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Inelastic electron tunneling (IET) accompanying nuclear motion is not only of fundamental physical interest but
also has strong impacts on chemical and biological processes in nature. Although excitation of rotational motion
plays an important role in enhancing electric conductance at a low bias, the mechanism of rotational excitation
remains veiled. Here, we present a basic theoretical framework of IET that explicitly takes into consideration
quantum angular momentum, focusing on a molecular H, rotator trapped in a nanocavity between two metallic
electrodes as a model system. It is shown that orientationally anisotropic electrode-rotator coupling is the origin
of angular-momentum exchange between the electron and molecule; we found that the anisotropic coupling
imposes rigorous selection rules in rotational excitation. In addition, rotational symmetry breaking induced by
the anisotropic potential lifts the degeneracy of the energy level of the degenerated rotational state of the quantum
rotator and tunes the threshold bias voltage that triggers rotational IET. Our theoretical results provide a paradigm
for physical understanding of the rotational IET process and spectroscopy, as well as molecular-level design of

electron-rotation coupling in nanoelectronics.
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Molecule-mediated electron transport induced by electron-
nuclear coupling is ubiquitous and gives a significant impact
on a variety of disciplines including nanoelectronics, organic
semiconductors, redox chemistry, and photosynthetic biology
[1-11]. In a nanoscale molecular junction, interactions with
substances such as metallic electrodes break rotational symme-
try of nanoconfined molecules. Under an anisotropic potential
that induces rotational-symmetry breaking, the rotational
motion of a heavier molecule is hindered and converted
to vibrational motion of the molecular axis around the
equilibrium orientation, which is designated as frustrated
rotation or librational phonon. The electron transfer mediated
by excitation of such a librational phonon mode has been
well understood in terms of electron-phonon coupling [5,6],
contributing to developing high-performance electronic de-
vices and inelastic electron tunneling (IET) spectroscopy that
is useful for characterizing multiple properties of molecular
junction.

In contrast, in the case of light molecules and func-
tional groups, the rotational kinetic energy often exceeds the
anisotropic potential energy due to the small moment of inertia
forrotation [12,13]; the rotational degree of freedom is retained
due to the rotational quantum effect [14—18]. It had been a
long-standing issue whether electron transfer can be triggered
by the excitation of rotational motion. Recent experimental
studies have demonstrated that in a rotating molecular junc-
tion the electron tunneling can be enhanced accompanying
rotational excitation at the respective voltage, using molecular
hydrogen (H) and its isotopes (HD,D,) [17,19-21] trapped
between nanoelectrodes as a model system of molecular rotator
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[22-28]. It was also shown that the rotational motion can be
probed through IET spectroscopy combined with scanning
tunneling microscopy (STM) [22-28]. Despite the intensive
studies, however, a molecular-level mechanism of rotational
IET has been unclear due to the inherent difficulty in
treating the wave function and angular momentum of rotating
H, molecules in the existing theory of IET based on the
electron-phonon coupling [29-32]. To clarify the mechanism
of rotational IET process in the H, junctions, we present a basic
theoretical framework that explicitly takes into consideration
quantum angular momentum. This Rapid Communication
demonstrates that the orientationally anisotropic character
of the electrode-rotator coupling imposes rigorous rotational
selection rules in rotational excitations. In addition, we
show that the rotational symmetry breaking induced by the
anisotropic potential is the key factor that tunes the rotational-
energy structure of the spatially confined quantum rotator.
Our theoretical results describe well the experimental results
reported previously [22-28].

