randomly. Using 7, to describe a relevant time scale for dephasing of the

electron spins, we consider the following simple form:
Gasy=0.41(¥) = e V7o BE (22)

Eq. (22) clearly constitutes only a simple approximation to a complex problem of
perhaps multiple interactions that can contribute to spin relaxation. Other forms of the

) ) . 18-20
correlation function have been considered.

The Fourier transform of the correlation function, given by
iwt

Jir(w) = f_oooo G (r) en /h*dt < T/(1 + (wT)?) for w = (Ey — E;)/h, then yields the

transition rate between states |j) and |k). The effect of the applied magnetic field enters

16



through the Zeeman energy difference, expressed through B, = gB,. Taking H, to be
either H or H + H,,, the relevant eigenstates are those of Eq. (12): |k, S), |k, Ty), |k, T,),

and |k, T_). The transition rates are written as:

1
Jst, =Jo —1+(%)2 (23a)
1
]S,Ti ]0 1+(BZ;-CBex)2 ( )
Jror, = Jo—Fm— (23¢)
TO,Ti —Jo 1+(§_§)2

Here J, = ZTO,uéB_ﬁ/hz; B, = h/tygug and B,, = E.,/gug, as it is convenient to

express these energies in magnetic field units.

In Eq. (18), dp/0t| e is the formation rate of electron pairs in the initial state of
the tunneling process. The pair annihilation rare, dp/0dt|4,, , corresponds to the
tunneling process and it is expressed in terms of kinetic coefficients Ks and K for the
singlet and the triplet states, respectively, and the probabilities of the corresponding
initial states being occupied as given by the diagonal elements of the density matrix. K
and Ky are proportional to Ws(er) and Wr(eg), respectively. The time evolution of the

diagonal elements of the density matrix then takes on the form of a master equation:

. . a L} y . . . -
d<10|l;t>|1> _ <Ja|;t>|1> — Kijlpli) = Glpli) Tidjx + Zilklplk)y 24)
cre

In the following, we define dng = 6n(S|p,lS), dny, = 6n(TylpolTo), dnry =
On(T,|polT,), 6ny_ = dn(T_|py|T-). Evidently, by normalization of the density matrix,
on = éng + éng, + énry + dnyp_. For a non-magnetic contact, electrons arrive at the

metal/molecule interface without spin polarization. Consequently, all four pair states are

17



populated with equal rates. With the pair creation rate denoted by F, one obtains

explicitly for the steady state:

0 =F — Ks¢dng — Js,0ng — Jsr,0ng — Jsr_Ong + Jsr,6ng + Jsp, 6ng, + Jsr 6Ny (25a)

0 =F — Krdng, — Jsr,6ng, — Jryr, 607, — Jryr_0ng, + Jsr,0ns + Jrr, 60, + Jryr 6np

(25b)
0=F —Kpény, — Jsr, 6ng, — Jryr, 007, + Jsr, 605 + J1,1, 6107, (25¢)

0=F—Krony —Jsr.0ny. —Jrr.0nr +Jsr_0ng + Jrr 6ng, (25d)

The tunneling current is simply given by I = eKsdng + eKT(6nTO + onry +
on7"—=4/F. The voltage drop across the molecules, on the other hand, is proportional to
the number of accumulated electrons, i.e. proportional to én, and it depends on the
applied magnetic field B,. Consequently the resistance, which is proportional to én/I,
also depends on the magnetic field, but it is independent of F. The relative magneto-

resistance may be defined as:

MR(Byz) = [(5 n/I)BZ - (6 n/I)BZ=0]/(5n/1)BZ=0 (26)

Adding the term AH defined in Eq. (16) to H, introduces mixing of the states |k, S)
and |k, Ty) and modifies the energy levels as shown schematically in Fig. 3c. The
eigenfunctions of this modified H, are labelled: |k, +), |k, —), |k, T,), and |k, T_). The

last two are unaffected by AH, as are their energy levels. The first two are given by:

|k, =) = A5k, S) + Az |k, Tp) (27b)
+ _ __ gBi/AgBz (28a)

S~ J1+(gB+/AgB2)?

18



+ 1
ATy = JTr@5: /09507 (28b)

Here, By = E./gup and the energy levels are given by:

Ei gﬂiBex+\/(gﬂBBex) +(Ag“BBZ)2 (29)

The transition rates are affected by these modifications and acquire the following forms:

1

Jo— = Jo(A§ AT, + A AT )ZW (30a)

Jor, _]03.|.—+BZ)2 (30b)
B¢

] _]0 B +BZ)2 (SOC)

