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Integrated optical quantum memory controlled by the electro-optic effect
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Integrated optical quantum memories are a scalable solution to synchronize a large number of quantum
nodes. Without compact quantum memories, some astonishing quantum applications such as distributed quantum
computing and quantum sensor networks would not be possible. Rather than find a specific material that meets
all the requirements of an on-chip quantum memory as other protocols usually do, we propose to assign the
memory requirements on coherent storage and controllability to rare-earth ions and a lithium niobate crystal,
respectively. Specifically, optical quantum states are stored in an erbium-doped lithium niobate microcavity by
utilizing the electro-optic effect of lithium niobate. The cavity frequency can be shifted by an external electric
field, thus modifying the resonance condition between the cavity and the collective atomic excitation. This effect
is further used to suppress or enhance the emission of photon echoes. Our calculated results show that high
efficiency and a low noise performance are achievable.
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I. INTRODUCTION

Recent developments in quantum information have placed
practical quantum computers just over the horizon. To fully
unlock the potential of quantum computing, it is desired to
connect multiple quantum nodes together to build a quantum
internet [1-3], which in turn could enable some astonish-
ing applications such as distributed quantum computing [4]
and quantum sensor networks [5,6]. Such a quantum internet
needs quantum memories to store quantum states for on-
demand reading [7]. Otherwise, distant quantum qubits cannot
be synchronized and any failure in any node would require the
whole system to restart from the beginning, making a large
quantum internet almost impossible. Similar to a quantum
computer that needs many qubits to demonstrate its quantum
advances [8], accessing the full potential of quantum networks
requires scaling of multiple nodes in global distances [9].
In this aspect, integrating multiple units into a single chip
appears to be the most effective approach for improving the
scalability of a memory system, as evidenced by the success
of modern integrated circuits and integrated photonic chips.
Unlike the rapid advances in quantum processor chips, while
quantum memories of micrometer size have been fabricated
[6,10-12], an on-chip quantum memory with good perfor-
mance metrics, and at the same time showing scalability with
other photonic devices, remains an outstanding challenge.

Due to their solid-state nature and long coherence times
[13], rare-earth-doped crystals are one of the best candidates
for building on-chip quantum memories [6]. Though there
have been impressive attempts to build memories by pattern-
ing nanostructures on rare-earth-doped crystals [12,14-16],
achieving faithful performance is hampered by the difficul-
ties imposed by the small size of a chip. For example, it is
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desirable for an atomic frequency comb (AFC) [10] mem-
ory to have large optical absorption such that it can have a
high storage efficiency [15]. However, for a memory based
on a waveguide architecture, its length on a chip limits the
achievable optical depth. Increasing the ion density seems a
straightforward solution, but at the cost of coherence times
[17]. Besides, quantum memory protocols such as controlled
reversible inhomogeneous broadening (CRIB) [18,19] rely
on the assistance of applied magnetic or electric fields. The
need for a magnetic (or electric) field with a large gradient
on a chip not only complicates the architecture but also puts
additional constraints on the magnetic or electric properties of
the working ions. As a result, current on-chip memories are
much less competitive in performance than their bulk coun-
terparts [20,21]. When designing a practical on-chip quantum
memory, both the requirements for faithful performance and
easy scalability should be taken into account.

Lithium niobate (LiNbOs3) is a material with the name
of photonic silicon and is famous for its large electro-,
nonlinear-, and acousto-optic coefficients. Photonic devices
based on LiNbO; have rapidly advanced with the com-
mercialization of lithium-niobate-on-insulators thin film. For
example, the development of LiNbO3 waveguides [22], high-
quality microresonators [23], high-frequency modulators [24],
and on-chip telecom lasers [25] have made thin-film LiNbO3
an unprecedented platform for integrated photonic circuits for
both classical and quantum applications.

