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Ultrastrong coupling between THz phonons and photons caused by an enhanced
vacuum electric field
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® (Received 14 May 2021; accepted 8 July 2021; published 27 July 2021)

Ultrastrong coupling (USC) between phonons and vacuum photons can result in fascinating quantum phenom-
ena, though it is difficult to achieve due to the small dipole moments of phonons in solids. Here, we investigate
the vacuum Rabi splitting by coupling phonons in perovskite CH;NH;Pbl; films with photons in split ring
resonators. As the gap size of the resonator decreases, the coupling strength 7 increases due to the enhanced
vacuum field in the gap, reaching the USC regime (1 ~ 0.24) at a gap size of 100 nm. Our results show that
nanoresonators are an excellent platform for studies of vacuum-dressed phonon properties.

DOI: 10.1103/PhysRevResearch.3.1.032021

Electromagnetic fields are subject to quantum fluctuations;
even if the mean value of the electromagnetic field in vacuum
is zero, a fluctuation of the field still exists [1-3]. These so-
called vacuum fluctuations characterize the ground state of a
system. Vacuum fluctuations can lead to a number of observ-
able phenomena, such as spontaneous photon emission [4],
the Lamb shift [5,6], and the Casimir force [7,8]. Recently,
ultrastrong coupling (USC) between matter and the photons
of the vacuum field in a cavity has attracted much attention
because it provides new possibilities for studies of nonlinear
quantum optics, such as the extraction of virtual photons from
the ground state [9—11], and for applications such as quantum
information processing and ultrafast devices [12—14].

In materials science, USC is considered useful because
coupling of vacuum photons with vibrational modes of
molecules or phonons in solids enables us to modify chemical
reactions [15,16], and it has been proposed as an alternative
method to induce phase transitions in solids [17,18]. The nor-
malized coupling strength between matter and cavity photons
is defined by n = Qr/(2v,), where Qg is the vacuum Rabi
frequency and vj, is the photon frequency. USC refers to the
coupling regime where Q2r, which corresponds to the rate of
the energy exchange between photons and matter, approaches
vp (n > 0.1) [19]. Although USC has been achieved in many
electronic systems [20-23], it remains difficult to achieve
in phononic systems due to the smaller dipole moments of
vibrational modes in solids (compared to electronic excita-
tions) [24-27]. Because a stronger coupling is expected to
induce more dramatic changes in matter, it is necessary to
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understand how the coupling strength between cavity photons
and phonons can be enhanced. While the coupling strength in
a cavity depends on the vacuum field amplitude, the dipole
moment, and the number of dipoles (or oscillators) [4,28],
previous studies mainly focused on the role of dipoles [25,29].
Therefore, it has remained unclear if the effect of vacuum-
field enhancement can be utilized to realize USC between
phonons and photons.

In this work, we studied the coupling strength of phonons
of a perovskite CH3NH;Pbl; (MAPbI3) thin film with pho-
tons in a split ring resonator (SRR), which strongly enhances
the electric field in its gap at terahertz (THz) frequencies.
Because the resonance frequency and the electric field en-
hancement in an SRR can be tuned by simply varying its
dimensions, the SRR design is useful in clarifying the relation
between the vacuum field and 5. The metal-halide perovskite
MAPDI; has transverse-optical (TO) phonon modes that lie
in the THz frequency region. These phonons are considered
to be an important ingredient in the superior optoelectronic
performance of the halide perovskites [30,31]. We used THz
time-domain spectroscopy (THz-TDS) to evaluate the vacuum
Rabi splitting of the photon-phonon coupled system from the
transmission spectra of our samples. We found that 7 increases
as the SRR gap becomes narrower, and that the n for a gap size
of 100 nm is well in the USC regime (1 ~ 0.24). Our analysis
of the gap-size dependence shows that the vacuum field that
occurs by narrowing the gap can more than compensate for the
simultaneous reduction in the contribution of the oscillators
inside the cavity, thus leading to a net increase of 1 in SRRs
with narrower gaps.

