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rrents and circular dichroism of
Mg-porphyrin in a chiral cavity†

Shichao Sun, Bing Gu and Shaul Mukamel *

By placingMg-porphyrinmolecules in a chiral optical cavity, time reversal symmetry is broken, and polariton

ring currents can be generated with linearly polarized light, resulting in a circular dichroism signal. Since the

electronic state degeneracy in the molecule is lifted by the formation of chiral polaritons, this signal is one

order of magnitude stronger than the bare molecule signal induced by circularly polarized light.

Enantiomer-selective photochemical processes in chiral optical cavities is an intriguing future possibility.
Introduction

Optical cavities have recently emerged as a new means for
manipulating photophysical and photochemical molecular
processes.1–3 The vacuum electric eld due to the zero-point
energy of a conned optical cavity mode can modify the
molecular potential energy landscape even in the absence of
external driving elds. The cavity mode can be characterised by
the qualify factor Q, dened as the ratio of the cavity frequency
and resonance width. Larger Q implies higher quality and
longer cavity photon lifetime. Substantial couplings can be
induced between electronic or vibrational molecular transitions
and the conned cavity mode. In the strong coupling regime
whereby the light-matter coupling is stronger than the loss rate
of the cavity mode and the molecular decoherence rate, the
molecular degrees of freedom mix with the cavity photon to
form hybrid light-matter states, known as polaritons. Molecular
polaritons, which carry both characters of matter and light,
have been reported for a plethora of systems, even for a single
molecule.3–8 Experimental evidence suggesting that the strong
coupling can alter the branching ratio of a chemical reaction,9

induce long-range energy transfer,4,5 enhance Raman scat-
tering,7 and modify photochemical reaction rates10 has trig-
gered extensive theoretical activities.10–30

Chiral cavities refer to optical cavities with spatial, temporal
or spatio-temporal symmetries broken.31 Here we focus on the
chiral cavity whose mode prole depend on the circular polar-
ization. They offer a new means for controlling photophysical
properties of molecules. Such chiral optical cavity can be con-
structed by embedding the Faraday rotator32 in a Fabry–Perot
cavity.31 Faraday rotator is a material with magneto-optical
effect. With a longitudinal static magnetic eld is applied on
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the Faraday rotator, the le and right circularly polarized light
are shied by different phases when transmitting through it.
The phase of the circularly polarized standing wave formed in
the cavity is shied by the Faraday rotator. This can lead to an
asymmetry in the spatial proles of the le and right circularly
polarized cavity mode, in contrast to non-chiral cavities where
the spatial prole is independent of the polarization. By tuning
the phase shi, it is possible to position the spatial envelope
peak of the right circularly polarized wave at the node of the le
circularly polarized wave. We can then create regions in the
cavity where thin layers are sorely subjected to the le or right
circularly polarized cavity mode, as shown in Fig. 1. Such chiral
cavity where le and right circularly polarized cavity modes
couples differently to the embedded molecules is highly
promising for controlling the chiral photophysical properties of
molecules and materials. A characteristic feature of chiral
cavities is that it breaks the time reversal symmetry. Time
reversal symmetry is a property where physical property is
invariant under time reversal operation. For a cavity with
regular mirrors, time reversal symmetry cannot be broken. At
a given location, a time reversal operation will revert a circular
polarization mode to the opposite circular polarization. With
time reversal symmetry, an embedded molecule will effectively
couple with a linearly polarization mode in a non-chiral cavity.
Breaking this symmetry can lead to interesting effects such as
light induced ring currents,33 magnetic circular dichroism44 and
topological states.61

In this paper, we explore the effects of time reversal
symmetry breaking on Mg-porphyrin molecules placed in
a chiral cavity.

The rst effect is an induced ring current in a cyclic conju-
gated molecule. In the absence of external perturbations, ring
currents of opposite directions are equally likely, and no net
current is produced. By breaking time reversal symmetry using
either circularly polarized light33–36 or a static magnetic eld,37–42

ring current in one direction is favored and a net ring current
can be produced. The two methods have different features. The
Chem. Sci., 2022, 13, 1037–1048 | 1037
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Fig. 1 Optical chiral cavity created by Faraday rotator and regular
mirrors. Two Faraday rotators (green) are placed on the interior side of
the two mirrors (blue). A magnetic field is applied along the cavity x-
axis. The left circularly polarized standing wave (light blue) and right
circularly polarized standing wave (orange) have a phase difference. At
the node of the left circularly polarized standing wave, the right
circularly polarized wave dominates. A plate of sample molecules is
placed in the plane at the peak of right circularly polarized standing
wave.
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static magnetic eld perturbs all states since it is not resonant
with any excited state, whereas circularly polarized light can be
tuned to be resonant with a selected state. Another difference is
that circularly polarized light does not li the degeneracy of
excited states while a magnetic eld does. In an achiral mole-
cule with a Cn rotation axis where n > 2 pumped with circularly
polarized pulse, the time-resolved circular dichroism (CD)
signal involving doubly degenerate states with E character is
usually weak since CD signals from a pair of doubly degenerate
states cancel out.43 We refer to doubly degenerate states as E
states in the following. The magnetic eld, in contrast, removes
the E states degeneracy and produces two relatively strong
peaks with opposite sign in the magnetic circular dichroism
(MCD) signal, known as A-term in MCD spectrum.43–45

Chiral optical cavities breaks the time-reversal symmetry
through the vacuum eld with local optical chirality. The cavity
mode frequency can be tuned by changing the distance between
mirrors to couple with selected molecular excited states. By
placing the Mg-porphyrin molecules in a chiral optical cavity,
a ring current can be created even by a linearly polarized light,
in contrast to a bare molecule, which requires a circularly
polarized light pulse to break the time reversal symmetry.
Moreover, the cavity mode selectively couples with one of the
degenerate pair of E states of a molecule possessing a rotation
axis Cn (n > 2). This lis the two fold degeneracy thus producing
a stronger CD signal.

