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Abstract: Electromagnetically induced transparency allows for the controllable change of
absorption properties, which can be exploited in a number of applications including optical
quantum memory. In this paper, we present a study of the electromagnetically induced
transparency in a 167Er:7LiYF4 crystal at low magnetic fields and ultra-low temperatures. The
experimental measurement scheme employs an optical vector network analysis that provides
high precision measurement of amplitude, phase and group delay and paves the way towards full
on-chip integration of optical quantum memory setups. We found that sub-Kelvin temperatures
are the necessary requirement for observing electromagnetically induced transparency in this
crystal at low fields. A good agreement between theory and experiment is achieved by taking
into account the phonon bottleneck effect.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Electromagnetically induced transparency (EIT) is a quantum interference effect which can
be observed in a multilevel atomic system where the interference of two different excitation
pathways leads to appearance of a narrow transparency window inside the atomic absorption
spectrum [1,2]. Such a controllable change of absorption properties, which is accompanied by a
strong dispersion and enhanced nonlinearity, can be used in a number of fascinating applications
including slow light [3–5], optical storage [6,7] and quantum memory (QM) [8,9]. In particular,
the latter is currently considered as a basic ingredient for long-distance quantum communication
via quantum repeaters and for scalable optical quantum computers, which makes it a topic of
active research [10,11]. In this respect, significant experimental progress has been achieved in
demonstrating EIT-based QM in cold atomic ensembles [12–15]. On the other hand, among the
most discussed systems suitable for memory implementation are solids doped with rare-earth
(RE) ions [16], which exhibit extremely long spin coherence times at low temperatures [17],
high optical densities [16], and compatibility with photonic integrated circuits [18]. Moreover,
solids doped with Kramers RE ions (ions having even number of electrons) provide optical
transitions inside telecom bands thereby making frequency conversion unnecessary, and hyperfine
transitions in 1-10 GHz range that is compatible with microwave quantum photonics. Therefore,
studying EIT in these materials is of interest for both developing optical QM and interfacing to
superconducting quantum devices.
EIT has been extensively studied in the crystals doped with praseodymium ions [19–27], but

much less in those doped with Kramers RE ions such as erbium and neodymium [28,29]. In the
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present work, we report the first observation of EIT in a mono-isotopic 167Er3+:7LiYF4 (Er:LYF)
crystal. Isotopically purified LYF crystals, where only the 7Li isotope is present, have long been
known for their ultra-narrow optical inhomogeneous broadening (∼ 10 MHz) [16,30–33]. Due
to this feature, the hyperfine structure of the optical transitions can be clearly resolved so that
observing EIT needs no special ensemble preparation using spectral hole burning. For the same
reason, the system is very attractive for implementing off-resonant Raman quantum memory
protocols [34–38], and studying EIT in this crystal may be considered as the first step towards
their realisation.
The optical coherence properties of LYF system were studied in 1990’s [39,40]. Today, LYF

crystals are again in the focus of spectroscopic research, but now within the context of QM
applications [29,33,41–43]. It turns out that Er:LYF system is a quite challenging material,
because it requires high magnetic field B & 1.5 T at low temperature T ∼ 1.5 K for establishing
optical coherence time at ∼ 10 µs timescale [39–41]. In our recent work, however, we have
demonstrated an increase of optical coherence time by deep freezing of the crystal to ultra-low
temperatures, i.e., T � 1 K [43], and by taking advantage of an optical clock transition that
appears at a low magnetic field. In the present work, we use the same approach and observe
EIT in Er:LYF crystal below 1 Kelvin by identifying a Λ-system with a zero-first-order-Zeeman
(ZEFOZ) hyperfine transition.