We fabricated 21 different arrays of gold SRRs on z-cut
quartz substrates by using electron beam lithography. Each
fabricated array contained many SRRs with the same design
and occupied an area of about 2 mm x 2 mm. A thin film of
MAPDI; with a thickness of fyya = 100 nm was spin coated
over the fabricated SRRs [32]. As shown in Fig. 1(a), the SRR
geometry is characterized by the square size L (we used the
range L = 16-28 um), the metal width W = 3 um, and the
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FIG. 1. (a) Left panel: Illustration of SRRs covered with an
MAPDI; thin film. The normally incident THz pulse is linearly
polarized along the x axis. Right panel: Optical microscope images
of SRRs with and without MAPbI;. (b) Transmission spectra of an
850-nm-thick MAPbI; film (red solid curve) and bare SRRs with
G =1pm (blue dashed curves). (c) Resonance frequency of the
1-pm-gap bare SRRs as a function of L (blue circles). The blue
dashed line is the fit to a linear function. The TO; phonon frequency
of MAPDI; is indicated by the black dashed line.

gap size G (=0.1, 0.2, 0.5, and 1 pum). For each value of
G, we prepared several samples with different values of L.
The separation between the SRRs was 6 um; thus, the period
P=L+6um.

To study the vacuum Rabi splitting, transmission spectra
were measured by THz-TDS [32,36]. The incident THz pulse
was polarized parallel to the x axis shown in Fig. 1(a). The
blue dashed curves in Fig. 1(b) represent the transmission
spectra of three bare SRRs with G = 1 um. The absorption
peak at around 1 THz for each SRR array is attributed to
the LC resonance of the SRR [37,38], and it shifts to higher
frequencies as L is decreased. At the LC resonance, the elec-
tric field is tightly confined and enhanced in the gap. The
frequency of the LC mode, which is the cavity resonance fre-
quency vy, can be described by v, ~ 1/(27m+/L.C)[39], where
the inductance L. and the capacitance C are determined by the
SRR dimension and the refractive index of the environment.
The transmission spectrum of an 850-nm-thick MAPbI; film
without SRRs is shown by the red solid curve in Fig. 1(b).
The absorption peaks at 0.95 and 1.86 THz are attributed to
the TO phonons of MAPbI; (hereafter referred to as the TO,
and TO, phonons, respectively), and they are related to the
Pb-I-Pb rocking and Pb-I stretching vibrations, respectively
[40—42]. The value of L. can be modified by changing the size
L as shown in Fig. 1(c), and thus it is possible to tune v, over
arange that covers the TO; phonon frequency. When an SRR
array is coated with a thin film of MAPbI3, v, shifts to lower
frequencies because of the change in the refractive index
around the cavity. Thus, the investigated range L = 16-28 um
should cover the phonon line well.

®) 1o

c
8
8
£
[}
c
g
2
02 ¢ Z1um
0.0 . . . L4
28 26 25 24 22 20 06 08 10 12 14
L (um) Frequency (THz)
c
() SR [ G=05
= m =0. m
14 o , H
1.2 0
CT| -"’{ v L ] 031THz
T og o
r v -0 "0,= 026 THz
E o6 ..
=
s =02y -
o = um G=0.1pym
8 14t
P - ]
. Q’-‘.' __’_."
102" IO.SGTHZ I Io.4eTHz
0.8 o JISPRI LS
(]
06 et 1 et

06 08 10 12 14 06 08 10 12 14
Cavity frequency v, (THz)

FIG. 2. (a) Two-dimensional map of the transmission spectra for
the samples with a gap size of 1 um. The position of the TO,
phonon is indicated by the black dashed line. (b) Transmission spec-
tra that correspond to the on-resonance case. The polariton peaks
are indicated by triangles. (c) Experimental polariton peak positions
(circles) and the theoretical polariton dispersion predicted by the
two-oscillator model (dashed curves) for different gap sizes as a
function of the cavity resonance frequency. The x-axis positions of
the black arrows are about 0.95 THz.