Rather than imposing excessive requirements on the
medium that functions as an integrated memory, we pro-
pose a scheme based on erbium-doped lithium niobate
(Er*T:LiNbO3) to realize optical quantum memories by us-
ing the electro-optic effect of LiNbOj3. The scheme relies on
an electric optically tuned cavity to control the emission of
photon echoes, resulting in high storage efficiency and low
noise performance. Using cavity detunings to silence the echo
has been investigated in the microwave regime [26,27], the
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FIG. 1. Schematic of the cavity-controlled echo scheme. A
photonic-crystal nanobeam cavity is fabricated on an Er**:LiNbOs;
thin film. A grating coupler enables light input and output of the
cavity. Electrodes located on two sides of the cavity are used to shift
the cavity frequency.

first demonstration of which has recently been reported [28].
However, its efficiency still needs to be improved for practical
quantum applications. Our memory scheme inherits some ob-
vious industrial advantages of thin-film Er’*:LiNbOs, such as
the fabrication maturity of LiNbOj3 thin films and the 1.5-um
emission of erbium ions, being easy to scale up with multiple
independent memory units in one chip.

II. THEORETICAL MODEL

Similar to photon-echo quantum memories [26,27,29-33],
our approach is modified from the two-pulse echo scheme.
The two-pulse echo is not suitable for optical quantum stor-
age, because the echo is emitted from a population-inverted
medium. The gain and spontaneous emission of the medium
ruins the fidelity of the echo [29,34]. Applying a second w
pulse brings ions back to their ground state; therefore, the
secondary echo can be used as a readout of the stored quantum
state. However, the echo rephased by the first & pulse already
emits a large part of the stored energy, leading to efficiency
reduction of the second echo. To use the second echo as a
memory readout, it is thus necessary to eliminate the emission
of the first one. In the following, we detail how to use the
electro-optic effect of LiNbOs to silence the undesired echo.

The setup that we consider is shown diagrammatically
in Fig. 1. A photonic-crystal nanobeam cavity is fabricated
in an Er**:LiNbOs thin film. Light is input into (and out-
put from) a one-sided cavity through a grating coupler. Two
electrodes are used to supply the electric field to utilize the
electro-optic effect of LiNbO3. The width and the thickness of
the cavity are w = 900 nm and % = 390 nm, respectively. A
photonic band gap around 1.5 um is obtained by milling oval
holes with A, = 220 nm, h, = 490 nm, and a period of p =
530 nm, as illustrated in Fig. 2(a). A cavity resonance is
formed by changing the period of the five central holes to
460 nm. Figure 2(b) shows the simulated electric-field dis-
tribution of the cavity at a resonant wavelength of 1.5 um.

The effective refractive index of LiNbO;3 in our simula-
tions is modeled as neg = ng — %n03rE , wWhere ng = 2.21 is
the refractive index of LiNbO3 without applied voltage, r =
30.9 x 10712 m/V is a constant related to the electro-optic
coefficient of LiNbOj3 [35], and E is the applied dc electric
field. According to our simulations, the cavity frequency A,
shifts linearly with the change of refractive index: A, & Aneg,
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FIG. 2. Simulation of the nanobeam cavity. (a) The structure of
a periodic unit of the nanobeam cavity. (b) Simulated electric-field
distribution of the nanobeam cavity. Left, x-y plane from the top
view; right, y-z plane from the side view. (c) The cavity frequency
shift A, as a function of applied voltage, where the space distance
between two electrodes is 4 um.

as shown in Fig. 2(c). Applying a 10-V voltage to the structure
can shift the frequency A, by approximately 60 GHz.

For a collection of N two-level erbium ions interacting with
such an optical cavity, the dynamic equations for an ion are

; : 1 :
p21(r) = <—l5 - 7),021 +ig(r)a(pir — p2),
>

. 1 . .
p(r) = ——pn + igr)api — ig(r)a’ pa1, (1)
1

where p;; are the elements of the two-level density matrix p,
with i = 1 and 2, indicating the ground state and the excited
state, respectively; a is the cavity-mode operator, § is the
atomic frequency; 7; is the excited-state lifetime; 75 is the
optical coherence time; and g(r) denotes the single-photon
Rabi frequency. It is assumed in the above equations that
the cavity and atomic operators are uncorrelated, which is
a good approximation even in the regime of single excita-
tion. The inhomogeneous atomic detuning § is subject to a
Gaussian distribution G(§ — §p), where Jy is the center of the
inhomogeneous line, and f G(§ — 8§p)ds = 1. The ensemble
polarization of erbium ions is

+00
P=N /f p21(r, 8)G(8 — 8¢)dddr, 2

where N is the total number of erbium ions.