Our experimental scheme employs the optical vector network analysis (OVNA) technique
[32,44], which is the core tool in microwave photonics (MWP) field [45]. Based on imprinting
phase and amplitude of a microwave signal into optical excitation, MWP develops precise methods
of transmission of classical information (microwave and radio signals) over optical fibers [46].
While numerous publications focus on improving the OVNA and MWP approach for classical
information, we utilize it in the view of quantum information processing. We have already shown
that OVNA is a useful tool in spectroscopy [32] and photon echo [47] experiments. Integration
of the OVNA is particularly interesting in the context of EIT, as it provides high-precision
measurements of absorption and dispersion properties of the EIT medium.

2. Experimental setup

We investigate a single Er:LYF crystal doped with 0.0025% atomic concentration of 167Er3+ ions.
The crystal is grown by Bridgman-Stockbarger method as described in [43] and has dimensions
of 5 mm x 5 mm x 5 mm. The crystal axis c is directed along the applied magnetic field B and
along the light propagation direction, see Fig. 1(a). The crystal is thermally anchored to the
mixing chamber of the dilution refrigerator by using a silver-based conducting glue, see Ref. [43]
for further detail.
For the optical spectroscopy and for the observation of EIT we employ OVNA setup, as

outlined in Fig. 1(a). The erbium doped free running fiber laser (NKT Photonics Adjustik
E15) emits a continuous signal at ω0/2π = 195888 GHz, which corresponds to the transition
4I15/2(0) − 4I13/2(0) of the 167Er impurity ions. The laser field is polarized perpendicular (σ) to
the crystal c axis. The laser frequency is stabilized by using an optical wavelength-meter (High-
Finesse WS6-200). Signals emitted by a radio-frequency vector network analyzer (RF-VNA) and
a radio-frequency signal generator (SG) modulate the laser field via a Mach-Zehnder intensity
modulator (MZ-IM). This scheme employs the homo-heterodyne measurement technique, as
described in [32]. The modulated optical signal contains three frequencies (carrier and two
sidebands) out of which only one sideband interacts with the crystal. The carrier frequency is
far-detuned from the absorption feature. The resulting beat signal is then detected by a high
speed InGaAs photoreceiver, filtered on undesired higher order beats, amplified and returned to
the VNA. The background is analysed by putting a small portion of the modulated light directly
to the photoreceiver.
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Fig. 1. (a) Illustration of the experimental setup. MZ-IM stands for the Mach-Zehnder inten-
sity modulator. DR is the dilution refrigerator. PD is the high-speed InGaAs photoreceiver.
RF-VNA is the radio-frequency vector network analyser. SG is the RF signal generator.
Both RF-VNA and SG are triggered by using a pulse generator. PC stands for the controlling
computer. (b) Schematics of the energy-level structure indicating levels involved in the EIT
measurement. (c) Measurement sequence for EIT consists of three steps: spectroscopy on
the pump transition, background and EIT measurements.

The described OVNA method allows to simplify construction of the setup for heterodyne
detection and guarantees a phase match of the sidebands with the main frequency, where the last
one serves as the heterodyne. The VNA provides the fast and direct extraction of the amplitude,
phase and electrical delay of the signal with a high precision. Implementation of this method
narrows down the gap between the optical and microwave fields. Though in general this method
requires a post-processing of the measured signal, see [32], in case of small amplitudes and
phases, the signal can be treated as undistorted with a simple polynomial conversion of the
absorption dB-signal into optical depth.
The measurement sequence for the EIT contains three data-readout steps, see Fig. 1(c). First

step is spectroscopy on the |s〉 ↔ |e〉 coupling transition, see Fig. 1(b) for energy level schematics,
which allows to obtain the frequency of the coupling transition via fitting the spectral line and
thus allows to minimize the detuning ∆se of the coupling transition at each measurement step.
Following after several seconds delay on the device reconfiguration, the absorption on the probe
transition |g〉 ↔ |e〉 is measured with the microwave couple signal off and with the probing
intensity of ∼0.2 Wcm−2. Finally, the absorption profile on |g〉 ↔ |e〉 is measured with the
coupling beam of ∼6.5 Wcm−2 intensity on the |s〉 ↔ |e〉 transition.
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3. Optical spectroscopy