In the following, we show the transmission spectra of
the SRR samples coated with MAPbI;. The color map in
Fig. 2(a) summarizes the transmission spectra of the six sam-
ples with G = 1 um. The black dashed line indicates the
TO; phonon frequency vro, = 0.95THz. When v, is tuned
to & vro, by changing L, the absorption peak of the LC reso-
nance splits. This split into two peaks indicates the generation
of photon-phonon polaritons. Hereafter, the two absorption
peaks are referred to as the upper (v ) and lower (v_) polari-
ton peaks. We measured all 21 samples to clarify the gap-size
dependence of the splitting [32]. The result is summarized in
Fig. 2(b). Here, for each of the four investigated gap sizes,
we chose the sample whose transmission spectrum fulfills
the condition v, ~ vro, best (e.g., for G = 1 um, we chose
the sample with L = 24 um), and we showed its spectrum.
Figure 2(b) clearly shows that the split of the peaks becomes
larger as the gap becomes narrower. This indicates that the
coupling between the cavity photons and the TO; phonons
becomes stronger for smaller values of G, as explained below.
For the smaller gap sizes (G = 0.1 and 0.2 um), the polariton
absorption is relatively weak because of the much smaller
volume of coupled MAPDI3, and thus the uncoupled phonon
absorption can be observed between them [32].
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The anticrossing behavior of the polaritons shown in
Fig. 2(a) is a characteristic feature of (ultra)strong coupling
[25,27]. To evaluate the coupling strength, we extracted the
Rabi frequency Qg for each gap size from the measured po-
lariton frequencies. This analysis is based on the eigenvalues
of the full Hopfield Hamiltonian of two coupled oscillators
[32]. In the on-resonance case where v, = vrg,, the polariton
peak positions vy are

/ QL Q
Vg = V%O] + TR + TR (1)

From Eq. (1), we obtain the following two equations:

vy + v Q2
BT o ko, + R, @)
vy —v_ = Qg. 3)

Equation (3) shows that, in the on-resonance case, a
stronger coupling results in a larger splitting. By substituting
vy — v_ for Qg in Eq. (2), we find the following condition for
the on-resonance case:

vy +v_ vy —v_)?
+T :\/U%Ol ++T (4)

The sample corresponding to the on-resonance case for a
certain gap size can thus be identified by finding the pair of
upper and lower polariton frequencies that fulfills the con-
dition given in Eq. (4). Then, by plugging the appropriate
pair into Eq. (3), we obtained Qr = 0.26, 0.31, 0.36, and
0.46 THz for the 1-, 0.5-, 0.2-, and 0.1-pum-gap samples,
respectively. The experimentally obtained peak positions v,
and v_ are shown as circles in Fig. 2(c). The dashed curves
in Fig. 2(c) describe the anticrossing behavior of vy for each
gap size calculated by Eq. (S1) in the Supplemental Material
[32]. To compare the experimental data (which are a function
of L) with these curves, we estimated v, from L as explained
in the Supplemental Material [32]. As shown in Fig. 2(c),
the experimentally obtained anticrossing behavior follows the
theoretical polariton dispersion. The four polariton-dispersion
graphs clearly visualize that Qg becomes larger as the gap
becomes narrower. The normalized coupling strength can be
calculated using n = Qr/(2vp), and we obtained n = 0.24 for
the 0.1-um-gap SRR. This result confirms that the photon-
phonon coupling in the gap of this SRR lies well in the USC
regime (n > 0.1).

The Rabi frequency of a coupled system can be expressed
in terms of the dipole moment d (e.g., that of the TO;
phonon), the density of the oscillators N (here, oscillators
refers to the Pb-I-Pb bonds), the corresponding volume V; of
the material inside the coupling region (e.g., the gap of SRR),
and the vacuum electric field amplitude |Ey,c| [4,28]:

hQR = 2d|Evac|VNV0- (5)

The product of NV, equals the number of oscillators that
couple to the cavity mode, and |Ey,| is the amplitude of
the vacuum electric field in the cavity with v, = vro, =
0.95 THz. In our study, the parameters N and d were constant,
and instead |Ey,.| and V;) were changed by varying the gap size
G of the SRR.

