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Abstract Rare-earth ions doped in solid-state materials are considered promising candidates for quantum
information applications, especially for photonic quantum memory. Among them, erbium ions doped in an
optical fiber have attracted a lot of attentions due to their ability to provide efficient photon-atom interaction
on a telecom-C band compatible transition. The coherent photon-atom interaction, which is crucial for quan-
tum memory, has not yet been investigated for erbium ions doped in fiber at the temperature of sub 10 mK
with the magnetic environment. In this paper, we experimentally observe optical nutation, which results
from the coherent interaction between laser and erbium ions ensemble, in a piece of 9.5-m-long fiber with the
erbium concentration of 200 ppm. We also extract the transition dipole moment from the results of optical
nutation and further investigate its dependence on laser wavelength and magnetic field. A transition dipole
moment of (3.4244-0.019)x 10732 C-m is obtained at the wavelength of 1537 nm and magnetic field of 0.2 T.
Our results could pave the way for realizing solid-state quantum networks at telecom-C band.
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1 Introduction

Solid-state materials doping with rare-earth ions have attracted growing interests in quantum information
applications, especially for solid-state photonics quantum memory [1-3], whose development requires
a material with excellent optical or spin coherence properties [4-6]. To that end, rare-earth ions in
solid-state materials below <4 K are strong candidates because of their narrow homogeneous linewidth,
long coherence time, and large inhomogeneous broadening [7-11]. The erbium ion has the 415 /2—4113 /2
transition in telecom C-band wavelength-compatible with fiber communication systems [12,13], and can
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provide high optical depth inside the fiber core for efficient photon-atom interaction, making it practical
for photonics quantum information applications [14]. For these applications, the coherent interaction
between erbium ions and photons are crucial and must be investigated. McAuslan et al. [15] obtained the
4115/2—4113/2 transition dipole moment y of 3.5x10732 C-m in Er®*: LiNbOs3. Hiraishi et al. [16] measured
a transition dipole moment  of 7.6x10732 C-m in '"Er3*: Y,SiO5 with a 10 ppm atomic concentration
of 17Er3+ at a temperature of 2.2 K via Rabi oscillation. Howerver, the coherent interaction between
light and erbium ions doped in optical fibers have not yet been studied at or below 10 mK. At this
temperature, the optical and spin coherence times are expected to be substantially improved, due to the
decreased phonon density in the Er®*-doped fiber with lower temperature [17].

In this study, we have investigated the coherent interaction between laser and erbium ions doped in a
9.5 m long piece of fiber at a temperature of 7 mK in a cryogenic dilution refrigerator (LD400, BlueFors).
We measured the coherent optical nutation on the *I;5 /2—4113 /2 transition and thus extracted the transi-
tion dipole moment. Interesting excitation transition wavelength and magnetic field dependences of the
transition dipole moment were also revealed in our measurement and the possible explanations related to
inhomogeneous broadening of optical transition have been given. Our results pave a potential path for
developing solid-state photonics quantum memory and quantum networks based on Er®*-doped fibers.

2 Experimental setups

Figure 1 shows the experimental setup for cooling down the Er3*-doped silica fiber to ultra-low temper-
atures using a dilution refrigerator. Our experiments employ a sample of 9.5-m-long Er3*-doped fiber
(INO Canada, S/N 402-28254), co-doped with 200 ppm-wt Er, 1.0 wt% Al, and 7.9 wt% Ge. Two single-
mode bare fibers, which are used for applying input laser and collecting output signals, are connected
with the Er®*-doped fiber, as shown in Figure 1(a). To obtain good thermal contact, these bare fibers are
fixed with adhesive tape on each cold plate inside the dilution refrigerator. The sample holder is shown
in Figure 1(b), which shows the Er3*-doped fiber wound around a copper cylinder with a diameter of
3.4 cm. Each port of Er®t-doped fiber is directly fusion spliced with a single-mode fiber. A copper plate
with dimensions of 18 mmx452 mmx2 mm is designed to hold the fiber sample lying between the mixing
chamber flange and magnet. Our sample can be cooled down to a temperature of 7 mK-the cooling effect
mainly depends on the heat of mixing of He3 and He4 [18,19]. Moreover, a superconducting magnet with
magnetic field of up to 7 T is mounted in our dilution refrigerator.