Hereaer, we explore the effects of chiral optical cavity on
the polariton ring currents. It is well established computation-
ally that a circular polarized light pulse can create a ring current
in Mg-porphyrin.33 This is formed by the coherence of degen-
erate excited states with Eu irreducible representation of Mg-
porphyrin and can be detected by time-resolved X-ray circular
dichroism.46 Here, we show how to create a ring current by
applying a linearly polarized pump pulse on a Mg-porphyrin
molecule placed in a chiral optical cavity. Extending the work
in ref. 46, we probe the polariton ring current by measuring the
UV-visible circular dichroism signal following optical pump
excitation. We further explore the enhancement of the CD
1038 | Chem. Sci., 2022, 13, 1037–1048
signal in the chiral cavity by liing the excited state degeneracy
and the signatures of detuning and coupling strength of the
chiral cavity. Finally, we compare the polariton CD with
molecular MCD, and show that they share a similar mechanism
of enhancing the CD signal.
Theory and methodology

As shown in Fig. 1, we place the molecules in the y–z plane, with
the four N atoms lying along the y, z axes. The molecular
geometry is optimized using DFT with the B3LYP functional47–50

and the 6-31g(d) basis set and Gaussian 16.51 The excited states
are computed with time-dependent density functional theory in
the Tamm–Dancoff approximation (TDA) using the Chronus
Quantum code.52 Both DFT and TDA calculations employ the
same density functional and basis set used in the geometry
optimization. The energy and transition electric dipoles
between the ground and excited states are listed in Table S1 in
ESI.† The transition dipole moments between excited states are
given in Table S2.†

The molecular excited states jm1i and jm2i are degenerate
with energy ħu1 ¼ 2.4481 eV, and have transition electric
dipoles along z and �y respectively. We construct their linear
combinations

jm�i ¼ 1ffiffiffi
2

p ð �jm2i � ijm1iÞ (1)

whose energies ħu� are the same as ħu1 and ħu2. The jm�i
states carry molecular ring currents around x-axis with opposite
directions.33 The bare molecular Hamiltonian is

Hmol ¼ ħugjgihgj þ
X
j

ħuj

��mj

��
mj

�� (2)

where jgi is the molecular ground state. jmji runs over the ring
current carrying molecular excited states j ¼ +, � and higher
excited states j ¼ 3, 4, 5..

The chiral cavity can be built with two Faraday mirrors
placed in the yz plane (Fig. 1). Unlike ordinary (Fabry–Perot)
cavities which contain two regular mirrors, a chiral cavity is
formed with two parallel Faraday mirrors, where a Faraday
rotator is placed on top of each regular mirror. A circularly-
polarized light reected by a regular mirror has the reverse
circular polarization and propagation direction, thus forming
a circularly polarized standing wave. In a cavity with regular
mirrors, due to time reversal symmetry, the coexistence of
standing wave modes with opposite circular polarization makes
the cavity mode achiral. In a chiral cavity, the Faraday rotator
rotates the polarization of the le/right circularly polarized
standing wave differently, giving their spatial envelope a phase

difference 4 (see eqn (S3) in ESI†). For 4 ¼ p

2
ð2nþ 1Þ where n¼

0, 1, 2., the peak of the spatial envelope of right circularly
polarized wave lies at the node of the le circularly polarized
wave, producing a plane dominated by a right circularly polar-
ized wave (Fig. 1) where a Mg-porphyrin thin lm is placed. The
cavity-mode frequency is ħuc ¼ ħu+ � d, where d is its detuning.
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Ladder diagrams of the circular dichroism signal. The left and
right diagrams correspond to first and second term in eqn (9)
respectively. The gray zone is the pump pulse with either a linearly
polarized pulse or circularly polarized pulse. After the pump pulse, the
polariton is excited and described by density matrix ree0. A CD
measurement is done with circularly polarized pump pulse at a later
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The quantized circularly polarized standing wave can be written
as

Ec;þ ¼ 2iE cosðk$rÞ�eþa e�iuct � e�a
† eiuct

�
(3)

where e� ¼ 1ffiffiffi
2

p ðey � iezÞ are the polarization vectors, a and

a† are creation and annihilation operator of cavity mode

respectively and E ¼
ffiffiffiffiffiffiffiffiffiffi
ħuc

2V30

r
is the vacuum electric eld ampli-

tude where V is the cavity volume and 30 is vacuum permittivity.

Hc ¼ ħuc

�
a†aþ 1

2

	
is the cavity Hamiltonian. The molecule/

cavity interaction Hamiltonian is

HI ¼ 2Ei½aeþ � a†e��$
XN
n¼1

mðnÞ (4)

where m ¼ m+ + m� is electric dipole of single molecule, m� are
raising and lowering electric dipole operators which excite and
deexcite the molecule and N is the number of molecules.
Dening collective ground state jGi ¼ jg1g2.gNi and the totally
symmetric collective excited states

��Mj

� ¼ 1ffiffiffiffiffi
N

p
X
n

���g1.gn�1m
ðnÞ
j gnþ1.gN

E
(5)

the cavity–molecule interaction can be recast in the form

HI ¼ 2gi
X
j

h
ðaeþ � a†e�Þ$



mg;mj

jGi�Mj

��þ mmj ;g

��Mj

�hGj
�i

(6)

where g ¼ ffiffiffiffi
N

p
E is the coupling strength. For a plane with area

A, N ¼ nA, where n is the number of molecules per unit area.

