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Spectroscopic investigations of Pr3+:CaWO4 at liquid-helium temperatures
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Rare-earth ions doped into low nuclear-spin density host crystals provide a promising platform for quantum
information storage and processing. Calcium tungstate (CaWO4) is an attractive host crystal because it can be
isotopically enriched to provide a nuclear spin free environment. Here, we report a spectroscopic investigation
of the optical transitions and hyperfine transitions of praseodymium (141Pr3+) doped in CaWO4 at liquid-helium
temperatures. The hyperfine structures of the 3H4(0) and 1D2(0) states are determined by spectral hole burning.
The results indicate that Pr3+:CaWO4 is an appealing candidate for quantum memory in quantum information
processing.
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I. INTRODUCTION

Rare-earth ions doped into crystals at liquid-helium tem-
peratures are promising materials for quantum information
processing due to their long optical and spin coherence times
[1–3]. Recently, remarkable achievements in quantum storage
and quantum networking have been obtained with Pr3+-doped
Y2SiO5 crystals, such as efficient quantum storage [4,5],
multiplexed storage in multiple degrees of freedom [6,7],
interfacing with a cold atomic gas [8], and entanglement be-
tween the two remote quantum memories [9]. Despite these
important achievements, the quantum storage lifetime, as
determined by the spin coherence lifetime, is limited to sev-
eral hundred microseconds in Y2SiO5 at zero magnetic field
[10]. A much longer spin coherence lifetime is required for
the practical implementation of quantum repeaters. However,
the magnetic field fluctuations caused by the spin-flip of the
Y3+ ions in Y2SiO5 remain the dominant decoherence source
[1,11]. Therefore, a host crystal for rare-earth ions, that can
provide a nuclear-spin-free environment, is crucial for practi-
cal applications [12].

CaWO4 is a non-yttrium-based crystal, in which most nu-
clei have no spin. Only the 183W isotope of tungsten (with
14% natural abundance and nuclear spin I = 1/2) contributes
substantially to magnetic field fluctuations in this crystal. By
using non-183W isotopes, CaWO4 can be a spin-free host
crystal. Recent results have shown that CaWO4 can be a host
crystal for Kramers rare-earth ions, such as Er3+ [13–18],
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Yb3+ [19], and Ce3+ [20], and an electron spin coherence
lifetime up to 23 ms has been obtained in CaWO4 [21].

CaWO4 may provide a promising spin environment for
Pr3+ [12]. However, the coherent spectroscopic properties
of Pr3+:CaWO4 at liquid-helium temperatures have not been
reported. Only a few absorption and luminescence spectra of
Pr3+:CaWO4 have been carried out at much higher tempera-
tures [22,23], which are not suitable for quantum applications
due to the limited coherence lifetimes for optical transitions.

To evaluate the possibility of storing and manipulating
quantum information in Pr3+:CaWO4, here we implemented
a comprehensive spectroscopic investigation of this material
at liquid-helium temperatures. We measured the excited-state
lifetime and the ground-state lifetime and determined the
hyperfine levels of the 3H4(0) ground state and the 1D2(0)
excited state by spectral hole burning. This study provides the
necessary information for implementing spin-wave quantum
memories in this material.

This paper is organized as follows. Section II gives the
material properties of the samples in this study. In Sec. III, a
variety of optical techniques are used to investigate the spec-
troscopic properties of Pr3+:CaWO4, including the optical
transition frequencies, the absorption coefficient, the fluores-
cence lifetime, the optical coherence lifetime, the hyperfine
structures, and the spectral hole lifetime. Section IV concludes
the paper.

II. MATERIAL PROPERTIES

Pr3+:CaWO4 crystals used in this study have a doping
concentration of 500 ppm and were supplied by SurfaceNet
GmbH. CaWO4 is a tetragonal crystal with space group I41/a.
The unit cell parameters of the crystal are a = b = 0.524 nm
and c = 1.137 nm [17,21,23], and the crystal has a fourfold
rotational symmetry around the c axis [17,24]. Pr3+ ions
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FIG. 1. The FT-IR spectra of Pr3+:CaWO4. The absorption lines from the 3H4(0) ground state to the 3F2, 3F3, 3F4, 1G4, 1D2, and 3P0 states
are shown in panels (a), (b), (c), (d), (e), and (f), respectively. We mark the lowest crystal field level of each state with red arrows and give the
wave numbers of these transitions.

substitute Ca2+ ions with S4 point symmetry in CaWO4 crys-
tals. All crystals were cut along the a × b × c axes. The b × c
plane was polished, and the light propagated along the a axis.