The interaction between a rotating molecule and neigh-
boring electrodes is generally weak [17,19]. Therefore, in
the case of weakly coupled molecular junctions [33,34],
the unperturbed Hamiltonian H© for the system is taken
as HO = ﬁ;o) + I:IIE;)) + I-Aléo), where I:I}O), ﬁli,(,)), and Iflg())
are the Hamiltonians of the isolated state of the STM tip,
rotating molecule, and substrate, respectively [Fig. 1(a)]; the
perturbative interaction UistakenasU = U ™ ~+ U Mms, Where
Um and Uys represent Coulomb-interaction operators that
are composed of one-electron attractive terms and two-electron
repulsive terms between the STM tip and rotating molecule,
and the molecule and substrate, respectively. For simplicity,
we assume one-level approximation where a single electronic
level of the rotating molecule is coupled to an electronic
level of two metallic electrodes. The tunneling current I(V)
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FIG. 1. IET mechanism mediated by rotational excitation of H, weakly trapped within nanoscale junction. (a) Schematic illustration of
rotational excitation of H, via IET from STM tip to metal electrode. (b) and (c) Electronic structure diagrams of IET processes from a metal
electrode (k' orbital) to another electrode (k orbital) mediated by (b) pam-Hz+ in the 2% ¢ state and (c) para-H; in the 2y, state. (d) and (e)
Typical 8 dependence of overlap integral between (d) k and g, and (e) k and u (Supplemental Material Sec. 2 [35]). Solid lines are results of
curve fitting with (d) a linear combination of Py(cosf) and P,(cosf), and (e) P;(cosd).

is described as [5]
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where e, V, and h are the elementary charge, applied voltage,
and the reduced Plank constant, respectively; &;,&,,, and &
are the electronic energies of the initial, intermediate, and
final states, respectively; AFE,y is the energy needed for
rotational excitation; f(¢) is the Fermi-Dirac distribution
function relative to the Fermi level of the STM tip; and i0
denotes an infinitesimal positive imaginary part. Because e y =
& — A E.y, the zero-temperature and low-bias approximation
[29] gives the tunneling conductance as

al 2

— X

av

Dy(em)
Em — (EF + AErot) —i0

X DT(EF + AErot) DS(EF) @(EV - AErot)»

|l}fm f]mi |2 ‘ /d‘gm

@

where Dt, Dy, and Ds denote the electron densities of states
(DOS) of the STM tip, molecule and substrate, respectively
(see Fig. S1 in the Supplemental Material [35]); ® is
the step function; Er and Ep = Eg — eV are the Fermi
level of the STM tip and the substrate, respectively; and

U mi and U rm are the matrix elements of U representing
electron hopping. AE;q/e corresponds to the threshold bias
voltage of the IET process. Electron transfer is induced

by the second-order coupling matrix element U fm Upi =

(f] ™+ U Ms)_fm(l} ™+ U Ms)mi- There are two possible
channels as schematically shown in Figs. 1(b), 1(c), and S1:

(Ut™) fm(Ums)mi and (Uwms) fim(Utm)mi terms describe the
electron tunneling processes mediated by the positive ion and
negative ion, respectively. In the following, we focus on a
quantum-rotator junction that contains a H, molecule as a
model system.

For the IET process mediated by positive ion (HZr ), the wave
functions for the initial, intermediate, and final states are given
by a product of the electronic and rotational parts as W; =
|K'K'gg Yoo, V2W,5 = | KK (gk — gk) |Y iy, and V20, =
| gg(k'k — k'k)|Y s, respectively [Fig. 1(b)], where Y,y is a
spherical-harmonic function with rotational quantum number
J and its z component M; k" and k are the one-electron spin
orbitals of the surface Bloch state below Er of the STM tip and
above Ef of the metal substrate, respectively; g is the 1so, spin
orbital of H,. The spin orbitals with and without an overbar
indicate up-spin and down-spin orbitals, respectively. There is
no resonant molecular ionic state close to the Fermi level of
the substrate [Fig. S1(a)], indicating that the electron-rotation
coupling discussed below is induced by the electronically
nonresonant process. It is instructive to discuss the rotational
excitation channel from the rotational ground state of para-H,
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(Table S1; see also Supplemental Material Sec. 4 [35]) in the
case where k" and k have the o azimuthal rotational symmetry
around the tip-substrate axis such as s, p,, and dzz, because
the wave function of the tip and substrate atoms without o
azimuthal rotational symmetry has a small electron density
derived from the node along the tip-substrate axis, making
only a small contribution to the tunneling current [36] (see
Supplemental Material Sec. 3 for rotational selection rules
of other special cases [35]). Note that the electron-transfer
probability between H, and the electrodes depends on 6. Due
to the gerade inversion symmetry in the molecular coordinate
derived from the even parity of electron orbital, the molecular
1so, orbital has the twofold symmetry with respect to 6 in the
laboratory coordinate. This indicates that both electron overlap
integrals (k |g)e and (k" |g)e; have a rotational periodicity of
[Figs. 1(d) and S2]. These overlap integrals do not depend on
azimuthal angle ¢ due to the o azimuthal rotational symmetry
of the k and k' orbitals. Thus, they are typically expanded in the
Legendre polynomials of zero and second degrees as a function
of cosh, i.e., Co Py(cosf) + C, P>(cosh); the contribution of the
Legendre polynomials of odd degree is strictly excluded by the