The experimental schematic is illustrated in Figure 1(c). Continuous-wave laser light is generated
by an external-cavity diode laser whose linewidth is around 10 kHz and wavelength can be tuned from
1528 to 1566 nm. The laser beam is then temporally shaped into pulses by using a 200 MHz acousto-
optic modulator (AOM) with an extinction ratio of 60 dB. The laser pulses have duration of 500 ns and
repetition rate of 20 Hz. This configuration can guarantee that the erbium ions excited by one pulse can
completely decay to their ground states when the next pulse reaches them. The AOM is driven by an
arbitrary function generator (AFG). The waveform of the input pulse is monitored before being sent into
the dilution refrigerator, using a 95:5 beam splitter and a photodetector (PD1). The peak power of input
pulse ranging from 0.71 to 6.05 mW is controlled by employing a variable optical attenuator (VOAL).
The transmitted signal through the Er®*-doped fiber is detected by another photodetector (PD2). The
output of PD2 is observed with an oscilloscope.

3 Results

Optical depth — defined as aL, where L is the length of the medium, « is the absorption coefficient [20]
— is a dimensionless quantity for characterizing the absorption of a medium. By employing amplified
spontaneous emission (ASE) light from an Er3T-doped fiber amplifier, we measure the optical depth
of the 9.5-m-long Er®*-doped fiber at 7 mK over a broad wavelength range, as shown in Figure 2.
The inhomogeneously broadened line results in an optical depth, which distributed over several tens of
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Figure 1 (Color online) (a) Schematics of main components in the dilution refrigerator. It shows the different temperature
flanges, including the 50 K flange, quasi-4 K flange, still flange, cold-plate, and mixing chamber flange. The Er3t-doped
fiber sample is placed in the center of the magnetic coil under the mixing chamber flange. (b) Photograph of the sample
holder for Er®t-doped fiber. A red light beam is injected into the fiber to coarsely determine whether there is any strongly
scattering point along the routine of light. (¢) Experimental setup for optical nutation measurements. The laser wavelength
is tunable from 1528 to 1537 nm in the experiment. VOA2 (variable optical attenuator2) is used to protect the PD2 from
the high peak power; AOM; AFG; BS, 95:5 beam splitter; PD, PD1, and PD2 are connected to ports with low and high
beam splitting ratios, respectively; OSC, oscilloscope.

nanometers of wavelength. The absorption peak of our Er3*-doped fiber sample lies at 1530 nm at which
the optical depth is ~3.24, and the measured optical depths at the wavelengths ranging from 1528 to
1537 nm (1 nm every interval) are 3.14, 3.21, 3.24, 3.21, 3.11, 2.93, 2.65, 2.3, 1.85, and 1.4, respectively.

To explore the coherent interaction between photons and atoms in the Er®t-doped fiber, we conduct
optical nutation measurements, and calculate the *I;5 /2—4113 /2 transition dipole moment p of erbium ions
under the condition of various transition wavelengths and magnetic field strengths. Optical nutation is a
phenomenon in which the pulse transmission oscillates in sync with the atomic ground state population.
The Rabi frequency can be extracted from optical nutation signal based on the time ¢, measured from the
beginning of the pulse, at which the first nutation signal peak occurs. The relationship can be described
by the following equation [21]:

Ot = 1.6357(1 + 0.116aL), (1)

where (2 is Rabi frequency and aL is the measured optical depth. The obtained time-dependent decay
of optical nutation signals at the wavelength of 1533 nm is shown in Figure 3(a). Note that the actual
shape of nutation signals only results in one discernible peak of the oscillation. This is affected by the
characteristics of the input pulse and the Er®T-doped fiber including the inhomogeneous broadening of
an atomic ensemble, the inhomogeneous intensity distribution of the light in guided fiber mode and the
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Figure 2 (Color online) Absorption spectrum of the 4115/2-4113/2 transition of Er3T in the 9.5-m-long fiber. The results
of optical depth at different wavelengths are used to calculate the transition dipole moment.
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Figure 3 (Color online) (a) The observed optical nutation signals of Er3T-doped fiber at the wavelength of 1533 nm. The

excitation pulses of peak power used to calculate Rabi frequency range from 0.71 to 6.05 mW (shown with different colors).
(b) The power dependence of Q2. The input laser wavelengths are set at 1529 nm (circle), 1531 nm (triangle), 1533 nm
(quadrate), 1535 nm (pentagon), and 1537 nm (hexagon). The solid lines are the result of linear fitting.

homogeneous broadening of atoms [22]. All optical nutation measurements are averaged five times under
the same experimental condition, in order to minimize the errors on account of the temporal jitter of
laser pulse and other noises, such as the laser power fluctuations, electronic noises in photodetector and
oscilloscope.

The data in Figure 3(a) shows that the time of the first peak of the nutation signal is inversely
proportional to pulse peak power P, which means that the Rabi frequency is positively correlated with
P. According to the photon-atom interaction theory in optical waveguide, a linear power dependence of
0? and the *Iy5/5-*I;3/2 transition dipole moment y can be deduced as [23]

2 s
QO =kr—P 2
K A ) ( )
where P represents the pulse power entering into the sample, A is the mode field area of Er3*-doped fiber
and k = 2(n?+2)2/(9ncegh) is a material constant relating local electric field to the optical intensity [24].
The refractive index n of the Er®*-doped fiber is 1.463 and A ~ 11.97 um?. Eq. (2) indicates that u can
be calculated based on the measured power dependence of Q2. In our experiment we record the optical
nutation signals when the powers and wavelengths of the input laser are set to different values. By Eq. (1),
we extract the Rabi frequency € in each signal, and plot the Q2 versus P under different input laser

wavelengths in Figure 3(b). The corresponding calculated results of the transition dipole moment are
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Table 1 Calculated 4115/2—4113/2 transition dipole moments of erbium ions in fiber at various laser wavelengths

Wavelength (nm) Transition dipole moment (10732 C-m) Wavelength (nm) Transition dipole moment (10732 C-m)

1528 2.634+0.009 1533 2.814+0.008
1529 2.691+0.008 1534 2.926+0.006
1530 2.714+0.008 1535 2.983+0.009
1531 2.745+0.010 1536 3.037£0.008
1532 2.794+0.008 1537 3.161£0.007
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Figure 4 (Color online) Dependence of transition dipole moment on magnetic field. Measurements are carried out under
different strengths of magnetic field. Various laser wavelengths are in different colors.

demonstrated in Table 1.

In Figure 3(b), the dependence of Q? on P can be fitted well by a linear function for each wavelength,
which is consistent with Eq. (2). With the slope of each fitted line in Figure 3 (b) and Eq. (2), the
transition dipole moment p is calculated and shown in Table 1. It is obvious in Table 1 that p increases
with increasing input laser wavelength. This phenomenon is inconsistent with the theoretical model
in a few works [25], in which the oscillation strength of the 4115/2—4113/2 transition is considered to be
invariant for all the atoms in the sample. However, the wavelength dependence can be understood from
the origin of inhomogeneous broadening. It is well known that *I;5 /2 and Ty s2 will split into 8 and
7 Stark levels, respectively, after interacting with the crystal-filed potential [26]. Since the crystal-filed
potential changes with local sites, the transition frequencies and dipole moments between the Stark levels
are slightly different for Er3* at different spatial sites in an Er3*-doped fiber. Such spatial inhomogeneity,
together with the fractions of atoms in different sites, lead to the inhomogeneous broadened absorption
profile. An input laser with certain wavelength can excite transitions between Stark levels in atoms within
similar environment, and the measured dipole moment p in such case belongs to the dominant transitions.
Thus, different p will be obtained when the input laser wavelength varies, as shown in Table 1. The same
mechanism also leads to the dependence of the transition probability in fluorescence radiation on the
radiation wavelength, and has been studied in Nd**- and Eu?*-doped glass [26].