Thus the coupling strength g ¼
ffiffiffiffiffiffiffiffiffiffiffi
nħuc

2L30

r
where L is the distance

between the cavity mirrors. The terms containing am+ and a†m�

in eqn (6) represent the polariton interaction, while am� and
a†m+ are counter-rotating terms.

The total Hamiltonian is H ¼ Hmol 5 Ic + Hc 5 Imol + HI. The
joint light-matter states jMj, ni ¼ jMji 5 jni are given by direct
products of molecular and cavity-photon number states. The
polariton states denoted jPai (a ¼ 0, 1, 2, 3.) are obtained by
diagonalizing this Hamiltonian in the joint molecule–cavity
space, where a runs over polariton states.

We use a le-circularly polarized pulse

E leftðtÞ ¼ E0

�
ey cosðUðt� sÞÞ � ez sinðUðt� sÞÞ�exp

"
� ðt� sÞ2

2s2

#

(7)

and a linearly polarized pulse

E linearðtÞ ¼ E0ey cosðUðt� sÞÞexp
�
� ðt� sÞ2

2s2



to excite the

molecule. We assume that the external laser elds couple
directly to the molecules. We used the pulse amplitude E0 ¼
5.14 � 107 V cm�1 (intensity I ¼ 3.51 � 1012 W cm�2) and U is
resonant with jP0i to jP1i transition energy. s is 0.072 6 fs (or 3.0

a.u.) (
1
s
¼ 1

3
EH in energy domain) so that the pulse bandwidth

selectively excites only the jP1i, jP2i polariton states. Since the
© 2022 The Author(s). Published by the Royal Society of Chemistry
ground state energy in the chiral cavity is not very different from
the vacuum (see Fig. 3), the ionization potential (IP) in the
cavity, which can be approximated by the energy difference of
the ground state of cation and neutral molecule, will be
essentially the same as in the vacuum. With IP ¼ 6.9 eV,33 the
ionization rate is estimated with the tunneling ionization
model53,54 as 9.7 � 107 s�1, which is negligible. Thus, the ioni-
zation process is neglected. The polariton dynamics was
calculated by solving the time dependent Schrödinger equation

iħ
vjjðtÞi

vt
¼ ½H � m$EðtÞ�jjðtÞi (8)

where j is the state for the entire polariton system, and the
Hamiltonian H is represented in the polariton eigen states. The
evolution was calculated between t0 ¼� 9.0 fs and tf ¼ 27 fs and
the pulse is centered at t¼ 0.0 fs. Since the fastest motion in the
system is C–H stretching which has 11 fs period, the nuclear
motions are frozen during the evolution.

The polariton induced ring currents are monitored by the CD
spectroscopy. The signal measured at frequency u aer the
pump pulse is over is derived using time-dependent perturba-
tion theory46

SCDðuÞ ¼ 2

ħ2
Re

X
e;e

0
;e00

��AprðuÞ
��2ree0

�
je0e00 ðksÞ � j

†
e00eð�ksÞ

u� ue00e0 þ iG
� je00eðksÞ � j

†
e00e0 ð�ksÞ

�u� uee00 þ iG



$ex (9)

where e, e0, e00 run over the polariton states. ree0 ¼ hejjihjje0i is
the polariton density matrix at tf. ks ¼ u

c
ex and Apr(u) are the

wave vector and the vector potential envelope of the probe
pulse, respectively. je0e00 ðksÞ ¼

Ð
drje0e00 ðrÞ e�iks$r is the Fourier

transformed transition current density. ħue00e0 ¼ Ee00 � Ee0 is the
energy difference between two states. The ladder diagram rep-
resenting eqn (9) is shown in Fig. 2. All CD spectra were simu-
lated for N ¼ 1 to exclude two-exciton states from different
molecules in the double excitation manifold.

For MCD, we apply B ¼ 8 T magnetic eld along the x axis
and simulate the CD spectrum with linear response TDDFT55–57
time.

Chem. Sci., 2022, 13, 1037–1048 | 1039
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using the same density functional and basis set used in TDA
calculations.
Fig. 4 Current density profile of the polariton ground state.
Results and discussion
Ring current in the chiral polariton states

To study the chiral polaritons of Mg-porphyrin in a chiral cavity,
we rst identify the polariton states that carry a ring current. We
set the detuning d ¼ 0 eV and the coupling strength g ¼ 1.028 �
10�1 V Å�1 (0.002 a.u.) where jgmg,m+j ¼ 1.8 � 10�3 eV. With
strong light-matter coupling, the ring-current-carrying bare

molecular excited state jMþi ¼ 1ffiffiffi
2

p ð�jM2i þ ijM1iÞ (see eqn (1)

and (5)) together with higher-lying excited states, hybridize with
the cavity photon state j1i to form two polariton states jP1i and
jP2i while the degenerate state jM�i ¼ 1ffiffiffi

2
p ð�jM2i � ijM1iÞ

remains intact, as shown in Fig. 3. The higher-lying excited
states play an important role in the formation of polariton states
because their large detuning is compensated by the stronger
transition dipole moment. Similar effects were observed for
a transition metal complex.30 Had we retained only the resonant
jM�i states, the polariton states jP1/2i would be an equal
mixture of states jM+, 0i and jG, 1i as in the Jaynes–Cummings
model. However, jP2i is primarily jM+, 0i whereas jP1i is
primarily jG, 1i. The jP1i and jP2i states with Rabi splitting 27
meV carry an overall counterclockwise ring current as displayed
in Fig. 5 with a spatial prole similar to the molecular ring
current induced by a circularly polarized pump.33 The currents
inside and outside the ring have the same direction.