III. RESULTS AND DISCUSSION

A. Absorption spectra

First, we measured the absorption spectrum to determine
the crystal field levels of Pr3+:CaWO4. The absorption spec-
tra of Pr3+:CaWO4 were measured by a Fourier-transform
infrared (FT-IR) spectrometer (VERTEX 80, Bruker). The
FT-IR spectrum was recorded from the 4000 to 22 000 cm−1

wave-number region at a resolution of 0.06 cm−1. Commer-
cial FT-IR spectrometers are operated at room temperature. In
this case, Pr3+ ions occupy the different crystal field levels
and the optical inhomogeneous linewidth is very wide. Pr3+

ions only occupy the 3H4(0) ground state and have a sharp
absorption line at liquid-helium temperatures. Therefore, we
placed our sample in a cryostat (Cryostation S50, Montana
Instruments) with a working temperature of approximately
3.5 K. The FT-IR spectra of Pr3+:CaWO4 were obtained by
transmission spectroscopy and the thickness of the crystal
was 3 mm.

The absorption spectra for the 3F2, 3F3, 3F4, 1G4, 1D2, and
3P0 manifolds are shown in Fig. 1. These results are in agree-
ment with the previous results reported at 25 K [25]. Here,
we got more precise absorption lines at the liquid-helium
temperatures. Figure 1 shows that the transition of the lowest
crystal field level between the 3H4 state and the 1D2 state is
16 549 cm−1 (vacuum wavelength of 604.27 nm), and the
full width at half maximum (FWHM) of this transition is
2.57 cm−1 (77.1 GHz). This transition can be labeled as
3H4(0) ↔ 1D2(0), where 0 refers to the lowest energy lev-
els. Due to the phonon relaxation between the crystal field
levels within the multiplets, this transition has a narrow

homogeneous linewidth at liquid-helium temperatures [26].
Therefore, this transition is currently most used in Pr3+-based
quantum memories [4–9,27].

B. Optical inhomogeneous spectra

In the following, we performed a detailed study of this
transition by a continuous-wave laser (TA-SHG Pro, Toptica).
First, we scanned the frequency of the laser to obtain the
absorption coefficient. The k vector of the laser was aligned
parallel to the a axis of the crystal and the polarization of the
laser was close to the b axis of the crystal.

The result is shown in Fig. 2(a). The absorption center of
the transition 3H4(0) ↔ 1D2(0) is at 604.25 nm of the vacuum
wavelength. The difference between the laser absorption and
the FT-IR absorption is due to the difference of the wavelength
meter and the FT-IR spectrometer. The optical inhomoge-
neous linewidth was 85.46 ± 5.56 GHz (FWHM), which was
obtained by fitting a Lorentzian line shape. The peak ab-
sorption coefficient is α = 1.877 cm−1 for the Pr3+:CaWO4

crystal.
Then, we investigated the polarization dependence of the

absorption coefficient in the b × c plane. The laser wavelength
was set at the absorption center. A half-wave plate was placed
in front of the cryostat to adjust the polarization of the input
laser. The experimental result is shown in Fig. 2(b).

The dependence of the absorption depth on the polarization
angle can be expressed as [28]:

I (φ) = [cos2(φ)e−d‖ + sin2(φ)e−d⊥ ]I0 := e−d (φ)I0, (1)

where φ is the polarization angle with respect to the b axis, I0

is the input intensity, I (φ) is the output intensity, d‖ (d⊥) is the
absorption depth for the polarization parallel (perpendicular)
to the b axis, and d (φ) is defined as the effective polarization-
dependent absorption depth. The experimental data can be
fitted by this formula in Fig. 2(b) (red line). This fit gives
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FIG. 2. Absorption spectrum of the transition 3H4(0) ↔ 1D2(0) at 604.25 nm (vacuum). (a) The black squares are the measured results, and
we fitted them with a Lorentzian line shape (red line). This fit gives the optical inhomogeneous linewidth of 85.46 ± 5.56 GHz. (b) Polarized
dependence absorption spectra of Pr3+:CaWO4 for k ‖ a axis and E in the b-c plane, where E is the electric field vector of the laser. The 0◦

(±90◦) angle represents that the laser polarization is parallel (perpendicular) to the b axis. The green circles are the measured results, and the
red line is fitted by Eq. (1).

d‖ = 0.521 ± 0.005 and d⊥ = 0.016 ± 0.004. We found
that the strongest absorption for the laser polarized parallel
to the b axis. Negligible absorption is observed for the laser
polarized perpendicular to the b axis.

C. Fluorescence lifetime of the 1D2(0) excited state

The population lifetime of the optical excited state gives
the upper limit of the optical coherence time T2 (T2 � 2T 1).
The ratio of the optical T1 to the ground-state lifetime is
important for efficient optical pumping [29].