Different from a plane wave propagating along a crystal,
when light is input into a cavity [18,36], the time that the
optical field needs to form a stable distribution inside the
cavity is ~1/k, where k is the coupling loss of the cavity.
This means that the optical field can form a stable cavity
mode within a timescale (~ns, as shown below) much less
than the coherence time and the spontaneous lifetime (~ms)
of the erbium ions. Therefore, one can use the creation and
annihilation operators to describe the dynamics of the cavity
modes. The equation of motion for the cavity mode is

. . K .
4= (—zAC _ E)a + JKAy + igP, 3)

where Ajj, is the input driving field (signal pulse or control
pulses in our case).
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Since the cavity frequency A, can be electrically shifted,
according to the Purcell effect [37], emission of the atomic
ensemble can either be suppressed if A, is off-resonance
with the atomic frequency or enhanced if it is on-resonance.
Note also that the dc-Stark shift coefficient of erbium ions
in LiNbOs is typically 10 kHz/(V cm™!) [38], which means
that the ion frequency can also be shifted by ~100 MHz
under the investigated conditions. On one hand, such a shift
of the erbium ions is negligible compared to the A, shift.
On the other hand, applying another dc field with opposite
polarity can easily cancel the effect of the erbium Stark shift
on the memory. Moreover, because the Stark interaction of
rare-earth-doped crystals tends to be anisotropic, it is possible
to detune the ion frequency in the direction opposite to the
cavity frequency, being an advantage due to the enhanced
ion-cavity detuning.

Based on the effect of A., we can both silence the first
echo and enhance the second by applying a dc electric field.
To get an intuitive picture of the requirements of our scheme,
we first consider an input optical pulse with a linewidth much
narrower than «. In such a case, the field inside the cavity can
instantaneously follow the variation of the signal field, i.e.,
the adiabatic approximation @ & 0 applies. Note also that the
input-output relation of a cavity is

Aou + A = \/Eaa 4

At the echo-emission stage when the input Aj, is absent, one
can write the output of the cavity as

JK

2

out =
The polarization term P in Eq. (5) originates from the stored
collective excitation of the erbium ions. It is clear now if A,
can be detuned to a value much larger than «, the output echo
can be effectively silenced.

The sequences of control optical pulses and applied voltage
of our scheme are illustrated in Fig. 3(a):

(i) Att =1, an optical pulse, which is the signal to be
stored, enters the cavity. To obtain high-efficiency quantum
storage, perfect absorption of the input pulse is needed. For
a weak input pulse with few photons (then p;; — pp & 1
applies), the polarization term P is a linear function of the
cavity field: igP = —I'a/2, with I" being a constant. If a ~ 0
(the cavity mode a can instantaneously follow the change of
input pulse), we can obtain from Eqgs. (3) and (4) that
—in, +£-L

T2 40, ®)

iAo+ E+T

Aou(?) =

When A, = 0, there is impedance-matching x = I' leading
to ideal absorption of the input pulse [39,40]. By designing
the coupling loss « of the input grating coupler and choosing
a proper density of erbium ions 7., the impedance-matching
condition can be reached so that the input pulse is perfectly
absorbed, resulting in Aoy (t) ~ 0.

(i) Att = t,, arephasing ; pulse is applied to the erbium
ensemble, which reverses the phase of p, ().