The absorption spectrum of 4I15/2 ↔ 4I13/2 transition is measured as a function of the longitudinal
magnetic field in the range from 0 to 100 mT at the base temperature of the dilution refrigerator,
shown in Fig. 2(a). Three groups of lines can be identified at higher fields. Two groups at
frequencies below 5 GHz and above 9 GHz correspond to the two transitions with spin-flip,
4I15/2(0)| − 1/2〉 ↔ 4I13/2(0)| + 1/2〉 and 4I15/2(0)| + 1/2〉 ↔ 4I13/2(0)| − 1/2〉 respectively. The
third, central, group of lines covering frequencies between 5 GHz and 9 GHz has small g-factors
and corresponds to the transitions without spin-flip, 4I15/2(0)| ± 1/2〉 ↔ 4I13/2(0)| ± 1/2〉.

Fig. 2. (a) Absorption spectrum of the sample on the 4I15/2(0) − 4I13/2(0) transition as
a function of the longitudinal magnetic field and (b) absorption spectrum at the magnetic
field of 20 mT. The frequency is given in detuning from the 196.888 THz of the main laser
frequency. The absorption lines |g〉 ↔ |e〉 and |s〉 ↔ |e〉 form a symmetrical Λ-structure
used for EIT. (c) Calculated hyperfine structure of the electronic ground state 4I15/2(0) as a
function of the longitudinal magnetic field. The red arrow indicates the ZEFOZ point of
spin transition between the states |g〉 and |s〉, which is observed at the magnetic field of 20
mT. (d) Measured transition frequency between the hyperfine states |g〉 and |s〉 as a function
of the longitudinal magnetic field around the ZEFOZ point. The inset shows the modelled
hyperfine transition frequency dependence on the longitudinal and transverse magnetic field
detunings from the ZEFOZ point.

The structure of the optical spectrum is determined by the Zeeman splitting of the ground-
and excited-state Kramers doublets of 167Er and hyperfine interaction. To simulate it, we take
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advantage of the effective spin Hamiltonian for the ground and excited states:

H = g‖µBBzSz + g⊥µB(BxSx + BySy) + AIzSz + B(IxSx + IySy) + P[I2z − I(I + 1)/3], (1)

where µB is the Bohr magneton; g‖ and g⊥ are the components of the g factor parallel and
perpendicular to the c axis, respectively; Bi are the components of the external magnetic field;
Si and Ii are the electron- and nuclear-spin operators, respectively; A and B are the hyperfine
parameters; and P is the quadrupole constant. Here S = 1/2 is the effective electron spin,
and I = 7/2 is the nuclear spin for 167Er. The ground state parameters have long been known
from EPR measurements [48]: A = −325.8 MHz, B = 840 MHz, g⊥ = 8.105 and g‖ = 3.137.
The excited state parameters can be determined from the measured optical spectra by a fitting
procedure as was done in [30,31]. As a result, for the excited state 4I13/2 we obtain A = −170MHz,
B = 970 MHz, P = 15 MHz, and g‖ = 1.56. The value of g‖ is close to the previously estimated
values of 1.52 [33] and 1.6 [41].

In possession of the effective spin Hamiltonian parameters for the ground and excited states,
we are able to find an appropriate Λ-schemes of optical transitions for observing EIT. For the
longest spin coherence times to be achieved, it is desirable to use the zero first order Zeeman
(ZEFOZ) transitions [17,49–52], while the most efficient Raman interaction requires symmetrical
Λ-scheme. Numerics show that both conditions can be satisfied in the present crystal at the
longitudinal magnetic field of about 20 mT. In this case, a couple of hyperfine sublevels of the
ground state, namely

|s〉 =
1
√
2
(| − 1/2, 7/2〉 + |1/2, 5/2〉) , (2)

|g〉 =
1
√
2
(| − 1/2, 7/2〉 − |1/2, 5/2〉) (3)

(here |ms,mI〉 are the eigenstates of the Hamiltonian in Eq. (1)), form ZEFOZ transition, while
the hyperfine sublevel of the excited state

|e〉 = |1/2, 7/2〉 (4)

is equally coupled to only these states thereby providing a symmetric and isolated Λ-structure.
Absorption spectrum at 20 mT is demonstrated in Fig. 2(b), where optical transitions forming

the Λ-structure are marked by red arrows. The observed difference of optical depth is due
to equilibrium population distribution between sublevels |g〉 and |s〉 at low temperature. The
linewidth of both optical transitions is about 32 MHz.

