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A quantum mechanical superposition of a long-lived, localized phonon and a matter excitation is

described. We identify a realization in strained silicon: a low-lying donor transition (P or Li) driven solely

by acoustic phonons at wavelengths where high-Q phonon cavities can be built. This phonon-matter

resonance is shown to enter the strongly coupled regime where the ‘‘vacuum’’ Rabi frequency exceeds the

spontaneous phonon emission into noncavity modes, phonon leakage from the cavity, and phonon

anharmonicity and scattering. We introduce a micropillar distributed Bragg reflector Si=Ge cavity, where

Q ’ 105–106 and mode volumes V & 25�3 are reachable. These results indicate that single or many-

body devices based on these systems are experimentally realizable.
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Cavity-quantum electrodynamics (cQED) refers to the
interaction of a single mode of the electromagnetic field
with a dipole emitter. cQED has provided new ways of
controlling photons and matter (atoms, qubits, etc.) in both
atomic and solid-state systems. The progression from an
atom ‘‘dressed’’ with a cavity photon (‘‘traditional’’ cavity
QED) [1,2] to a semiconductor microcavity polariton (ex-
citon plus cavity photon) [3] to solid-state many-body
polaritonic devices [4–6] has opened up new avenues for
physical investigation as well as technology (e.g., single
photon sources, novel lasers, long-range entanglement,
quantum simulation). Motivated by this, we seek an analo-
gous progression utilizing quantum sound instead of light.

Phonons are more suitable for some tasks than photons
due to their slower speeds and smaller wavelengths (e.g.,
in signal processing, sensing, or nanoscale imaging). Our
work builds off recent experimental results in nano-
optomechanical systems [7], where cooling, coherent
control, and lasing of mechanical vibrations have been
achieved, as well as previous consideration of phonons as
decoherence pathways [8], as tools for coupling quantum
systems [9–11], and even as a means for simulating many-
body dynamics [12].

In this Letter, we show that a phonon-based analogue of
the cavity polariton is possible. Introducing a suitable
high-Q phonon cavity, we calculate the cavity-phonon
coupling to a two-level system (TLS) in silicon (Fig. 1)
and also losses due to spontaneous phonon emission from
the donor into noncavity modes, phonon leakage from the
cavity, and phonon anharmonicity and scattering. Despite
the phonon’s dependent nature on its host material and the
different (nondipole) donor-phonon interaction, a strong
coupling regime can be established, similar to cQED,
where the phonon-TLS states are hybridized. The result
of this mixing of cavity phonon and matter excitation we
term the cavity phoniton [13].

Implementation.—Silicon is a promising candidate for
constructing a cavity-phoniton system. The physics of

shallow donors in Si have been understood since the
1950s and experimentally verified, while transitions be-
tween low energy donor states are known to be driven by
acoustic phonons [15]. The sixfold degeneracy due to Si’s
multivalley conduction band is lifted both by applied strain
(e.g., due to the lattice mismatch with a substrate) and the
sharp donor potential. Crucially, in ½001� compressively
strained Si (Fig. 1), the first excited state at zero magnetic
field of a phosphorous donor approaches �P

v ’ 3:02 meV
(0.73 THz): a so-called excited ‘‘valley’’ state. (The excited
valley state has an s-like envelope function like the ground
state but opposite parity; because of this, valley state
relaxation times can be much longer than for charge
states.) The energy splitting implies longitudinal (trans-
verse) wavelengths of �l � 12:3 nm (�t � 7:4 nm). For
comparison, the energy splitting to the upper 2p-like state
is >30 meV (�2p � 1:2 nm), unlikely to be amenable to

phonon cavities. Since the P:Si Bohr radius is a�B & 2:5 nm

FIG. 1 (color). (a) A cavity phoniton can be constructed in a
Si=Ge heterostructure cavity as a hybridized state of a trapped
single phonon mode and a donor TLS placed at a maxima of the
phonon field. (b) The P:Si donor lowest 1s valley states, A1, T2,
and upper levels (1s=2p); their energy splittings can be con-
trolled by the applied strain in the Si cavity. (c) Angular
dependence of the coupling gqð�Þ, Eq. (2), for the deformation

potentials of Ref. [16] versus dipole� cos� dependence (thin
circles).
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in the bulk, � > a�B allows for easier donor placement,
avoidance of interface physics, and bulklike wave
functions.