gerade symmetry. Given that the electronic couplings (l} MS)mi
and ((} T™) sm are roughly proportional to the orbital overlap

[17,37,38], the (ﬁMs)mi and (0TM)fm terms are described as

(W1 Ows 1W; ) o< (Y] (k| g)erl Yoo)

~ (Yym| CoPo + C2P2|Yoo), 3)

(Wi | Um | 0,5 ) oc (Yypl (g 1K Vel Y aar)

~ (Yyml CoPo+ CoP2 Y mr).  (4)

Since the rotational integral (Y| P2(cos8) |Yoo) is nonzero
forJ'=2and M’ = 0, (Y| P2(cos0) |Y ) is nonzero for
J =0, 2, and 4 and M = 0. The isotropic electrode-rotator
coupling terms only contribute to the elastic process with
AJ =0 and AM = 0. We emphasize here that it is the
anisotropic electrode-rotator coupling, i.e., angle-dependent
tunneling amplitude, that induces rotational excitation in the
IET process [11]. Because the contribution of the Cy Py(cos6)
term is much larger than that of the C, P>(cos@) term [Fig. 1(d)]
and thus the values of C(,C», CoC3, and C;,C, are about one
order of magnitude larger than that of C,C}, (Table S4), the IET
process accompanying the AJ = +4 rotational excitation is
negligible compared with the AJ = 42 rotational excitation
process.

Similarly, in the case of the negative-ion (H, ™ )-mediated
IET process described by the (Ums)m(Utm)mi term
[Fig. 1(c)], the wave function for the intermediate state is
given by v2W— = | gg(k'ii — k'u) |Yp, where u is the 2 po,
molecular spin orbital. Although the electron DOS of the H, ™
state is rather broadened [Fig. S1(b)], the contribution of res-
onant electron transfer is still negligibly small (Supplemental
Material Sec. 2 [35]). Due to the ungerade inversion symmetry
derived from the odd parity of the 2 po,, orbital in the molecular
coordinate, the electronic overlap integrals (k |u)¢ and (k' |u))
are antisymmetric with respect to 7 rotation and have a
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rotational periodicity of 2 [Figs. 1(e) and S2]. Therefore, they
are typically expanded in the Legendre polynomials of first
degree as a function of cosf, i.e., C| P;(cos6); the contribution
of the Legendre polynomials of even degree is strictly excluded
by the ungerade symmetry. The (Urtm)yi and (Uwms) £y terms
are thus described as

(W | Urm | Wi ) oc (Y [ (K'Yt Yoo)

~ (Yym| CiPi(cos 0)Yoo), &)

(W Ous | ¥, ) o (Yarl (k) Yoar)

~ (Yyul CiPi(cosO) |Yy).  (6)

The rotational integrals (Y| P1(cos8)|Yy) and
(Yyp|P1(cos @) |Yy) are nonzero for J' =1 and M’ = 0,
and J =0,2 and M = 0, respectively, indicating that the
rotational excitation channel for IET mediated by the H,™
is AJ =2 and AM = 0. In this case, there is no contribution
of isotropic electrode-rotator coupling, and the elastic tunnel-
ing process is also induced by anisotropic electrode-rotator
coupling viathe /' = 1 and J — J' = —1 path.