In a chiral cavity, the molecule–cavity interaction has the
contribution of mMj,Gh1ja†j0i in eqn (6). Through the counter-
rotating term coupling (am� � a†m+) between jG, 0i and jMj,
1i, the chiral cavity perturbs and creates a ring current in the
polariton ground state jP0i as shown in Fig. 4. Even the ground
state energy does not change much at g ¼ 1.028 � 10�1 V Å�1 in
Fig. 3, the existence of ground state current shows the effect the
counter-rotating term before even reaching the ultrastrong
coupling regime, which is a direct evidence of time reversal
Fig. 3 Polariton energy variation with g for detuning d ¼ 0. The
splitting of jP1i and jP2i increase with g. The energy of jP2i is lower than
jM�i for g > 0.16 V Å�1.

1040 | Chem. Sci., 2022, 13, 1037–1048
symmetry breaking. The ground state current has more inter-
esting features than the polariton excited state current. Apart
from the overall counterclockwise current around the
porphyrin, each pyrrole ring has its local ring current. The
current around the Mg cation inside the porphyrin is in the
opposite direction than the outside current.

Integrating the current density over the half plane shows that
the current in the polariton ground state (1.6 � 10�8 A) is
weaker than jP1i (7.9 � 10�6 A) and jP2i (7.4 � 10�5 A). The jP2i
current is stronger since it has more contribution from jM+,
0i than jP1i. The induced magnetic eld on the Mg is 7.7� 10�6
Fig. 5 Current density profile of the jP1i polariton state. The ring
current of jP2i is similar but stronger.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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T for polariton ground state, 1.6 � 10�2 T for jP1i, and 1.5 �
10�1 T for jP2i.
Polariton ring-currents created by a circularly polarized pump
pulse

The excited state polariton ring current is created by an external
pump pulse. The time evolution of ground state and excited
state populations for circularly polarized pulse eqn (7) is
depicted in the top panel of Fig. 6. The applied pulse brings the
ground state to the polariton state jP1i. jP2i has a very small
population since the oscillator strength from jP0i to jP2i is
much weaker. The unperturbed excited state jM�i is not
populated due to the selection rule. To probe the ring current,
we have simulated the CD of the polariton states in UV-visible
regime following a circularly polarized pulse shown in Fig. 8
top panel.
Fig. 6 Top: population dynamics (eqn (8)) of the polariton states for
a Mg-porphyrin in the chiral cavity excited by a circularly polarized
pulse. Bottom: y component of the electric field of the pump pulse.

Fig. 7 Population dynamics of the Mg-porphyrin molecule excited by
a circularly polarized pulse same as Fig. 6. The molecular excited state
6 is slightly populated as well.

Fig. 8 CD signals eqn (9) of polariton in the chiral cavity with d¼ 0, g¼
1.028� 10�1 V Å�1 (or 0.002 a.u.) (top), and no cavity (bottom). The CD
measurement follows a circularly polarized pump pulse in both
polariton and bare molecule.

© 2022 The Author(s). Published by the Royal Society of Chemistry
For comparison, we present the same quantities for the bare
(no cavity) Mg-porphyrin molecule in Fig. 7 and 8 bottom panel.
The right circularly polarized light selectively excites the state
jM+i, which carries a ring current.

We rst observe an order of magnitude enhanced polariton
CD signal around 4.0 eV. In the CD signal without cavity, the
peaks between 3.7 eV and 4.1 eV have those contributions: At
3.795 9 eV, the excitation is from jGi to jM3i has intensity
rMþ ;G jG;M3

� j†M3;Mþ , and transition from jM3i to jGi with inten-
sity rG;MþjM3;G � j†M3;Mþ . At 4.060 1 eV, the transition from jM9i to
jGi with intensity rG;MþjM9;G � j†M9;Mþ . However, in polariton CD,
the 3.7 to 4.1 eV regime is dominated by a group of much
stronger peaks. We can assign the contributions of various
polariton states by examining the numerator in the CD
expression eqn (9). The strongest 4.1 eV peaks correspond to
two pairs of transitions: (1) excitation from the ground state jP0i
to the polariton states jP10i, jP11i, which mainly consist of
�ijM8, 0i + jM9, 0i and ijM8, 0i + jM9, 0i respectively; (2) exci-
tation from lower polariton state jP1i (mainly consist of jG, 1i) to
polariton state jP21i and jP23i, which primarily consist of ijM8,
1i � jM9, 1i and �ijM8, 1i � jM9, 1i respectively. Note that
the degenerate molecular states jM8i and jM9i with Eu

irreducible representation have electric dipole along y and �z
respectively (Table S1†). In order to explain the CD signal
enhancement, we dene degenerate molecular states��MII

�i ¼
1ffiffiffi
2

p ð�ijM8i � jM9iÞ. Their CD signal strengths of
Chem. Sci., 2022, 13, 1037–1048 | 1041
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molecular systems are determined by jG;MII
þ
� jMII

þ ;G
and

jG;MII
�
� jMII� ;G

(eqn (9)), which have the same magnitude but an

opposite sign. Since the molecular states jMII
+ i and jMII

�i are
degenerate, their CD signals cancel out. For the polariton states
jP10i and jP11i, the CD signal strength jP0,P10

� jP10P0
and jP0P11

�
jP11P0

have a similar magnitude but an opposite sign. Due to
their coupling with the chiral cavity, states jP10i and jP11i are
non degenerate. We thus see a strong positive peak and negative
peak next to each other in the polariton spectrum around 4.1 eV.
The cause of the strong CD signal from jP1i to the polariton
states jP21i and jP23i is similar. Since jP1i carries a polariton
ring current, the 4.1 eV peak can be viewed as partially ring
current CD signal and partially ground state excitation signal.