A prototype implementation of a cavity-phoniton system
in silicon is sketched in Fig. 1(a). A strained-Si phonon
cavity grown in the ½001� direction, of length dc � � and
lateral size D, is enclosed by acoustic distributed Bragg
reflectors (DBRs) formed as layered, epitaxially grown, and
strain-relaxed SiGe super lattice (SL) heterostructures. The
cavity length is chosen to be less than the critical thickness
due to strain (see, e.g., Ref. [17]). The DBR SL unit periods
consist of subsequent layers ðA; BÞ ¼ Si1�xA;BGexA;B of

thickness (dA; dB), strain matched to a Si1�sGes substrate
[xAðBÞ ¼ 0:55ð0:05Þ, s ¼ 0:26, maximizing confinement],

and an appropriate capping layer, depending on the actually
confined phonon mode. Note that 1D DBR SL phonon
cavities (D � dc) are well understood and have been dem-
onstrated in THz phonon cavities in III-V’s [7,18]; coherent
phonons in SiGe superlattices were studied as well [19]. In
the case of micropillar DBR (mpDBR) structures (designed
to increase the phonon-donor coupling), the DBR lateral
dimension may become comparable to the phonon wave-
length (D * dc � �) and the confined mode is a mixed
longitudinal and transverse one. The trapped mode with
wavelength �q and phase velocity vq is designed to be

resonant in energy with the first excited state of the donor.
Similar to the 1DDBR [20], the thickness of the SL unit cell

is set to match the Bragg condition dðqÞA;B ¼ vðqÞ
A;B�q=4vq,

wherevðqÞ
A;B are the phase velocities (using isotropic approxi-

mation, see, e.g., Ref. [21]). The donor is placed at the
center of a � cavity (dc ¼ �q), where the displacement

uðrÞ is maximal [22].
Hamiltonian and coupling.—In the semiclassical picture

an acoustic phonon creates a time-dependent strain,

"��ðrÞ ¼ 1
2 ð@u�@r�

þ @u�
@r�

Þ, which modulates the energy bands

and can drive transitions in a localized state, e.g., a donor.
For Si, from the multivalley electron-phonon interaction
[14,16] one can derive the matrix element between valley
states, js; ji:

Vs0s
ij � @gq ¼ ihs0; ij�d Trð"��Þ

þ 1
2�ufk̂�i k̂�i þ k̂�j k̂

�
j g"��js; ji; (1)

where k̂i;j are the directions toward the valleys, s; s0 label
the orbital (envelope) function(s), and �uðSiÞ ’ 8:77 eV,
�dðSiÞ � 5 eV [16] are deformation potential cons-
tants. For the donor-phonon Hamiltonian we obtain
the interaction (of Jaynes-Cummings type) Hg �
@gqð�þ

gebq;� þ ��
geb

y
q;�Þ, where only the resonant cavity

phonon with quantum numbers q; � and energy @!q;� is

retained, byq;� is the phonon creation operator, and �þ
ge �

jeihgj refers to the donor transition between ground and
excited states [23]. In the loss part, Hloss ¼ H� þH0

anh þ
H�, H� couples the cavity mode to external continuum of

other modes giving a cavity decay rate � ¼ !q;�=Q (ex-

pressed through the Q factor), H0
anh includes phonon decay

due to phonon self-interaction and also phonon scattering
off impurities (mainly mass fluctuations in natural Si). The
coupling of the donor to modes other than the cavity mode
H� leads to its spontaneous decay.
The valley states, 1sðA1Þ; 1sðT2Þ, that make up the TLS

are the symmetric and antisymmetric combinations of the
conduction band valley minima along the ẑ direction [see
Fig. 1(b)]. Because of opposite parity of the states, the
intravalley contributions cancel. The intervalley transitions
are preferentially driven by umklapp phonons [24] with
a wave vector q at qu ’ 0:3 2�

a0
, where qu � Gþ1 � 2kẑ is

the wave vector ‘‘deficiency’’ of the intervalley kẑ ! �kẑ
transition, and Gþ1 ¼ 4�

a0
ð0; 0; 1Þ is the reciprocal vector

along ẑ. Since typical values give qur � qua
�
B ’ 9:4> 1

and qr� 1 for 3 meV, the coupling is calculated exactly
(not using the dipole approximation) for longitudinal and
transverse polarizations