The rotational selection rules of IET are concluded to be
AJ =2and AM = 0 for both processes mediated by positive
and negative H, ions. Note that all electron-transfer steps from
initial to intermediate states and intermediate to final states
[Figs. 1(b) and 1(c)] satisfy the strict restriction with respect to
the possible rotational state of para-H;: the rotational quantum
number of para-H, in the electronic E;’ states is odd, while
that in the electronic 22g+ states is even (Table S1). Because
the value of |C, C} |? for 2 po,, is about two orders of magnitude
larger than that of |CyC4|? and |C)Cs|* for 1so, (Table S4),
the contribution of the H,  -mediated IET is more than two
orders of magnitude larger than that of the H;’ -mediated IET
(Supplemental Material Sec. 4 [35]).

Isotope effects on the rotational selection rules are worth
discussing. In the case of the D, molecule that consists
of two identical nuclei and has inversion symmetry, the
rotational selection rules are strictly the same as those of H,.
In the case of the HD molecule, the electronic orbitals are
classified into gerade or ungerade symmetry as H, within the
adiabatic approximation. When the nuclear motion is taken
into account, however, the gerade and ungerade electronic
orbitals are partially mixed due to the nonadiabatic effect
[%9,40]. The electron-transfer matrix elements (Utwm); and
(Uwms) m in the HD™-mediated tunneling process are thus
given as Ci P+ CoPy+ C2P, and C{ P + C Py + C, P>,
respectively, resulting in the selection rules of AJ = 1,2,3,4
and AM = O for rotational IET. However, because the nona-
diabatic gerade-ungerade mixing is as small as 1072 in the
HD molecule [39,40], the contribution of Py and P, terms
in the HD™-mediated tunneling is negligibly small (Cy/C; ~
1072,C,/C; ~ 107%). Therefore, the same rotational selection
rules as the H, molecule, AJ =2 and AM =0, are also
operative in the HD junction. Our result validates the previous
experimental observation for HD junctions that the AJ =1
transition channel was negligibly small compared with the
AJ =21[24,25].
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FIG. 2. Rotational-energy-level splitting of para-H, under an
anisotropic potential. The rotational transition from (J,M) = (0,0)
state to (2,0) state is indicated by red arrows. See the main text for
nomenclatural details.

To give a molecular-level insight into the threshold bias
voltage of the rotational IET process, rotational-energy struc-
ture of the quantum rotator should be discussed. In the
nanoscale junction, not only the potential energy V but
also the equilibrium intramolecular bond distance R, of H;
changes periodically with 6 due to the anisotropic electrode-
molecule interaction that breaks rotational symmetry in the
free rotation. In this case, the traditional free rigid rotator
model as well as the nearly-free rigid rotator model [12,19-21]
assuming constant R, seems inappropriate; the rotational
motion of H; in the junction would be better described by the
nearly-free flexible-rotator model in which R, anisotropically
deviates from the gas-phase value R., depending on 6 (see
Supplemental Material Sec. 5 [35] for details). Owing to the
symmetry breaking in the free gas phase and the resultant
twofold rotational symmetry of the H, junction with respect
to 6, the potential energy and the deviation of R, from R,
are expressed by the Legendre polynomials of even degree
asV(0) = Vo + VoPy(cosO)and AR, = R, — R,y = AR, +
AR, P>(cos 8) where V and AR, are isotropic contribution,
and V;, and AR, are anisotropic contribution. The dependence
of V and AR, on the azimuthal angle ¢ is negligibly
small for the weakly trapped H, (Fig. S6) [18,21,41]. The
Schrodinger equation of the nearly-free flexible rotator is
thus described by Eq. (S14): [BTJ? + V5 Py(cos 0)] Yot =
ErotWror, Where BT = B[1 — 2(AR,0/R,,)] is the effective
rotational constant and V5 = V, — 2BJ?(AR./R.,) is the
effective potential anisotropy (see Supplemental Material Sec.
5 [35] for details). Within the first-order perturbation theory
using zero-order wave functions in the isolated states, the
rotational energy of the nearly-free flexible rotator is given
as Evr = (Y71 BT J? + V5 Py(cos 6)|Y ;. v). Therefore, the
rotational-energy shift from the gas-phase value BJ(J + 1) is
described as