To further conrm that the enhancement of CD
is caused by the chiral cavity, we place the molecule in a non-
chiral cavity with a linearly polarized standing wave

Est ¼ 2iE cosðk$rÞ½eyza e�iuct � eyza† eiuct�, where the polariza-

tion vector is eyz ¼ 1ffiffiffi
2

p ðey þ ezÞ. The polarization vectors e+, e�

in the molecule–cavity interaction Hamiltonian (eqn (6)) are
replaced by the linearly polarization vector eyz. The resulting CD
signal shown in Fig. 9 has a similar magnitude to that of the
bare molecule. The enhancement of CD signal (top panel of
Fig. 8) is thus due to the chiral modes.

The weaker peaks in the polariton CD signal in the top panel
of Fig. 8 also contain signatures of polariton states. The 6.495
3 eV peak in the polariton CD is mainly the excitation from jP0i
to jP21i (mostly ijM8, 1i � jM9, 1i), with intensity
rP1;P0

jP0;P21
� j†P21;P1 . Such peaks do not exist in the bare molecule

CD signal shown in the lower panel of Fig. 8.
There are also some noticeable differences between the bare

molecule and the polaritons in some groups of peaks. Without
cavity, the 2.448 1 eV peak corresponds to the transition from
the ground state to jM+i with intensity rG;M7

jMþ;G � j†Mþ ;M7
. For

polariton CD, the peak at 2.451 9 eV is the excitation from
ground state jP0i to jM�i with intensity rP0;P0 jP0;M� � j†M� ;P0 . The
peaks at 2.453 4 eV and 2.426 3 eV represent excitations from
ground state to upper and lower polariton states, with intensity
Fig. 9 CD signal eqn (6) of polariton with d ¼ 0, g ¼ 0.002 for Mg-
porphyrin molecule in the linearly polarized cavity excited by circularly
polarized pulse.

1042 | Chem. Sci., 2022, 13, 1037–1048
rP0;P0
jP0;P2

� j†P2;P0 and rP0;P0
jP0;P1

� j†P1;P0 respectively. Such exci-
tations are not present in the bare molecule, due to the
cancellation of signal of the degenerate states with Eu irreduc-
ible representation (see Table S1†).

The intensity of the group of peaks around 1.4 eV is similar
for the bare molecule and polaritons. In the bare molecule, the
negative 1.347 8 eV peak corresponds to the excitation from
jM+i to excited state jM3i and its strength is determined by
rMþ ;MþjMþ ;M3

� j†M3;Mþ (rst term in eqn (9)). The positive 1.536
3 eV peak arises from the transition from jM+i to jM7i, whose
intensity is determined by rMþ ;MþjMþ;M7

� j†M7;Mþ . A similar
excitation can be found in the polariton CD spectrum at 1.33 eV.
The negative peak has two contributions: (1) the excitation from
jP2i to jP5i (mostly jM3, 0i) with intensity rP0;P2jP2;P5

� j†P5;P0
; (2)

the transition from jP5i to jP2i with intensity rP2;P1
jP5;P2

� j†P5;P1 .
The positive peak has two contributions: (1) jP5i to jP1i, with
intensity rP1;P0

jP5;P1 � j†P5;P0 ; (2) transition from jP5i to jP1i, with
intensity rP1;P2jP5;P1

� j†P5;P2 .

Polariton ring currents created by a linearly polarized light

Unlike the bare molecules, the polariton ring currents can be
induced by a linearly polarized light. The population dynamics
is shown in Fig. 10. Following the pulse, the lower polariton
state jP1i population increases signicantly, while the unper-
turbed state jM�i only slightly increases since the transition
dipole of ground state and lower polariton state mP0,P1 is much
larger than that to the unperturbed state mP0,M�. The lower
polariton state jP1i is dominated by jG, 1i. Since the transition
dipoles between ground state and higher excited states (e.g.,
excited state 4, 5, 8, 9 in Table S1†) are about 10 times higher
than mG,M+ and mG,M�, the lower polariton state jP1i is mixed
with these higher excited states through resonant interaction of
the molecule–cavity coupling, for example hG, 1jma†jM9, 0i. The
mixing of higher energy excited states with large detunings in
the polariton states does not require counter-rotating terms,
although there are extra contributions from them, for example,
hM+, 0jmajM9, 1i. The transition dipole mG,P1 is thus much
higher than mG,M�, which causes a population difference
Fig. 10 Population dynamics of polariton states created by a linearly
polarized light pulse with d ¼ 0, g ¼ 1.028 � 10�1 V Å�1.

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 12 Left: Population dynamics for different g at d ¼ 0. Right: Circula

Fig. 11 Upper panel: circular dichroism spectrum eqn (9) of polaritons
with d ¼ 0, g ¼ 1.028 � 10�1 V Å�1 excited by linearly polarized pulse.
Lower panel: magnetic circular dichroism of Mg-porphyrin molecule
in the magnetic field of 8 T (or 3.403 5 � 10�5 a.u.).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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following the linear polarized pulse, thus creating a ring
current. The CD spectrum of polariton excited by linearly
polarized light is shown in the upper panel of Fig. 11.
Enhancement of the CD spectrum in both linearly polarized
light excitation (upper panel of Fig. 11) and in circularly polar-
ized light excitation (upper panel of Fig. 8) originates from the
excitations from jP0i and jP1i to higher excited states jP10i, jP11i,
jP21i, jP23i. The degeneracy of jP10i and jP11i and of jP21i and
jP23i are lied by the chiral cavity mode.

Signatures of detuning and coupling strength

The polariton state energies for zero detuning d and different
coupling strengths g are depicted in Fig. 3. In the weak coupling
region (g < 1.6 � 10�1 V Å�1), state jM�i is higher than jP1i and
lower than jP2i. For g > 1.6 � 10�1 V Å�1, jM�i is higher than
jP2i.