@ MAPbI, (®)
100 nm

¢ eSimulation .-

5001% Rt O

Au/Ti —~
400r e 0.4 %E
—— S 300 WV xG 3
0 600 200l ¥ 03 I
10'_: — ’ ‘~‘~am o G093
2 . I 100 oea. oo
N §0.1 um 0 0.2 04 06 08 1.0
04 00 04 G (um)
X (um)
(C) 0.50 (d)1A0
0.45/® @ Experiment 10.24 c 08 0.1 um
N 040 Simulation 2 . N
T 0.20 @ 0.6 0.2 pm\ |
Z 035 = g 7
& 030 016 E 0.4 y \ 0.5um
------ =02 G=1pm
0.25] 012

0.0
06 08 1012 14

0.2 04 06 0.8 1.0
G (um) Frequency (THz)

FIG. 3. (a) Upper panel: The region around the gap of the SRR
model used in the FDTD simulations. The volume of MAPbI; inside
the gap is represented by V. Lower panel: The distribution of the
enhancement factor «y,. in the plane z = —50 nm (z = 0 defines the
quartz/SRR interface) for samples with G = 0.1 and 1 pm. (b) Theo-
retical gap-size dependence of the enhancement factor «,,. averaged
over V; (red circles) and its fitting result (red dashed curve). The blue
dashed curve describes the gap-size dependence of the contribution
of the oscillators in Eq. (5). (¢) Experimental gap-size dependence
of Qg (black circles), the simulation result (gray squares), and the
predicted curve proportional to G=%4* (black dashed curve). The
error bars on gray squares refer to the deviation of simulation results
when considering the thickness of MAPDI;: #/4 (fmagap) £ 20 nm.
The vertical axis on the right side of the figure represents the cor-
responding values of 7. (d) Calculated transmission spectra of the
on-resonance case. The polariton peaks are indicated by triangles.

Because V; linearly decreases as G is decreased, the origin
of the stronger coupling for narrower gaps [see Fig. 2(c)]
is expected to be a relatively rapid increase in |Ey,|. The
increase in |Ey,.| is denoted by ctyac = |Evac|/|Evaco|, Where
|Evaco| s the amplitude of the vacuum electric field in free
space without the cavity. oy, is an enhancement factor that
depends on the gap size of the cavity. It can be assumed
that the vacuum field is enhanced by the same amount as
a real electric field in the gap of an SRR. Therefore, to
quantitatively analyze the relationship between |Ey,.| and G,
we determined the enhancement factor of the vacuum field
by using a finite-difference time-domain (FDTD) simulation.
Here we calculated oy, (r, ®) = |E(r, w)|/|Eo(r, ®)|, where
|Eo(r, )| and |E (r, w)| are the amplitude spectra of the real
electric field in free space and around the SRR, respectively
[43]. The geometry around the gap in the FDTD simulation
is shown in Fig. 3(a) [32]. To calculate o,., we considered
the background refractive index of MAPbI; (~5.9). Repre-
sentative calculation results for oy, in the plane 50 nm above
the quartz/Au interface at v, = 0.95THz are shown in the
lower panels of Fig. 3(a). Figure 3(b) shows that the value
of oy, averaged over V} (red circles) is proportional to G093,
Consequently, the relation between the vacuum field and the
gap size is given by |Eyac| = ttyac|Evaco| ¢ G, The blue
dashed curve in Fig. 3(b) plots /V o« G*3, which describes

L032021-3
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FIG. 4. (a) The susceptibility of MAPbI; obtained from the
transmission spectrum (solid curves) and the corresponding fitting
result (dashed curves). Red and blue data represent the real and
imaginary parts of the susceptibility, respectively. (b) The calculated
gap-size dependence of the vacuum field in the gaps (black circles)
together with the fitting result (black dashed curve). The calculated
gap-size dependence of the vacuum field in the gaps (black cir-
cles) together with the fitting result (black dashed curve). The error
bars come from the measurement error of thickness of MAPDI; in
gap (200 £ 20 nm) and the fitting error of the parameter J]VdTol
[(2.8 £0.2)x 107! C/m"°].

the gap-size dependence of the contribution from the oscilla-
tors in Eq. (5). Therefore, Qg should be proportional to G~043
[the black dashed curve in Fig. 3(c)], which is in agreement
with the values of Qg obtained in the experiments (the black
circles). The origin of the gap-size dependence of the Rabi
frequency can thus be summarized as follows. As the gap is
narrowed, the vacuum electric field increases and the number
of oscillators decreases. However, the increase in |Ey,.| can
more than compensate for the reduction in the number of
oscillators, leading to an overall increase in Qg for narrower
gaps. Figure 3(d) shows the theoretical spectra of the photon-
phonon polaritons calculated by the FDTD simulations. These
spectra show the same behavior as the spectra in Fig. 2(b),
and the simulated gap-size dependence of Qg [gray squares
in Fig. 3(c)] reproduces the experimental data well.