AEo(J,M) = —=2BJ(J + 1)(AR.0/R.,)
+ Vs (I)(Y ) M| Pa(cos O) Yy m),  (T)

where B = hz/Z/Lng is the rotational constant of H; in
the gas phase, V5(J)= Vo —2BJ(J + 1)(ARx/Re) is
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the effective potential anisotropy, and the horizontal bars
indicate mean values with respect to the center-of-mass
position z of H, (Fig. 3). Equations (7) and (S17) indicate
that the degenerated rotational levels of J =2 in the gas
phase are split by the rotational symmetry breaking induced
by anisotropy Vzeff(J ). The resultant total energy shifts
of the (J,M)=(0,0), (2,0), (2, £1), and (2, £2) states
are 0, —12B(AR,0/Reg) + (2/T)V5T(2), —12B(ARu0/Reg) +
(1/7)V5%(2), and —12B(AR.0/R.e) — (2/T)V5T(2), respec-
tively (Fig. 2).

To quantitatively evaluate rotational-energy structure,
we have performed spin-polarized density-functional theory
(DFT) calculations for H, between the Au(110) electrode and
STM tip by taking account of the van der Waals interaction
(Supplemental Material Secs. 6 and 11 [35]). The values of
V and AR, were derived as a function of z for particular 6
and ¢ and the distance between the STM tip and Au(110),
d. Figure S6 shows that the azimuthal-angle dependence
is negligibly small, indicating that H, in the junction has
azimuthal rotational symmetry; this is because the corrugation
of the electronic wave functions of Au(110) and the STM
tip is smoothened at a rather distant z [18,21,41]. Given that
only the AM = 0 channel is allowed in the rotational IET
process, the threshold energy relative to the gas-phase value
6B is AE;(2,0) = —12B(AR.0/Reg) + (2/T)V5E(2).

Figure 3 shows the isotropic and anisotropic contributions
of Vand AR, at d =20, 7.5, and 7.0 A as a function of z
(Supplemental Material Sec. 7 [35]). Atd = 20 1&, H, interacts
only with Au(110). The mean position Z of H; for the ground
state in Vp potential is z ~ 3.2A [Figs. 3(a) and S7(a)].
Vo, AR./Re, and AR, /R,, are —2.6 meV, 2.8 x 1073,
and 2.7 x 1073, respectively [Table I]. The negative sign
of V, indicates that H, on Au(110) prefers perpendicular
orientation; the M = 0 rotational state is the most stable
(Fig. 2). The value of V, = —2.6meV is consistent with
the values on other noble metal surfaces of Cu and Ag
[15,20,21,41]. When the STM tip approaches the Au(110)
electrode, the center-of-mass position of H; in the Vj potential
is rather delocalized between 3.0 < z < 50A atd =75A
and 3.0<z < 45A at d =7.0A due to the additional
attractive interaction with the STM tip [Figs. 3(b) and 3(c)].
As d decreases, both the isotropic and anisotropic potentials
become deeper and AR,y/R., and AR,»/R,, increase owing
to the partial hybridization interaction of the antibonding
H, molecular orbital [21,41] with the Au(110) and STM-tip
surface orbitals. Values of Vo, AR,o/R.s, and AR.»/R,, are
shown in Table I. The rotational-energy shifts derived from
the first term of Eq. (7), 6B — 6B = —12B(AR€0/Reg), are
—0.25, —0.13, and —0.35 meV at d =20, 7.5, and 7.0 10%,
respectively, while those derived from the second term of
Eq. (7), (2/7)\_/26“(2), are —0.69, —1.1, and —2.0 meV at
d =20, 7.5, and 7.0 A, respectively (Table I). Therefore,
the total rotational-energy shifts AE(2,0) are —0.9, —1.2,
and —2.4 meV at d =20, 7.5, and 7.0 A, respectively; the
results are in good agreement with the rotational-energy shifts
at d =7.5 and 7.0 A (Table 1) observed in the previous
IET experiment [24]. Considering the contribution of V5,
6Betr — 6B < ARyo/Req, and Vo — V5™ oc AR,/ R, on the
rotational-energy shift (TableI), i.e., | V5| (anisotropic potential
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FIG. 3. Calculated values of V;,V,, ARy, and AR,, for a H, molecule trapped between the STM tip and Au(110) as a function of
center-of-mass position z. Tip-Au(110) distance d is (a) 20 A, (b) 7.5 A, and (c) 7.0 A. Both H; and the STM tip are at an on-top site of Au(110)