In Fig. 12, we vary the coupling g from 2.056 � 10�1 V Å�1 to
5.142 � 10�1 V Å�1 (or from 0.004 to 0.010 a.u.) holding the
detuning d ¼ 0, and use a circularly polarized light pulse to
initiate the dynamics.

Comparing Fig. 6 with the le panel of Fig. 12, we nd that
the population of the polariton state jP12i dominated by jG, 2i
increases with coupling strength. As g is increased to 5.142 V
Å�1, the population of jP12i (dominated by jG, 2i) is much
higher than the lower polariton state jP1i (dominated by jG, 1i)
aer the pulse.

The variation of the polariton state energies with detuning is
depicted in Fig. 13 for a xed coupling strength g ¼ 1.028 �
10�1 V Å�1. The population evolution and the CD spectra are
displayed in Fig. 14. For d < 0, the lower polariton state jP1i is
dominated by jM+, 0i while the upper polariton jP2i is
r dichroism signal eqn (9) for different g at d ¼ 0.

Chem. Sci., 2022, 13, 1037–1048 | 1043



Fig. 14 Left: Population dynamics for different d at g ¼ 0.102 8 V Å�1. Rig

Fig. 13 Polariton energy variation with detuning for coupling strength
g ¼ 1.028 � 10�1 V Å�1. We mark jP0i, jP1i, jP2i, jM�i with color. The
legend of other polariton states are given in Fig. S1 in ESI.†
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dominated by jG, 1i. For d > 0, jP1i is dominated by jG, 1i and
jP2i is dominated by jM+, 0i. Since the polariton state domi-
nated by jG, 1i can mix with higher excited states through mG,Mj,
and increase the polariton transition dipole, these states can be
highly populated by the circularly polarized pulse. This explains
why the jP1i population increases for d < 0, while jP2i increase
for d > 0. A similar trend can be found in Fig. 15 for the coupling
strength g¼ 3.084� 10�1 V Å�1 (or 0.006 a.u.). Due to the larger
coupling strength g in Fig. 15, the population has some two
photon mode mixed in compared with Fig. 14.

Since the ring current in the polariton states dominated by
jM+, 0i is strong, the cavity detuning d can be adjusted to
promote the polariton state dominated by jM+, 0i as in Fig. 14
and 15.

Comparison of polariton CD with MCD signals

It is instructive to compare the polariton CD signal with the bare
molecule MCD, since both magnetic eld and chiral optical
ht: Circular dichroism signal eqn (9) for different d at g ¼ 0.102 8 V Å�1.

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 15 Left: Population dynamics for different d at g ¼ 0.308 4 V Å�1. Right: CD spectra eqn (9) for different d at g ¼ 0.308 4 V Å�1.

Edge Article Chemical Science
cavities li the excited state degeneracy. The excited states in
the presence of magnetic elds are listed in table S2† in ESI.†
Since MCD is simulated at the TDDFT level while chiral polar-
itons use the TDA, there are a small difference in energy. The
peaks involving excited states of Eu irreducible representation
can be assigned by comparing the upper and lower panel of
Fig. 11. The strongest pair of peaks around 4.2 eV in MCD signal
is the excitation from ground state to states 12, 13. While the
strongest peaks at 4 eV in CD signal of Mg-porphyrin in chiral
cavity is caused by the excitation from ground state to states
© 2022 The Author(s). Published by the Royal Society of Chemistry
jP10i, jP11i which are dominated by jM8, 0i, jM9, 0i. By analyzing
the molecular orbital contribution, states 12, 13 in TDDFT are
equivalent to states 8, 9 in TDA. Thus the strongest peak of the
molecule in the chiral cavity and in the magnetic eld have
a similar origin, i.e., breaking of degeneracy in excited states
with Eu irreducible representation. The degeneracy is broken in
the magnetic eld by orbital Zeeman effect, since the angular
momentum along the C4 rotation axis of the molecule is
opposite in the degenerate Eu excited states. In the chiral cavity,
the degeneracy is broken since the cavity mode is only coupled
Chem. Sci., 2022, 13, 1037–1048 | 1045
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with one excited state in that pair of Eu degenerate states and
leaving the other state unperturbed. This results in a pair of
peaks with opposite sign.

Similarly, a pair of weakMCD peaks at 2.38 eV originate from
excited states 1, 2, while the peaks in polariton CD around
2.4 eV are from jP1i, jP2i and jM�i. These are also caused by the
degeneracy breaking of states with Eu irreducible
representation.
Summary

Chiral cavities open up numerous opportunities to for
controlling photophysical properties of molecules. By exploring
the effects of a chiral cavity on the ring current in Mg-porphyrin,
we showed that the CD signal can be enhanced. We found a ring
current in both ground state and polariton excited states made
with chiral cavity. A strong polariton ring current can be created
in the Mg-porphyrin in a chiral cavity by either a circularly
polarized pulse or a linearly polarized light pulse. Due to cavity-
induced coupling of the molecular ground state to higher
excited state, the excitation from the ground state to the jP1i
polariton state is stronger than to the unperturbed molecular
state jM�i. As a result, even a linearly polarized light can
selectively excite the polariton state and create a strong ring
current.