gð�Þq ¼
�

a2Gq
2

2�@V!q;�

�
1=2

Igeð�Þ
�
�d þ�ucos

2� ½l�
�u sin� cos� ½t�; (2)

where aG � 0:3, Igeð�Þ¼R
dr½�ẑ

1sðrÞ�2e�iqr sinðqurÞ¼
½2�qcos�ð1�	qcos

2�Þ�=f�2
q½ð1�	qcos

2�Þ2��2
qcos

2��2g
is the intervalley overlapping factor, �q ¼ 1þ 1

4 ðq2a2 þ
q2ub

2Þ, �q ¼ 1
2�q

b2qqu, 	q ¼ 1
4�q

ða2 � b2Þq2, and a=b are

the radii of the Kohn-Luttinger envelope function �ẑ
1sðrÞ

(see, e.g., Ref. [16]). The calculated coupling is to plane
wave modes, related to a rectangular cavity with periodic
boundary conditions. Figure 1(c) shows the directionality
of the coupling for longitudinal and transverse phonons.
The angular dependence in Eq. (2) for longitudinal pho-
nons is similar to dipole emission (Igedip � cos�), but en-

hanced in a cone around the ẑ direction due to nondipole
contributions. Uncertainties in �d calculations (see
Ref. [25]) result in an overall factor of 2 difference in
the maximal coupling.

Coupling to cavity mode.—The matrix element @gð�Þq is

just the interaction energy of the donor with the ‘‘phonon
vacuum field’’ and expresses a generic dependence

/ 1=
ffiffiffiffiffiffi
V

p
on the normalization volume; it goes to zero

for large volumes. In a cavity, V is the physical volume
of the mode [26]. By virtue of Eq. (2), we first consider
a DBR cavity with a length dc ¼ �l ’ 12:3 nm designed
for longitudinal resonant phonon along the z direction
(we use isotropic velocities for Si, vl ¼ 8:99� 103 m s�1,
vt ¼ 5:4� 103 m s�1, see Ref. [21]). Taking the minimal
lateral size Dmin � �l to ensure D> 2a�B � 5 nm, one
gets a mode volume of Vmin � �3 for P:Si. Thus, we esti-
mate the maximal phonon-donor coupling as g1� ¼
3:7� 109 s�1. For D ¼ 5� the coupling is still appre-
ciable: g5� ¼ 7:4� 108 s�1. Surface undulation typical of
step-graded SiGe quantum wells (see Ref. [17]) gives
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D � 200 nm & 15�, though this interface imperfection is
avoidable with heterostructures grown on defect-free nano-
membrane substrates [27].

For a realistic cylindrical mpDBR cavity, the modes can
be constructed as standing waves with energy @! and wave
number q along the pillar z direction, with stress-free
boundary conditions on the cylindrical surface. The dis-
placements for compressional modes (see, e.g., Ref. [28])
are urðr; zÞ ¼ ½ArJ1ð
lrÞ þ BrJ1ð
trÞ� sinqz, uzðr; zÞ ¼
½AzJ0ð
lrÞ þ BzJ0ð
trÞ� cosqz, where J0;1ðrÞ are Bessel

functions of the first kind, 
l;t �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!2=v2

l;t � q2
q

, and

Ai; Bi are constants. These modes are lower in energy
and couple strongly to the donor; the related strain has a
node at the Si-cavity z boundaries (for � cavity) [22]. For a
fixed resonant frequency ! and lateral size D, the disper-
sion relation q ¼ !=vqðDÞ has multiple solutions

qi; i ¼ 0; 1; 2; . . . , where q0 stands for the fundamental
mode, q1 for the 1st excited mode, etc. Each mode prop-
agates with its own phase velocity vqiðDÞ � vl; vt. For a �

cavity and D ¼ �l we calculate via Eq. (1) maximal cou-
pling to the fundamental mode with �q0 ¼ 6:9 nm to be

gð0Þ1� ¼ gmax ¼ 6:5� 109 s�1 (see Table I), comparable to
the above estimation. For larger D, however, the coupling

to the fundamental mode rapidly decreases (e.g., gð0Þ5� ¼
5:8� 105 s�1) since the mode transforms to a surfacelike
Rayleigh wave (vRayleigh < vt). Coupling to higher mode