(iii) Att =t,1, wheret,; — 1, = t, — t, the coherence p;;
with respect to different detuning § values restores in phase
and stimulates an echo. If no voltage is applied, the echo
will be emitted into the LiNbO; cavity. As aforementioned,
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FIG. 3. Pulse sequence. (a) The input pulse at #; (upper, red),
7 pulses at #, and 3 (upper, blue), and the external electric field at
t,, (lower, gold). The first echo of the first 7 pulses is silenced by
an external electric field at f,,. The second echo (upper, purple) is
emitted at f,,. (b) The output field of the pulse sequence with (red
solid line) or without (blue dashed line) the external electric field to
shift the cavity frequency.

this echo is noisy and not suitable for quantum memories. To
silence this echo, an external electric field is applied between
t, and t3, as shown by the dc field sequence in Fig. 3(a). The
dc field can shift the cavity frequency A, out of resonance
with the rephased collective polarization P, suppressing the
collective emission as an echo.

(iv) Att =13, where t3 —t, = 1, a second 7 pulse is ap-
plied to cancel the phase differences accumulated between t3
and t,1, in addition, to bring those ions excited by the first =
pulse back to their ground states.

(v) Att =t,, where t, —t3 = t3 — t,1, a secondary echo
with low noise is released from the cavity.

III. RESULTS

To show that efficient storage is experimentally feasible,
we calculate the output of the scheme by numerically solving
Egs. (1)—(4). In the present work, the focus is on proposing
the principles and mechanisms of a storage scheme, and the
building and computation of the realistic model [41] will be
addressed in future work. The loaded quality-factor of the
nanobeam cavity is Q = 9 x 10* (the intrinsic Q in simula-
tions can be as high as 5 x 109), and the mode volume of
which is V = 0.19 um?. While erbium ions in bulk LiNbO3
crystal have an inhomogeneous linewidth of G;, = 180 GHz,
an optical coherence time of 7, = 1.8 ms, and an electric
dipole moment of dj, = 3.5 x 10*> C m [13], we used the
parameters when erbium ions are doped in LiNbOj thin film,
which are G;, = 166 GHz and 7, = 0.18 ms [42].

The performance with (red line) and without (blue dashed
line) an applied voltage is shown in Fig. 3(b). At ¢, a
light pulse with a duration of 0.16 us is input to the cavity.
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FIG. 4. Memory efficiency and noise. (a) Efficiencies of the first
echo (dashed blue) and the second echo (solid red) as a function of
A.. (b) Efficiency as a function of the interval between the signal
pulse and the revival echo. The maximum efficiency is limited by
T, of erbium ions, which is 180 us in calculations. n depends on
T through an exponential function exp(—4t/T3). (c) Noise analysis.
The noise levels with and without applied dc electric field are shown
with a solid red line and a dashed blue line. The noise caused by the
free induction decay of & pulses can be significantly reduced when
switching on a large A, (gray shade). The inset shows the noise ratio
of two situations with A, = 0 and A, = 230 GHz. The noise can be
switched off by A, whenever needed.

According to a given coupling loss « of our cavity, we set
the concentration of the erbium ions as 225 ppm to realize
the impedance-matching condition. Perfect absorption is ob-
served in Fig. 3(b), where the output at #; is Agy(f;) ~ O.

With the absence of an applied dc field, both a primary
echo and a secondary echo can be seen after applying m
pulses, as shown by the blue dashed line in Fig. 3(b). However,
if an electrical field is turned on to shift A, = 230 GHz out of
resonance during the emission period of the first echo, the first
echo can be silenced to a negligible level. At the same time,
the amplitude of the second echo, compared to its counterpart
without the applied field, is enhanced. These results suggest
that one can both silence the unwanted echo and enhance the
second by using the electro-optic effect of LiNbOs3.

To efficiently cancel the first echo, one needs a large A, as
suggested by Eq. (5). In Fig. 4(a), we compare the emissions
of the two echoes for increasing A.. When there is no external
dc field A, = 0, both the first and the second echo are present
and of similar weights. With increasing A, the efficiency of
the second echo rises up to 97%, accompanied by the decrease
of the first one. Note that to obtain a high-contrast ratio be-
tween the first and the second echo, A, is just required to be
larger than the cavity linewidth « (2 GHz in our case), rather
than the inhomogeneous linewidth of erbium ions (166 GHz in
our case). This is evident in Fig. 4(a), where for A, =~ 60 GHz
the ratio between the first and the second echo is already 1.3%.