This can be detected by a circular dichroism measurement
aer the pump pulse. The chiral cavity breaks the degeneracy of
excited states with the Eu irreducible representation in cyclic
conjugated molecules, resulting in pairs of peaks with opposite
sign, which makes the polaritonic CD signal one order of
magnitude stronger than in the bare molecule pumped with
circularly polarized pulse. These results clearly demonstrate the
utility of chiral cavities to manipulate photochemical processes
of molecules. Future extensions of this study include incorpo-
rating the vibronic coupling,58–60 cavity leakage, and many-
molecule collective dark states29 into the model. The chiral
cavity-induced time reversal symmetry breaking may also be
employed to create topological states.61
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31 H. Hübener, U. De Giovannini, C. Schäfer, J. Andberger,
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1 Chiral Cavities made with Faraday Rotator or Chiral

Mirrors

In an ordinary (Fabry-Perit) cavity, a circularly polarized light (EFP
in,± = i

√
h̵ωc

2V ε0
[e±ei(k⋅r−ωt) −

e∓e−i(k⋅r−ωt)] reflected by a normal mirror has an opposite circular polarization and propaga-

tion direction (EFP
re,± = i

√
h̵ωc

2V ε0
[e±ei(−k⋅r−ωt)−e∓e−i(−k⋅r−ωt)]), thus forming a circularly polarized

standing wave (EFP
st,± = 2

√

2
√

h̵ωc

2V ε0
cos(k ⋅ r)[ex sin(ωt) ∓ ey cos(ωt)]). Note that replacing t

with −t makes EFP
st,+ become equivalent to EFP

st,+ and vice versa. Thus, for a cavity with time

reversal symmetry, these two modes with different circular polarization coexist and make

the cavity achiral.

In a chiral cavity made with Faraday rotator, the incoming wave with different circular

polarization

EFaraday
in, + = i

√
̵hωc
2V ε0

[e+ei(k⋅r−ωt) − e−e−i(k⋅r−ωt)]

EFaraday
in, - = i

√
̵hωc
2V ε0

[e−ei(k⋅r−ωt) − e+e−i(k⋅r−ωt)] (S1)

reflected by Faraday mirror, results in the reflected wave

EFaraday
re, + = i

√
̵hωc
2V ε0

[e+ei(−k⋅r−ωt+ϕ) − e−e−i(−k⋅r−ωt+ϕ)]

EFaraday
re, - = i

√
̵hωc
2V ε0

[e−ei(−k⋅r−ωt−ϕ) − e+e−i(−k⋅r−ωt−ϕ)] (S2)

where ±ϕ is the phase shift caused by the Faraday rotator. The incoming wave and reflected

wave form standing wave

EFaraday
st, + = 2

√

2

√
̵hωc
2V ε0

cos(k ⋅ r −
ϕ

2
)[ex sin(ωt −

ϕ

2
) − ey cos(ωt −

ϕ

2
)]

EFaraday
st, - = 2

√

2

√
̵hωc
2V ε0

cos(k ⋅ r +
ϕ

2
)[ex sin(ωt +

ϕ

2
) + ey cos(ωt +

ϕ

2
)] (S3)
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The spatial envelope of the standing wave with different circular polarization is EFaraday
envelope,±(r) =

cos(k ⋅ r ∓ ϕ
2 ). The phase difference of the envelope with different polarization can be tuned

through changing the thickness of the Faraday rotator and the magnetic field strength applied

on the Faraday rotator.

If we only consider the field at the peak of right circularly polarized standing wave, in

quantized form, the incoming light is

Ein = i

√
̵hωc
2V ε0

[e+aei(k⋅r−ωt) − e−a†e−i(k⋅r−ωt)] (S4)

and the reflected light

Ere = i

√
̵hωc
2V ε0

[e+aei(−k⋅r−ωt) − e−a†e−i(−k⋅r−ωt)] (S5)

combining Eq. (S4) and Eq. (S5), we obtain the quantized circularly polarized standing wave

Eq. (3) in the main text.

The other type of chiral cavities is composed with chiral mirrors.S1,S2 For this cavity, the

wave reflected by a chiral mirror is Ere,± = i
√

h̵ωc

2V ε0
[e∓ei(−k⋅r−ωt)−e±e−i(−k⋅r−ωt)], which combines

with the incoming wave Ein,± = i
√

h̵ωc

2V ε0
[e±ei(k⋅r−ωt) − e∓e−i(k⋅r−ωt)] to form a standing wave

Est,± = −2
√

2
√

h̵ωc

2V ε0
cos (ωt)[ex cos (k ⋅ r)∓ey sin (k ⋅ r)]. The standing wave polarization at a

position does not rotate with time, but the polarization changes with the spatial coordinate.

For a molecule whose size is small compared with the wavelength of the cavity mode, at

a fixed position, it only feels linear polarization in a helical cavity. However, when the

wavelength of the cavity mode is comparable with molecular size, for example, a molecule

in an X-ray cavity, or a polymer in an optical cavity with the chain aligned perpendicular

to the mirror, the molecule can feel the helical polarization in the chiral cavity made with

chiral mirrors.
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2 Chiral Cavity

A chiral cavity can be constructed with Faraday rotators.S2 As schematically shown in Fig.

1 of the main text, the chiral optical cavity can be built with two parallel Faraday mirrors,

where each mirror is composed of a regular mirror and a Faraday rotator.S2 The magnetic

field can be applied along either direction of the cavity axis (+x and -x) such that the rotation

angle in the polarization induced by the two Faraday rotators does not cancel.

To design a chiral cavity, the Faraday rotation can be achieved by combining the strong

magnetic field with a Faraday rotator with large Verdet constant in UV-visible region. For

the chiral cavity in this work with resonant frequency ωc = 2.44 eV (corresponding to 509

nm), the distance between mirrors is approximately 10 µm. With the magnetic field of 45 TS3

and the Faraday rotator RuTPPS4 with thickness of approximately 4000 nm, the standing

wave of 509 nm can be rotated by 90 degrees. Such Faraday rotator can be fitted into an

optical micro-cavity.