branches is appreciable and decreases roughly as 1=
ffiffiffiffiffiffi
V

p
,

e.g., for the 1st mode branch, gð1Þ1� ¼ 2:4� 109 s�1 and

gð1Þ5� ¼3�108 s�1. Among various mode choices we note

that for any diameterD there is a higher excited mode with
resonant wavelength close to that for longitudinal phonons.
For example, for D ¼ 3�l we found the wavelength of the
resonant 4th excited mode as �q4 ’ 12:4 nm and the cou-

pling gð4Þ3� ¼ 3� 109 s�1 (i.e., values similar to the rectan-

gular DBR estimate).
Loss.—Losses in this system are dominated by donor

relaxation and leakage of the confined phonon mode.
Similar to cQED (see, e.g., Ref. [26]), one can argue that
the donor relaxation �relax to modes different than the
cavity mode (and generally not trapped into the cavity) is
bounded by the donor spontaneous emission rate in the

bulk: �relax & �. We calculated the bulk donor relaxation

to longitudinal and transverse phonons to be �ðlÞ
ge ¼

3� 107 s�1 and �ðtÞ
ge ¼ 9:2� 107 s�1, respectively, for

the 3 meV transition (� ¼ �ðlÞ
ge þ �ðtÞ

ge ¼ 1:2� 108 s�1).

The relaxation to photons is electric dipole forbidden and
suppressed [16] by ð�photon=a

�
BÞ2 � 1010.

The cavity mode loss rate is calculated as mainly due to
leakage through the DBR mirrors, similar to optical DBR
cavities [31] (except that for phonons there is no leakage
through the sides). Generally, for the cylindrical micro-
pillar DBRs, the cavity mode involves coupled propagation
along the micropillar of two displacement components,
uzðr; zÞ, urðr; zÞ, and two stress fields, Tzz, Tzr. For small
diameters, D 	 �l, the fundamental mode becomes
mainly longitudinal (� uz), propagating with the Young

velocity, v0 ¼
ffiffiffiffiffiffiffiffiffi
E=�

p
. Using 4� 4 transfer matrices we

calculated Qð0Þ
mpDBR ’ 106 for N ¼ 33 layers for the con-

fined, mixed fundamental mode at D ¼ �l, which is close
to the limiting Q factor related to pure longitudinal propa-
gation [32]. (This is also similar to the 1D DBR value
relevant for D � �l.) For our design we obtain a cavity
loss rate � ¼ �v=@Q ’ 2:8� 106 s�1. This can be de-
creased by adding more layers.
At low temperatures the phonon anharmonicity losses

are negligible (a rate �anh ’ 1:4� 104 s�1 at 3 meV),
while scattering off impurity mass fluctuations in natural
Si amounts to a rate 2 orders of magnitude larger: �imp �
7� 105 s�1. It is notable that in isotopically purified bulk
silicon (an enrichment of 28Si to 99%) the scattering rate
will decrease by an order of magnitude and the related
phonon mean free path will be of the order of vl=�imp �
10 cm [28,33,34]. In this case, the cavity leakage domi-
nates, � � f�anh;�impg, and the number of vacuum Rabi

flops can reach as high as nRabi ¼ 2gðDÞ=ð�þ �Þ ’ 102
for a cavity Q factor, Q ¼ 106, and some nRabi ’ 77 for

Q ¼ 105. For D ¼ 10�l and similar Q one still has nð1ÞRabi ’
1ð17Þ for the 1st (2nd) excited mode. Further, nearby
modes can be well separated from the resonant mode,
e.g., for the fundamental mode and D ¼ �l the next
mode (in transverse direction) is �0:3�v ¼ 0:9 meV off;
the transverse separation for D ¼ 10�l (for the 1st excited

TABLE I. Key rates and parameters for circuit QED [29] (1D cavity) versus the phoniton system; we show calculations for maximal

coupling for a � cavity with lateral diameter of D ¼ �l (in general, g� 1=
ffiffiffiffiffiffi
V

p
), Q ¼ 106, and comparable number of Rabi flops [30].