Therefore a high-Q cavity can reduce the needed dc voltage
and facilitate the application of the scheme.

Further increasing A, above 60 GHz leads to little increase
of the efficiency above 97%. This is because the memory
operation takes time, during which some ions decohere and
cannot be rephased by & pulses. The efficiency depends on the
decoherence time according to n = exp(—4t/T>), where 4t
is twice the interval between the signal pulse and the revival
echo, as shown in Fig. 4(b). In this paper, T, = 180 us is
used from a relevant experiment that measured the coherence
time of erbium ions in thin-film LiNbO; waveguides [43].
When rare-earth ions are doped into LiNbOs3, static defects
like charge compensation and compositional disorder cause
large inhomogeneous linewidths and can also lead to decoher-
ence [44]. In addition, the presence of nonzero nuclear spin
isotopes 9BNb, 7Li, and °Li causes additional decoherence due
to their dynamic magnetic interactions with erbium ions. Note
that the 7, = 180 us in our scheme already enables a theoret-
ical efficiency of 97%. If the operation time 4t is reduced,
such an efficiency can be extended to meet the requirement of
quantum-error-correction applications [45]. To further extend
the memory time without losing high efficiency, one can use
the hyperfine ground states of erbium ions. When an erbium
isotope with nonzero nuclear spin is used, hyperfine ground
states offer the possibility of realizing the zero-first-order-
Zeeman (ZEFOZ) effect, showing the prospects of extending
the coherence times by orders of magnitudes [46—48].

By introducing a tunable LiNbOj3 cavity, not only can the
emission of echoes be controlled but also the noise of such
a memory can be suppressed to a negligible level, as shown
in Fig. 4(c). For quantum memories based on photon echoes,
typical noise originates from free induction decay or sponta-
neous emission generated by 7 pulses. Shown in Fig. 4(c) is
the output with 7 pulses present but no input signal. Without
an applied electric field, the free-induction-decay tails of both
7 pulses immediately arise once the 7 pulses are switched off,
as shown by the dashed blue line of Fig. 4(c). If an electric
field is applied after the second m pulse to shift the cavity
frequency by 230 GHz, both the free induction decay and the
spontaneous emission (solid red line) are suppressed. In our
calculations, a ratio of more than 10* between the noise levels
with and without an applied field can be obtained, as shown in
the inset of Fig. 4(c). The low noise thus makes the memory
suitable for working at single photon levels. If the input optical
state is a one-photon state, then the noise-limited fidelity of
the output, according to the calculation method in Ref. [49],
can be more than 99.8% (depending on the readout time of the
memory).

IV. DISCUSSION

In our scheme, the primary echo is silenced by A..
This is quite different from other protocols such as the
revival-of-silenced-echo scheme that utilizes the spacial phase
mismatching effect [31], the hybrid-photon-echo-rephasing
scheme that utilizes the electric Stark effect [32], and the
light-shift-photon-echo-rephasing scheme that utilizes the
light-induced frequency shift effect [33]. The echo cancella-
tion in all these schemes is the result of a vanishing ensemble
polarization due to the destructive interference of ions with
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different accumulated phases (spatial or temporal). At the mo-
ment 7,; of our scheme, all ions are already rephased, which
means that an ensemble polarization is built up and can other-
wise emit photons if A, is in tune. The silenced echo is based
on the Purcell effect rather than the out-of-phase superposition
of ions. This difference has brought several advantages, as
listed below, to our scheme.