(see also Supplemental Material Secs. 6, 7, and 11 for details [35]).

effect) > |6 Besr — 6B (isotropic kinetic effect) > [V, — V5|
(anisotropic kinetic effect), it can be concluded that the
rotational-energy structure of H, in the nanoscale junction
is dominated by the potential anisotropyV,, in contrast to
the conventional assumption in the previous rotational IET
spectroscopy [24-28] that Hj is freely rotating in the nanoscale
junction and the rotational-energy shift is dominated by the
changes in the isotropic rotational kinetic energy 6 B.ss — 6B
AReo/Rgg. As discussed in Supplemental Material Sec. 9
[35], the contribution of the static quadrupole interaction
with the electric-field gradient is also negligibly small for the
rotational-energy structure.

Finally, our theoretical framework is applicable to other
quantum-rotator systems. For example, in the case of two
H, rotators simultaneously trapped in a nanoscale junction,
we found that the rotational excitation energy of the two
H, molecules also varies as a function of tip-substrate
distance due to the anisotropic confinement (Fig. S9). Sequen-
tial rotational transitions of (i) two para-H, (J =0 — 2),
(i) para-H, (J =0 — 2) and ortho-H, (J =1 — 3), and

(iii) two ortho-H; (J = 1 — 3), within a nanoscale junction
(Supplemental Material Sec. 10 [35]) validate the unidentified
threshold voltage of IET [22] at around 90, 120, and 150 mV,
respectively.

In summary, the microscopic mechanism of electron
tunneling accompanying quantum rotation is demonstrated
theoretically. We found that the isotropic coupling cannot
contribute to the rotational IET process; this process is
exclusively induced by the 6-dependent tunneling amplitude
derived from the anisotropic character of the short-range
electrode-rotator coupling. Only the specific transfer channel
that adequately exchanges a quantum angular momentum
between the electronic orbital and molecular rotational degrees
of freedom is allowed. Using first-principles calculation, we
also show that the potential anisotropy that induces rotational
symmetry breaking dominates the rotational-energy structure
of the spatially confined quantum rotator between electrodes;
thus the threshold bias voltage that triggers the rotational IET
process is sensitively tuned by the size of nanocavity between
electrodes via potential anisotropy.

TABLE 1. Calculated values of structure parameter, potential anisotropy, and the resultant contribution of kinetic and potential energy
on rotational-energy shift of H, at typical tip-Au(110) distance d. Experimentally observed rotational-energy shifts [26] are also shown for
comparison

dA) AR,/ Ry ARn/Ry 6By —6B (meV) Vo (meV) VI2 (2/NVi? (meV) AEN(2,0)(meV) Observed shift (meV)
200 28x107% 27x1073 —2.5%x 107! —-2.6 —2.4 —6.9 x 107! —9.4 x 107!

7.5 1.5x1073 12x1073 —1.3 x 107! —-3.8 —3.7 —1.1 —1.2 —-09+04

7.0 40x%x 1073 33x1073 —3.5%x 107! -7.1 —6.9 -2.0 -2.4 —2.7+£02
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