The simulated structure of the spin-levels is plotted in Fig. 2(c), indicating the point of ZEFOZ
transition by red arrow. Frequency of the microwave transition |g〉 ↔ |s〉 is extracted from the
frequency difference of the probe and couple transitions at each magnetic field value is plotted in
Fig. 2(d). We observe the expected ZEFOZ point at approximately 20 mT, where the microwave
frequency takes minimal value. The inset shows the simulated spin transition frequency in
dependence on the detuning of the magnetic field from the ZEFOZ point, where longitudinal,
δB‖ , and transverse, δB⊥, detunings are along and perpendicular to the c axis, respectively.

4. Electromagnetically induced transparency

The EIT feature appears when both probing and coupling signals are on and the frequency of
the coupling signal is swept through the resonance, as shown in Fig. 3(a). The probe transition
appears as wide red line at 8.21 GHz. At 8.12 GHz we have another week absorption line which
is close to the probe transition . The observed EIT resonance, as shown in Figs. 3(b) and (c),
vanishes with increase of temperature and does not reveal any superhyperfine structure which
was recently found in the Electron Paramagnetic Resonance spectra of Nd:LiYF4 crystals [53].
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In addition, splitting of the EIT line into 9 lines due to the superhyperfine interaction has been
observed by Akhmedzhanov et al. [29] in monoisotopic Nd:LiYF4. While Nd and some other
rare earth ions, e.g. Ce and Yb, revealed superhyperfine structure in LiYF4 and other substrates,
observation of superhyperfine structure in Er:LiYF4 spectra has not been reported yet. Absence
of the superhyperfine structure is explained by large broadening of the spin line, '5 MHz, which
cannot be further reduced even when working at the clock transition and sub-Kelvin temperatures
and, thus, leads to the smearing out of the superhyperfine structure.

Fig. 3. (a) Plot of EIT as a function of the couple frequency at 20 mT. The probe and
couple frequencies are given in detunings from the 195.888 THz of the main laser frequency.
Slices of the measured amplitude (b) and phase (c) of the EIT signal are shown for three
temperatures: 0.1 K, 0.7 K and 1 K. The black line corresponds to the experimental signal,
the red line shows the fit of the data to the OVNA model [32], Eqs. (5)–(6), with the spectral
shape given by Eq. (7).

We derive the amplitude and the phase of the EIT spectrum by fitting the experimental data
to the OVNA model as explained in [32]. Absorption depth αL(ω) and phase φ(ω) of the
EIT spectral feature are derived as imaginary, αL = =[χ], and real, φ = <[χ], parts of the
susceptibility. We then fit the experimental data to the OVNA model [32] as follows:

αL ∝
(
1 + =[χ]2 + 2=[χ] cos(<[χ])2

) 1
2 , (5)

φ ∝ −
=[χ] sin(<[χ])

1 + =[χ] cos(<[χ])
. (6)

The imaginary and real parts of the susceptibility are derived from [24]:

χ = i
λα0
2π

Γge(Γsg + i(∆ωge − ∆ωse))

(Γge + i∆ωge)(Γsg + i(∆ωge − ∆ωse)) + |
Ωc
2 |

2
, (7)

where ∆ωge and ∆ωse are the detunings of the probe and coupling beams, respectively; Ωc is the
coupling Rabi frequency. The linewidths of the excited, Γge, and auxiliary, Γsg, states comprise
of the natural linewidth 1