The most important one is that the scheme not only
shifts the requirement on controllability from erbium ions to
LiNbO3 but also brings in the feature of LiNbO3. Many mem-
ory protocols, such as CRIB and AFC, rely on preparation
steps. The preparation not only introduces technical difficul-
ties but also imposes additional requirements on working ions.
For example, in addition to excellent coherence properties of
working ions, CRIB also relies on extra electric or magentic
fields to realize controllable linewidth broadening, which can
lead to a compromise between coherence and controllabil-
ity. The AFC protocol only works for ions with auxiliary
long-lifetime states. In our scheme, all these requirements are
relaxed. When building a memory, one can just focus on uti-
lizing the best experimental conditions to achieve the longest
coherence time, as the write-in and readout of the memory are
now controlled by the LiNbO3. This means that the protocol
can take full advantage of the 1.5-um telecom emission and
the long coherence times of erbium ions. Moreover, benefit-
ing from the host LiNbO; thin film, such a device is easy
to integrate within modern photonic circuits. The number of
memory units can be scaled up with current technology, and
the operation of each unit can be independently controlled by
electrodes, ideal for integrated quantum chips.

The multimode capacity of the memory can be limited by
the linewidth of the optical cavity. In the above calculation,
the linewidth of the cavity is ~2 GHz and the input pulse is
~10 MHz; thus, the multimode capacity is on the order of 102,
Using a high-Q cavity reduces the multimode capacity, but on
the other hand can further enhance the light-matter interaction.
For high-Q cavities, fewer erbium ions are needed for high op-
tical absorption, which, together with the small mode volume
of photonic-crystal cavities, enables us to exploit the possibil-
ity of quantum memories based on single ions. The numerical
results of calculations on n for several combinations of Q and
erbium concentrations ne, are shown in Table I (note that in
these calculations, the mode volume V and the duration of
the two 7 pulses are also adjusted to maintain the efficiency
n > 97%). The number of ions that can be resolved in its ho-
mogeneous linewidth is approximated by N, = neV I, /Ty,
where 'y, = 1/(xTz) ~ 1 MHz is chosen for the homoge-
neous linewidth, and I';;, = 166 GHz is the inhomogeneous
linewidth [42]. For Q ~ 10° (LiNbO; microcavities with Q ~
10® has been reported [50]), the number of interacting erbium
ions can easily be reduced to single digits. For erbium-doped

TABLE 1. Theoretical speculation for single-ion quantum memory.

(0] V (um?) e, (ppm) Ny Efficiency (%)
2 x 103 0.28 105 3.1 97
3 x10° 0.3 70 2.2 97
4 x10° 0.28 50 1.5 97
8 x 10° 0.26 26 0.7 97
7 x 10° 0.23 3 0.07 97

crystals with Gaussian broadening, working on the edge of
the inhomogeneous line can further reduce N, and facilitate
single-ion detection. With decreasing erbium concentration,
the scheme shows potential for realizing solid-state single-ion
quantum memories, where the property of addressable single
ions can be used to predict events of successful storage [51]
and to establish deterministic entanglement [52].

V. CONCLUSION

In summary, we propose an on-chip quantum memory
scheme by utilizing the electric-optic effect of LiNbO3. Ap-
plying a dc electric field can change the refractive index of
LiNbO3 and the frequency. Therefore, it can change the fre-
quency of a LiNbOj; photonic cavity and control the emission
of echoes due to the Purcell effect. Our numerical results
show that the echo readout efficiency approaches unity. Com-
pared with the technical difficulties in memory schemes, the
electric-field controllability of lithium niobate on a photonic
chip is industrially compatible. It has been demonstrated that
the erbium ions in a patterned thin-film LiNbOj3 are able to
preserve the coherence properties of bulk material. At high
magnetic field and low concentrations, the coherence time can
be further extended, which in turn can increase the maximum
memory efficiency. Furthermore, when an erbium isotope
with nonzero nuclear spin is used, hyperfine interactions offer
the possibility of using the ZEFOZ effect [46—48] to extend
the coherence times by orders of magnitude. We thus expect
it is experimentally feasible to build an integrated quantum
memory with high efficiency and long coherence times using
Er3*t:LiNbOjs thin films. The scheme also offers new ideas for
exploiting quantum memories, such as noise suppression by
electric fields and single-ion quantum memories.
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