B¢

III. RESULTS AND DISCUSSION

To estimate the MR expected from the model constructed, a discussion of suitable
parameters is required. Beginning with the Coulomb terms we note that if the local
spatial wave functions are taken to be s-orbitals, ¥, (¥) o« exp (—BI|7 + #i,d/2]) and
Yr(¥) x exp (—B|7 — 1,,d/2|), where d is the distance between the two sites in the
molecule (1/f < d), all Coulomb terms are positive. Furthermore, we may use C, =
e?/d as the scale parameter and write U =~ yC,, C = Cy, D =~ aC, and | ~ a®C,, where
a~e P4 < 1andy > 1. Under these conditions Eg; is significantly less than Es, and
Es3, hence the Eg; level dominates the singlet tunneling process. Furthermore, Eg; < Er
unless 2(U — C)] + 4J% > 4(tyo — D)?. Allowing for non-zero A makes it more
difficult to achieve a situation in which the triplet energy level is below the lowest singlet

level. Example parameters are listed in TABLE I and II.
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TABLE 1. Example parameters for the intramolecular Coulomb interaction, the
transfer matrix element within the molecule, the transfer matrix element within the metal
contacts, and the transfer matrix elements between the contacts and the molecule. The
upper line shows the Coulomb energies normalized by the intramolecular or transfer
matrix element and the molecule-metal coupling matrix element normalized by the metal

transfer matrix element.

U C D J tmo tme 13 TR
#/tyo S I 02 004 1 I 005 005 #/tys
E(eV) 5 I 02 004 1 2 01 01 EV)

TABLE II. Alternative set of model parameters with a significantly smaller
intramolecular transfer matrix element. All other parameters are the same as those of

TABLE I.

#/tyo S50 10 2 0.4 I I 005 005 #/tyg
E(eV) 5 1 0.2 004 0.1 2 0.1 0.1 E(eV)

20



In Fig. 4, the transmission rates W and W are graphed as functions of the electron
energy, &, varying over the metal bandwidth (—2ty; < € < 2t)r). The mean energy of
the left and right site single-electron energy levels in the molecule, € = (¢, + €g)/2, 1s
set to zero. The energy splitting caused by the magnetic field is negligibly small
compared to the Coulomb interaction. The dashed line represents £y . & must be
greater than &),y _, otherwise the interface state is unoccupied and no unpaired electron
exists. In addition, &z needs to be smaller than the resonance level Eg 1 r — €y —, €lse
that state would be occupied by two electrons and could not facilitate tunneling. (In
addition, the transmission resonance exceeds the range of validity of the perturbation
theory treatment used). For the parameters in TABLE 1, a large t,,o is used, which leads
to a significant splitting between €, — and &0 . The energy for the singlet state E 1, is
always lower than that of the triplet state E;, Fig. 4 (a) and (b). However, for small
tyovalues, as in TABLE 11, Eg 4 is greater than E7 if A is small (Fig. 4 (c)). For large A
values Eg ; is again lower than E7 (Fig 4 (d)). We also note that for large A values (Fig. 4
(b) and (d)), the singlet linear combination of local orbital states is more favorable for
electron transmission than the triplet combination. This provides additional enhancement

of W relative to Wr in the energy range of interest, &y - < € < Eg1 — &yp .
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FIG. 4 Transmission rates for singlet (red) and triplet (black) states plotted as functions of
¢ with (a) A=0, (b) A= 5ty =5eV, (¢c) A=0, and (d) A= 50ty, = 5eV. The
parameters for (a) and (b) are in TABLE 1. The parameters for (c) and (d) are in TABLE

II. The dashed lines indicate &0 .

The key result of this model is that, with tunnel barriers on the order of 1eV, ratios
Ws/Wr = K /K greater than 10 are readily obtained, but ratios less than 1 are also

possible for certain parameter values.

To explore the magneto-resistance associated with tunneling of electrons through
the molecule, we normalize Eq. (25a-d) by J, and define kg = Kg/Jo, kr = Ky /],. The
magnetic field scales are given by (B_,%)l/ 2 and by B.. As these quantities are associated
with the rather weak interactions that cause spin relaxation, we estimate them to be on the

order of 1~100mT.

Fig. 5 shows MR as a function of the ratio of kg /k+ and the applied magnetic field.
In Fig. 5 (a) both B,, and Ag are taken to be zero, i.e. Hy, = H. With B, increasing and
the ratio of kg/kr deviating from 1, transitions |S) S |Ty) and |T,) S |Ty) are
increasingly suppressed, and the overall transmission decreases. Hence, for fixed current,
more electrons accumulate at the interface between the emitting contact and the SAM of

molecules leading to positive MR.

Considering now a case of non-zero exchange splitting between the initial singlet
and triplet states, i.e. Hy = H + H,,, a B; value equal to B,, leads to degeneracy of the
|S) and |T, ) states, as shown in Fig. 3 (b), and therefore enables rapid electron transfer

between these states. Consequently, negative MR is achieved in this field range if

23



k¢/kr # 1. Finally, positive MR again results for large magnetic fields if kg << k. This
is depicted in Fig. 5 (b).