T1
, dephasing rate 1

πT2
, and the inhomogeneous broadening Γge(sg)inh as

follows:
Γge(sg) =

1
Tge(sg)
1

+
1

πTge(sg)
2

+ Γ
ge(sg)
inh =

1
2
Γopt(HF). (8)

We further use the notation Γopt and ΓHF, which are the full width at half maximum (FWHM) of
the optical |g〉 ↔ |e〉 and spin |s〉 ↔ |e〉 transitions, respectively. The dephasing component of
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the both decay rates, 1
πTge(sg)

2
, is then sensitive to the direct and indirect flip-flops and to the direct

and phonon bottleneck processes.
We have measured the EIT feature in the range of magnetic field from 10 mT to 25 mT

and in the temperature range from 100 mK to 1 K at the magnetic field of 19 mT. Fitting the
experimental data to Eqs. (5)–(7) allows to extract the optical Γopt and spin ΓHF FWHM linewidth,
and coupling strength Ωc. The group delay τd is derived directly by the RF-VNA as ∂φ/∂ω.
Examples of the fits of the absorption amplitude and phase profiles at three selected temperatures
are shown in Figs. 3(b) and (c). Fitting of the transition at ∼8.12 GHz simultaneously with the
EIT-line allows for better precision of the derived parameters.

Extracted optical and spin linewidths are shown in Fig. 4(a)(iii) and Figs. 4(b)(iii). The optical
linewidth Γopt does not depend on temperature and shows weak broadening with an increase of the
magnetic field: at 19 mT it equals Γopt ' 2π × 35 MHz and increases up to Γopt ' 2π × 40 MHz
at 25 mT. Such increase is related to the inhomogeneity of the g-factor, ∆g(ω), which leads to an
associated broadening ∝ ∆g(ω)·B. On change of the magnetic field, ΓHF takes minimal value in
the vicinity of the ZEFOZ point. Converse to the ΓHF, the group delay τd and visibility increase
when approaching ZEFOZ point. The coupling frequency Ωc is independent of the magnetic
field and temperature and equals Ωc ' 2π × 15 MHz, which proves that we work in the pure EIT
regime, Γopt>Ωc.

Fig. 4. (i) VNA-measured (blue dots) and calculated (red circle) group delay. (ii) The
EIT visibility derived with Eq. (11). (iii) Width of optical and spin transitions and EIT
transparency window. Fit of the temperature dependence of ΓHF to the broadening from
non-equilibrium phonons, Eq. (13), is shownwith dash-dotted red line. From the NQP-model,
ΓHF0 is the guiding line for the minimal width of the spin transition at the ZEFOZ point.

In the vicinity of the ZEFOZ transition, the dependence of ΓHF on decoherence and relaxation
processes is overshadowed by the sensitivity of the spin system to the fluctuations of the magnetic
field amplitude caused by the flip-flops, which is given by gradient, S1i = ∂ω/∂Bi, and curvature,
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S2i = ∂2ω/∂2Bi, of the spin transition frequency ω in the magnetic field B [43]:

ΓHF(∆B) = ΓHF0 + S1δB + S2δB
√
2δB2 + 4∆B2, (9)

where ∆B is the detuning of the magnetic field from the ZEFOZ point, and ΓHF0 is the detuning-
independent inhomogeneous broadening of |s〉 ↔ |g〉 microwave transition. The amplitude of the
magnetic noise, δB, is the total amplitude of the external magnetic field fluctuations experienced
by the erbium ions over the time of the measurement. Equation (9) does not include any linear
inhomogeneous spin broadening associated with the g-factor inhomogeneity, ∆g(ω)·B [43]. We
can nevertheless assume that it is similar to the broadening of the optical linewidth Γopt and
becomes relevant only at the magnetic fields above 23 mT, see Fig. 4(iii). Values of the curvature,
S2 = 0.91 MHz/mT2, and gradient, S1 = ∆B · 0.91 MHz/mT2, are extracted from the absorption
spectra of the spin transition, see Fig. 2(d). Inserting these values into Eq. (9), we derive the
minimal broadening of the spin transition, ΓHF0 ' 2π × 4.5 MHz, and the magnitude of the
magnetic noise, δBZEFOZ ' 0.4 mT.