Parameter Symbol Circuit QED P:Si phoniton Li:Si phoniton

Resonance frequency !r=2� 10 GHz 730 GHz 142 GHz

Vacuum Rabi frequency g=� 100 MHz 2.1 GHz 13.8 MHz

Cavity lifetime 1=�, Q 160 ns, 104 0:22 �s, 106 1:1 �s, 106

TLS lifetime 1=� 2 �s 8.2 ns 22 �s
Critical atom number 2��=g2 & 6� 10�5 & 3� 10�5 & 4� 10�5

Critical phonon number �2=2g2 & 10�6 & 2� 10�4 & 6� 10�7

Number of Rabi flops 2g=ð�þ �Þ �100 �102 �93
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mode) gives 0:009�v, which is more than 2 orders of
magnitude larger than the linewidth �0 ’ ð�þ �Þ=2 of
the two hybridized levels.

Experiment and discussion.—We have shown that the
donor:Si cavity phoniton can enter the strong coupling
regime with 2g=ð�þ �Þ � 10–100 (Table I). A principle
experimental confirmation would be the observation of

the vacuum Rabi splitting: �0 ¼ ½g2 � ð�� �Þ2=4�1=2;
two resolved spectral peaks can be observed if 2�0>�0.

The Rabi splitting can be enhanced as �0 ’ g
ffiffiffiffi
N

p
by

placing more than one donor (N > 1) in the cavity [1,26]
(e.g., via a delta-doped layer). This could allow for large
coupling even for large diameter micropillars or 1D DBR

structures (since
ffiffiffi
N

pffiffiffiffi
V

p /
ffiffiffiffiffi
D2

p
D ¼ 1). Further, strain or electric

field (from a top gate) [10,35,36] can be used to tune the
valley transition into resonance.

Experimental techniques are available to probe the Si-
phoniton (low temperature, T � 1 K, and low phonon
numbers are assumed). First, free-electron lasers have
been used to probe the 1s-2p transitions in P:Si [37].
Observation of the vacuum Rabi splitting is possible by
measurement of the absorption spectrum of the allowed
optically probed transition 1sðT2Þ ! 2p0 (� 30 meV) us-
ing weak optical excitation. Appropriate phonons can be
introduced to the system by excited valley state emission,
by piezoactuators, or by increasing the temperature, as was
done for the first observations of Rabi oscillations [38]
(phonons of 3 meV� 30 K). Second, pump and probe
optical techniques have been demonstrated to observe
coherent phonon effects in III-V [7,18] and SiGe [19] SL
heterostructures. Observing the reflected phonons from
this structure will show the phonon-Rabi splitting charac-
teristic of cavity-QED systems [1].

The cavity phoniton can be realized in other materials
and systems. In particular, our system should be compat-
ible with recently demonstrated (though in the few GHz
range) high-Q phononic band-gap nanomechanical and
optomechanical (membrane) cavities in silicon (e.g., in
[7,39]). Quantum dots, spin transitions, color centers in
diamond, and other donors (particularly Li:Si [10]) may
offer smaller resonance energies and correspondingly
larger cavities (wavelengths) [34]. In the case of
½001�-strained Si considered in this Letter, the two lowest
levels in Li possess essentially the same state structure as
P:Si and approach a splitting of �Li ¼ 0:586 meV for high
strain (from zero splitting at no strain). We calculate (see
Table I) the corresponding Li:Si donor-phonon coupling
for the D ¼ �l (now �l ¼ 63:2 nm) reference cavity;
strong coupling can still be reached. For the DBR cavities,
the Si critical thickness can be made 80–100 nm by low-
ering the Ge content in the substrate. For 2D-phononic
band-gap cavities, direct numerical calculations for
cavity-trapped phonons (!r=2� � 10 GHz) in novel Si
nanostructures [39] show the potential to reach Qcav *
107 in the ideal case.

The phoniton is a new component for constructing and
controlling macroscopic artificial quantum systems based
on sound. Besides single phonon devices, systems com-
posed of many coupled phonitons could exhibit novel
quantum many-body behavior. For example, ‘‘solid-
sound’’ systems in analogy with coupled cavity-QED
solid-light systems [5] could demonstrate Mott-insulator-
like states of phonons in coupled phoniton cavities. Cavity
or qubit geometries such as these may also be relevant for
quantum computing applications: to mediate interactions
between distant qubits or inhibit decoherence. The systems
proposed here will benefit from the drive in silicon quan-
tum computing towards more purified materials, perfect
surfaces, and precise donor placement.
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