Fig. 5 (c¢) shows the effects of a difference in g-factors of the two electrons in the
initial state. Regarding an estimate for Ag we note that the g-factor for gold conduction
electrons is about 2.2*' while the g-factor for organic molecules consisting of only light
atoms is usually taken to be equal to 2.>* Hence, we use Ag = 0.1 for the example results.
This introduces a new phenomenon. When the applied magnetic field is sufficiently large
the coupling between the |k, S) and |k, T;) states induced by AH(B, > B,,) maximizes
the transmission effectiveness of these two channels and therefore reduces the resistance,

yielding negative MR.
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FIG. 5 MR as a function of the applied magnetic field and kg/k, with (a) B, /B¢ = 0,
Ag =0, kr =0.5; (b) Bey/Bes=5,Ag =0, ky = 0.5 and (¢) B.,,/B; =5, Ag = 0.1,
kT = 05

Finally, the calculated MR(B;) is plotted for Ag = 0 and Ag = 0.1 and different
B, values in Fig. 6 (a) and (b). In general, a magnetic field tends to separate the energy
levels of the initial state, therefore inhibiting transitions and leading to positive MR.
Furthermore, an energy splitting between |S) and |T,) states (B,,), reduces the transition
rates between singlet and all triplet states for B, = 0. If B, is large, all transition rates
are small compared to the tunneling rates. The transition rate /g1, , however, reaches a
maximum for B, = B,,, resulting in a decrease of the resistance, i.e. negative MR, in that
field range. This is evident in both Fig 6 (a) and (b). Fig. 6 (b) includes the effects of
non-zero Ag on MR. The new feature of negative MR appearing here at low magnetic
fields for the case of small B,, is again due to the mixing of the |k, S) and |k, T,) states
induced by AH(B,), which maximizes the transmission effectiveness of these two

channels and therefore reduces the resistance.

Evidently, MR (B;) approaches constant values for large magnetic fields. These
values depend on kg, ki, and B,, and Ag. The general expressions are rather
complicated and therefore shown only in the Supplementary Information to this paper.
However, two simple limiting cases are worth presenting here. If B,,/Bc > 1 and
Ag = 0, one readily finds that MR = 0 for B;/B; > 1. On the other hand, B,,/B; > 1
and Ag # 0, yields MR = —(k, — k¢)?/ (ks + kg) (k. + 3k,) for B;/B; > 1. These
results are also seen in Figs. 6 (a) and (b). It should be noted, however, that the limit

B, /Bc > 1 is meaningful only if B, is small so the exchange splitting of the initial
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states is still negligible on the scale of the thermal energy and equal creation rates for

singlet and triplet initial pairs is still a valid assumption.

B I

B/B
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FIG. 6 (a) MR(B,) for B,y/Be =0,1,2,5,10. Ag=0, ks =5 and k; = 0.5 (b)
MR(By) for B,,/B; = 0.01,1, 2,5, 10. Ag = 0.1, kg = 5 and k; = 0.5.

IV. SUMMARY AND CONCLUSIONS

We have presented an analytical model for charge carrier transmission through
organic molecular tunnel junctions with non-magnetic electrodes. The Coulomb
interaction between the tunneling electron and an unpaired electron populating an
interface state leads to significant differences in the transmission barriers for singlet and
triplet states. Consequently, the transmission probability of an electron in the emitter
contact depends on its spin, i.e. on its population of a singlet or triplet initial state with
the unpaired interface state electron. These different pairings constitute separate
transmission channels. For a wide range of plausible parameters we find that the

transmission probability of the singlet channel exceeds that of the triplet channel.

Spin relaxation through relatively weak interactions of the electrons with their
environment can enable transitions between the singlet and triplet transmission channels
in the initial state for which the electron-electron interaction is weak and singlet and
triplet energies are nearly equal. A small applied magnetic field can lift this degeneracy
through the Zeeman interaction and therefore suppress the transitions between
singlet/triplet channels, giving rise to strong magneto-resistance. In the simplest cases
the magneto-resistance is positive. This agrees with the experimental data reported in
Ref. 10, and we consider it to be the baseline result of our model. However, we also find
that a small exchange splitting of the initial state energy levels and a difference in the g-
factors of the electrons forming the initial state pairs can result in negative magneto-

resistance over certain field ranges.
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In the model examples discussed here we considered only relatively simple cases.
Specifically, both contacts were modeled identically and the transfer matrix elements
between the molecule and the emitting and collecting contacts were taken to be the same.
Real systems explored experimentally may differ. For example, in Ref. 10 several
different oligophenylene thiol molecules were investigated. The molecules formed
SAMs on gold and were in turn contacted by a gold atomic force microscopy probe.
Zero-bias magneto-resistance on the order of 30% was observed for magnetic fields of
only 0.1T at room temperature. It was furthermore found that oligophenylenes of
different length yielded the exponential length dependence expected for non-resonant
tunneling, but the relative magneto-resistance was approximately the same. The results
of the model discussed here are consistent with this finding, allowing for the
generalization that one of the transfer matrix elements, e.g. Tg, includes the tunneling
process through most of the molecule, with exception of the thiolated end. 7 then
depends exponentially on the length of the molecule and can cancel out in the result for

the relative magneto-resistance, as was discussed in Ref. 10.
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