Equation (5) also allows us to estimate the vacuum field
amplitude in the gap from the experimentally obtained Rabi
frequency. For this estimation, the parameters N and d re-
lated to the TO phonons in the MAPbI; thin film need to
be determined. The linear susceptibility x shown in Fig. 4(a)
was determined from the complex transmission spectra 7 (o)
of the 850-nm-thick MAPbI; film by THz-TDS. The micro-
scopic expression of the susceptibility is given by [44]

1
X = Xoo 3eoh Zi=T0.,Toz

1 1
x [Nd,-2< — + . )} ©)
wi—w—1y; w+towt+liy

where the subscript i refers to the phonon mode (we consider
the TO; and TO, modes at 0.95 and 1.85 THz, respec-
tively), d; is the dipole moment of each mode, w; is the
angular frequency, and y; is the linewidth. Note that the TO,
mode was coupled to the cavity in the experiment, and the
TO, mode affected the total susceptibility x (w). The dashed
curves in Fig. 4(a) are fits to Eq. (6), from which we ob-
tain /Ndro, ~ (2.8 +0.2) x 1071C/m®>. The parameter

VN dro, describes the interaction strength between the TO;
phonons in MAPbI; and light. A larger value of this parameter
would correspond to a stronger absorption of light by the TO;
phonons. The value of v/N. dro, of MAPbIj; is relatively small
compared to the corresponding values of electronic excita-
tions as shown in Refs. [34,45]. Therefore, it is more difficult
to realize USC between the TO; phonons and photons. In our
work, we realized USC to phonons by using the strong electric
field enhancement in SRRs with nanoscale gaps.

The amplitude of the vacuum field as a function of the
gap size can be obtained by using Eq. (5). The result is
shown in Fig. 4(b). When G = 0.1 pum, the estimated vacuum
field in the MAPbDI; inside the gap is around 20 V/cm. We
confirmed that this value has the same order of magnitude
as the value calculated in Ref. [46]. Note that in Ref. [2],
the vacuum field measured in free space is about 20 V/cm,
but this value was derived using the different experimental
conditions in the much higher frequency region of about
80 THz.

The reason for the enhancement of vacuum field can be
understood in analogy to the enhancement of a real electric
field in a metallic slit [47]: The electric field oscillating at
v, induces a current on the surface of the metal and leads
to an accumulation of charge carriers around the gap, where
the total charge Q in the vicinity of one cavity wall does not
depend on the gap size. The capacitive charging induces an
electric near field in the gap. When G is much smaller than
the thickness of SRR 74, Tj, the charges are perfectly concen-
trated on the cavity walls, forming a parallel plate capacitor.
However, in our case G ~ fayu+Ti, and thus the charges spread
away from the gap. Because the spreading distance is on the
order of the gap size, the near field E exhibits a strong gap-size
dependence.

In conclusion, we have demonstrated that USC (n ~ 0.24)
between the SRR cavity photons and the TO; phonon mode
in MAPbDI; at 0.95 THz can be achieved by narrowing the gap
of the SRR to 0.1 um. We have shown that, as the gap size
becomes smaller, the contribution to 1 from the vacuum field
(which is proportional to ay,.) increases faster than that of the
oscillators decreases, thus leading to an overall increase in n
for narrower gaps. On the basis of the experimentally obtained
Rabi frequency and the linear susceptibility of MAPbI; de-
termined by THz-TDS, the average amplitude of the vacuum
fluctuations inside the 0.1-um-gap SRR was estimated to be
~ 20 V/cm. Our results indicate that the photon-phonon cou-
pling in the THz frequency region can reach a coupling deep
in the USC regime if we confine the vacuum electric field
on the nanometer scale, thereby providing us an alternative
pathway to engineer vibration modes of materials that can sig-
nificantly alter, for example, quantum properties in chemical
reactions and phase transitions.

The authors acknowledge the financial support of a Grant-
in-Aid for Scientific Research (JP19H05465, JP21HO01842)
from the Japan Society for the Promotion of Science. The
authors are grateful to Tian Li, Takahiro Moriyama, and
Teruo Ono for their advice on the fabrication of the metal
structures.
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