The magnetic field causes the ground and excited electronic levels to each split into pairs of Zeeman
sublevels [27]. In addition to performing optical nutation measurements under various transition wave-
lengths, we also study the transition dipole moment at different magnetic field strengths. The magnetic
field dependence of the *Iy5 /2—4113 /2 transition dipole moment of erbium ions in fiber is plotted in Figure 4,
with magnetic fields from 0 to 2 T.

As shown in Figure 4, we note that as the strength of the magnetic field increases, the transition
dipole moment first increases, then decreases, and finally approaches a constant. This phenomenon
appears at all wavelengths but the maximum transition dipole moment happens at different magnetic
field strengths. As a result, the largest *I;5 /2—4113 /2 transition dipole moment of erbium ions in the fiber
is (3.42440.019)x 10732 C-m, occurring for the wavelength of 1537 nm and the magnetic field of 0.2 T.
Compared with the previous results under zero magnetic field, we find that a magnetic field practically



Xi Q, et al. Sci China Inf Sci  August 2020 Vol. 63 180505:6

contributes to the transition dipole moment value, but the details of the reason for such phenomena
requires further experiments. We can provide one explanation here, by resorting to the inhomogeneous
broadening and the Zeeman effect. When the magnetic field is absent, an input laser with \; will interact
most intensively with atoms for which the *I;5 /2—4113 /2 transition has resonant wavelength of A;, and the
measured dipole transition is related with these atoms. When magnetic field is turned on, both of the
5 /2 and 4,4 /2 will be split into two sublevels by Zeeman effect and therefore four transitions appears
in this four-level system [28,29]. Thus, with the external magnetic present, atoms initially resonant
with the input laser will probably get significantly detuned, while other atoms initially not resonant the
laser would come into resonance due to the Zeeman shift. When the magnetic field strength increases,
the Zeeman splittings in each atom become larger, and atoms corresponding to different positions in
the homogeneously broadened absorption spectrum would get resonant to the input laser via Zeeman
transition successively [30]. It has been revealed in Figure 3 that these atoms have different transition
dipole moment under zero magnetic field. Since the Zeeman sublevels are the results of the perturbation
of magnetic field on the *I;5 /2 and T /2 levels, it is expected that the transition dipole moments of
Zeeman transitions in these atoms are also different. Therefore, the measured transition dipole moments
under different magnetic field strengths belong to the Zeeman transitions in different atoms along the
inhomogeneous broadening absorption spectrum. We can claim that the inhomogeneous broadening and
Zeeman effect together lead to the complex dependence of the transition dipole moment on magnetic field
and input laser wavelength.

4 Conclusion

In this paper we have measured the optical nutation for characterizing the coherent photon-atom interac-
tion of erbium ions in a fiber cooled to 7 mK for the first time. We further extracted the 4115/2—4113/2 tran-
sition dipole moment through nutation signals and obtained a transition dipole moment around 10732 C-m
under the conditions of different transition wavelengths and magnetic fields. Our results are consistent
with previous ones that extracted from Er3T-doped crystals on the order of magnitude [15,16]. We
observed that the transition dipole moment linearly depends on the transition wavelength of erbium
ions. An exotic magnetic field dependence of the transition dipole moment has also been observed in our
experiment. However, a completely clean mechanism for such phenomenon has not yet been provided,
which should be studied in the future. In summary, our results provide evidences for understanding the
coherent interaction between laser and erbium ions at 7 mK and can promote the Er3t-doped fiber to
become a promising candidate for solid-state quantum memory.
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