In order to obtain the visibility of the EIT signal, VEIT, and the width of the EIT transparency
window, ΓEIT, we use the theory published in Refs. [27,54], in which the standard model in Eq. (7)
is generalized for the inhomogeneously broadened solid-state system. For large inhomogeneous
spin broadening, the linewidth of the EIT feature is larger than the spin linewidth and depends on
the ratio of the square of coupling strength to the product of optical and spin broadenings [54]:

ΓEIT = ΓHF

(
1 +

Ω2
c

ΓoptΓHF

)
(10)

The EIT linewidth is thus broader than the spin width by the add-up of Ω2
c/Γopt ' 2π × 6.7 MHz.

The EIT visibility is derived as [54]:

VEIT =
Ω2

c

Ω2
c + ΓoptΓHF

. (11)

In the vicinity of the ZEFOZ point, ' 19 mT, we have Ω2
c ∼ ΓoptΓHF ' (2π × 16 MHz)2

which gives maximum visibility of VEIT ' 0.55. We observe the visibility reduction when
detuning the magnetic field from the ZEFOZ point, Fig. 4(a)(ii), and with the increase of the
temperature, Fig. 4(b), so that the EIT feature is well-visible below 0.7 K, see Fig. 3(b). In order
to attain VEIT → 1, the coupling strength must be much larger than the optical and microwave
inhomogeneities, Ω2

c � ΓoptΓHF, which is not feasible at our experimental condition.

5. Temperature dependence of the spin width

Temperature dependence of the EIT parameters is measured in the range from 0.1 K to 1 K at
19 mT and is plotted in Fig. 4(b). Width of the optical transition remains constant in the full range
of temperatures, Γopt ' 2π × 32 MHz, see Fig. 4(b)(iii). Width of the spin transition increases
with the increase of temperature, while visibility decreases, as shown in Fig. 4(b)(ii).

The spin linewidth ΓHF decreases with the decrease of temperature till it saturates below 0.5 K,
which is associated with reaching the minimal attainable temperature of the sample, Tmin. The
temperature dependence of ΓHF below 1 K can be governed by spin-flip process, direct process
and phonon bottleneck process. In some works, the phonon bottleneck (PB) has already been
observed when studying optical coherence [47] and spin relaxation [55] phenomena in Er:Y2SiO5
below 1 K. In the previous study of optical coherence in 166Er:LiYF4 below 1 K [43], in the
absence of a reliable model for effective temperature, it was not possible to extract the flip-flop
and bottleneck rates from the experimental data.
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According to the present study, the dependence of the ΓHF on temperature is dominated by the
bottleneck process, which is associated with the presence of non-equilibrium phonons (NQP).
Both NQP and PB describe influence of the same physical phenomenon on relaxation and
coherence in the spin ensemble. Speaking of the line-broadening due to the PB, we stick to the
term of the non-equilibrium phonons, which are the actual source of the effects. Line broadening
due to the NQP can be described as [56,57]:

ΓNQP =
συ

π

2ω2∆ω

2πυ3
coth

(
~ω
kBT

)2
, (12)

where σ ∼ 100 nm2 is the collision cross-section of the phonons [56,58], υ ' 5.5 km/s [59],
ω is the frequency of the microwave transition, ∆ω is the linewidth of the spin transition, and
~ω
kB ' 0.05 K. Based on Eq. (12), we fit ΓHF to the following expression:

ΓHF = ΓHF0

(
1 + γNQP coth

(
~ω

kBTeff

)2)
, (13)

where ΓHF0 is the NQP-independent linewidth, γNQP = σω2

π2υ2
∼ 10−3 − 10−5 is the dimensionless

coefficient.
In our previous studies of optical coherence in Erbium-doped crystals below 1 K, we found

that the temperature in vicinity of the excited Erbium ensemble differs from the temperature
measured on the temperature sensor anchored to the mixing chamber of the cryostat. Therefore,
we introduce an effective temperature, Teff, which is the true temperature of the spin-ensemble
and is given by [47]