3 State to State Transition Electric Dipole of Mg-Porphyrin

The molecular excited state energy and the transition dipole from ground state to excited

states of Mg-porphyrin molecule with Tamm-Dancoff approximation are displayed in Tab. S1

Table S1. Energies and transition dipoles of molecular excited states. The
transition electric dipoles ⟨g∣µ ∣e⟩ are in atomic units.

state irreducible
representation energy (eV) ⟨g∣µx ∣e⟩ ⟨g∣µy ∣e⟩ ⟨g∣µz ∣e⟩

1 Eu 2.4481 0.0000 0.0000 0.1497
2 Eu 2.4481 0.0000 −0.1494 0.0000
3 - 3.7959 0.0000 0.0000 0.0000
4 Eu 3.8056 0.0000 −1.1176 0.0000
5 Eu 3.8056 0.0000 0.0000 −1.1184
6 - 3.8527 0.0000 0.0000 0.0000
7 - 3.9845 0.0000 0.0000 0.0000
8 Eu 4.0601 0.0000 2.6468 0.0000
9 Eu 4.0601 0.0000 0.0000 −2.6470
10 - 4.0926 0.0000 0.0000 0.0000
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The molecular excited state to excited state transition electric dipole of Mg-porphyrin

molecule calculated with Tamm-Dancoff approximation is displayed in Tab. S2.

Table S2. State to State Transition Electric Dipole of Mg-Porphyrin The tran-
sition electric dipoles ⟨e1∣µ ∣e2⟩ are in atomic unit ea0.

state e1 state e2 ⟨e1∣µx ∣e2⟩ ⟨e1∣µy ∣e2⟩ ⟨e1∣µz ∣e2⟩

2 1 0.0000 0.0000 0.0000
3 1 0.0000 -1.1731 0.0000
3 2 0.0000 0.0000 -1.1730
4 1 0.0000 0.0000 0.0000
4 2 0.0000 0.0000 0.0000
4 3 0.0000 0.0000 2.7550
5 1 0.0000 0.0000 0.0000
5 2 0.0000 0.0000 0.0000
5 3 0.0000 -2.7467 0.0000
5 4 0.0000 0.0000 0.0000
6 1 0.0000 -0.1479 0.0000
6 2 0.0000 0.0000 0.1509
6 3 0.0000 0.0000 0.0000
6 4 0.0000 0.0000 3.5669
6 5 0.0000 3.5729 0.0000
7 1 0.0000 0.0000 0.1343
7 2 0.0000 0.1346 0.0000
7 3 0.0000 0.0000 0.0000
7 4 0.0000 1.8826 0.0000
7 5 0.0000 0.0000 -1.8806
7 6 0.0000 0.0000 0.0000
8 1 0.0000 0.0000 0.0000
8 2 0.0000 0.0000 0.0000
8 3 0.0000 0.0000 -0.5440
8 4 0.0000 0.0000 0.0000
8 5 0.0000 0.0000 0.0000
8 6 0.0000 0.0000 -0.7054
8 7 0.0000 3.3795 0.0000
9 1 0.0000 0.0000 0.0000
9 2 0.0000 0.0000 0.0000
9 3 0.0000 -0.5418 0.0000
9 4 0.0000 0.0000 0.0000
9 5 0.0000 0.0000 0.0000
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9 6 0.0000 0.7059 0.0000
9 7 0.0000 0.0000 3.3775
9 8 0.0000 0.0000 0.0000
10 1 0.0000 0.0000 -0.0605
10 2 0.0000 0.0607 0.0000
10 3 0.0000 0.0000 0.0000
10 4 0.0000 2.5231 0.0000
10 5 0.0000 0.0000 2.5248
10 6 0.0000 0.0000 0.0000
10 7 0.0000 0.0000 0.0000
10 8 0.0000 2.7625 0.0000
10 9 0.0000 0.0000 -2.7653

4 Legend of Figure 13

Here we give the legend for Fig. 13 in the maintext in Fig. S1.
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5 Excited States of Mg-Porphyrin in the Magnetic Field

Mg-porphyrin molecular excited state energies and ground state to excited state transition

electric dipoles in the magnetic field are displayed in Tab. S3. The energies and transition

electric dipoles are calculated with complex linear-response TDDFT with B3LYP functional

and gaussian type orbital 6-31g(d) in Chronus quantum.S5–S7

Table S3. Energies and transition electric dipoles of Mg-porphyrin molecular
excited states in the magnetic field. The transition electric dipoles ⟨g∣µ ∣e⟩ are in
atomic units ea0.

state energy(eV) ⟨g∣µx ∣e⟩ ⟨g∣µy ∣e⟩ ⟨g∣µz ∣e⟩
1 2.38469715 0.0000 −0.0728423 − i0.00416749 0.00418285 − i0.0731107
2 2.38981000 0.0000 −0.0426288e − i0.0588642 −0.0590594 + i0.0427701
3 3.51556535 0.0000 1.85717 + i1.31835 0.537895 − i2.23061
4 3.51600720 0.0000 −0.785631 − i2.15668 −2.14083 + i0.779860
5 3.75266770 0.0000 0.0000 0.0000
6 3.78367354 0.0000 0.140460 − i0.573901 −0.541453 − i0.132519
7 3.78618445 0.0000 −0.143369 − i0.535786 0.567937 − i0.151972
8 3.79667661 0.0000 0.0000 0.0000
9 3.92726843 0.0000 0.0000 0.0000
10 4.00832131 0.0000 0.0000 0.0000
11 4.11241994 0.0000 0.0000 0.0000
12 4.23749969 0.0000 0.242406 + i1.05774 −1.00968 + i0.231392
13 4.23981572 0.0000 −0.909431 − i0.490319 −0.513785 + i0.952955
14 4.24959789 0.0000 0.0000 0.0000
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