Teff = Tmin(1 +
T

Tmin
)
1
2 , (14)

where Tmin is the minimal temperature attained by the sample at particular experimental
conditions, and T is the temperature measured by the sensor of the cryostat. The fitting results
are shown in Fig. 4(b)(iii). The obtained parameters agree quite well with the expected values:
ΓHF0 ' 2π × 6.4 MHz, γNQP ' 2 · 10−3, and Tmin ' 0.5 K. Current results suggest that presence
of NQP is major limiting factor for coherence at milli-Kelvin temperatures.

6. Group delay

The strong reduction of the group velocity in EIT medium is very attractive in application to
the variable time-delays and the on-demand storage and retrieval of optical pulses [2,60]. These
is possible due to reduction of the group velocity of light when EIT is achieved. In OVNA
experiment, the group delay τd is directly calculated by the RF-VNA: for each frequency segment,
RF-VNA detects change of the phase of the received signal with respect to the initial phase.
This method offers a straightforward way of direct identification of the delay associated with the
slowdown of the light pulses in EIT medium.
Reduction of the group velocity of the light due to an interaction with a dispersive medium

is known as a slow light [61]. The slow light is associated with the concept of dark polaritons:
simultaneous propagation of the light and spin waves with reduced speed [62]. The contribution
of spin component in the polariton state is proportional to the collective light-ion coupling
strength g

√
N, which is estimated as g

√
N = µ

√
ωnat
2~ε0 ' 2π × 270 MHz, where the transition

dipole moment equals µ ' 2.5 · 10−32 Cm, ω is the optical frequency of the probe field,
and nat ' 7 × 1015 cm−3 is the concentration of the atoms. The relative contribution of the
optical component is described by so called mixing angle, which reads as θ ' arctan g2N

Ω2
c
and

equals to ' 85◦ under present experimental conditions, which means that most of the energy
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is concentrated in the spin component [62]. The delay time estimated in terms of polariton
propagation is τd = L

c
g2N
ΓoptΓHF

[54,62], where c is the speed of light in vacuum. Calculated τd values
are presented in Fig. 4(a)(i) and Fig. 4(b)(i). We find very good correlation of the experimental
and theoretical values.

7. Conclusion

In conclusion, we have presented a detailed study of electromagnetically induced transparency
(EIT) in mono-isotopic 167Er:LiYF4 crystal measured at sub-Kelvin temperatures. We have found
that the EIT process at low magnetic fields can only be observed at milli-Kelvin temperatures.
The detected transparency window has a minimal FWHM linewidth of 12 MHz and maximal
transparency of 50% at the minimal attainable temperature of 500 mK. Measured experimental
parameters agree with the theoretical model involving the phonon bottleneck effect.
Though cooling down below 1 K allowed to suppress most of the decoherence processes,

we found that efficiency of the EIT is limited by rather high minimal attainable temperature,
'500 is cmK. Such elevated effective temperature is due to high optical excitation power as
well as to poor thermal interface and thermal conductance of the crystal medium below 1 K. As
the consequence, dependence of the spin width on the temperature is limited by dynamics of
non-equilibrium phonons. We believe, that effective temperatures much below 0.5 K can be
achieved by using thin crystals with a waveguide [63].

Upon improvement of the thermal interface between sample and cryostat, it is possible to have
a further enhancement of the coherence properties while working at low magnetic field. Also,
Nd:LiYF crystal would be another interesting candidate for low-temperature experiments due
to observation of the hyperfine structure. This will allow to develop reliable quantum memory
feasible for low-magnetic-field applications.
Optical vector network analysis approach is successfully employed in the measurement

scheme and is thus proved as an efficient method of measuring the electromagnetically induced
transparency. Further deployment of this method in experimental schemes is of interest of
developing the quantum information processing tools.
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