The 1D2(0) excited-state fluorescence lifetime was mea-
sured by exciting the transition 3H4(0) → 1D2(0) and detecting
the transition 1D2(0) → 3H6. Four multiphoton single-edge
dichroic beam splitters (FF705-Di01-25x36, Semrock) were
used as long pass filters to filter out the excitation lasers,
and a single-band bandpass filter (FF01-820/12-25, Semrock)
was used to filter out the fluorescence from other transitions.
We detected the fluorescence by a single-photon detector
(SPCM-AQRH-16-FC, Excelitas Technologies). The fluores-
cence decay curve is shown in Fig. 3(a) with a lifetime T1

of 56.9 ± 0.2 μs at 3.5 K. This lifetime is similar to those

observed for other host crystals, such as Pr3+:La2(WO4)3 and
Pr3+:KY(WO4)2 [30,31].

D. Optical coherence measurements

The optical coherence lifetime T2 limits the quantum stor-
age lifetime in the optical transition. We investigated the
optical coherence lifetime of the transition 3H4(0) ↔ 1D2(0)
using two-pulse photon echo. The photon echo was not ob-
served at 3.5 K. We speculate that this is due to the phonon
effect not being sufficiently suppressed, resulting in a short T2.
To further suppress the influence of phonons, we performed
the following experiment at 1.7 K (attoDRY2100, Attocube).

To reduce the influence of instantaneous spectral diffusion,
we reduced the optical intensity of the excitation pulse. The
photon echo was beat with a reference light. The beat signal
was detected by a photodetector (Thorlabs, PDA10A) and
demodulated by a lock-in amplifier. The excitation pulse was
a square wave pulse with a duration of 1 μs. The intensity of
the excitation pulse was about 4 W/cm2.

Figure 3(b) shows the echo amplitude as a function
of the delay time. The echo-amplitude decay shows a

(a) (b)

FIG. 3. (a) The 1D2(0) excited-state lifetime measurement via fluorescence decay at 3.5 K. The black dots are the experimental results.
An exponential fit (red line) gives T1 = 56.9 ± 0.2 μs. (b) Two-pulse photon echo decays of the transition 1D2(0) ↔ 3H4(0) at 1.7 K. An
exponential fit (blue line) gives T2 = 74.2 ± 6.1 μs.
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FIG. 4. Hyperfine structures of the 3H4(0) ↔ 1D2(0) transition. (a) Hyperfine structures in Pr3+:CaWO4. (b), (c), (d), (e) Experimental
results of a single-frequency spectral hole burning. (b) The hole pattern of the spectral hole burning. The side holes are symmetric around the
central hole. The side holes are labeled as −e1 − e2, −e2, −e1, e1, e2, and e1 + e2, where e1 and e2 are splittings of the 1D2(0) excited state.
(c), (d), (e) The antihole patterns of spectral hole burning. The antihole positions show that the ground-state hyperfine splittings are 50.3 and
99.3 MHz. We labeled them as g1 and g2.

single-exponential character. The coherence time T2 is 74.2 ±
6.1 μs, corresponding to a homogeneous linewidth of �h =
1/(πT2) = 4.28 kHz. This homogeneous linewidth is similar
to that observed in Pr3+:Y2SiO5 [32].

E. Hyperfine structures

For the implementation of the spin-wave atomic frequency
combs protocol or the noiseless photon-echo protocol in this
crystal [33,34], it is the prerequisite to know the hyperfine
structures of the 3H4(0) ground state and the 1D2(0) excited
state. Pr has a single nuclear isotope (141Pr) and nuclear spin
I = 5/2. The hyperfine structures of Pr3+ consist of three
doubly degenerate hyperfine levels in the low site symme-
try crystals at zero magnetic field, as shown in Fig. 4(a).
The hyperfine structures can be determined by spectral hole
burning [35].

Since the optical inhomogeneous linewidth is much larger
than the splitting of the hyperfine structures, there are nine
classes of ions resonant with a single-frequency laser. There-
fore, using a single-frequency laser to burn the crystal, 6 side
holes and 42 antiholes can be recorded [35]. The burning
pulse was a 1-ms-long single-frequency pulse. The frequency
of the probe pulse was scanned by 30 MHz during 400 μs.
In the case of antihole measurement, we created a 30-MHz
transparent window in the center of the antihole location by
sweeping the laser before the spectral hole burning.

The experimental results of the hole and side holes are
shown in Fig. 4(b), and the antiholes are shown in Figs. 4(c)–
4(e). The 1D2(0) excited-state splittings 4.2 and 6.4 MHz are
obtained from the side-hole positions. The positions of the

antiholes reveal that the 3H4(0) ground-state splittings are 50.3
and 99.3 MHz.

These results are in good agreement with Raman hetero-
dyne detection signals, as shown in Fig. 5. Raman-heterodyne
spectra show that the inhomogenous linewidths of these hy-
perfine transitions are 52.9 ± 0.8 kHz (4.2 MHz), 109 ±
5 kHz (6.4 MHz), 574 ± 6 kHz (50.3 MHz), and 765 ±
16 kHz (99.3 MHz). The large inhomogeneous broadening of
hyperfine transitions may indicate that the crystal quality is
not good.

Next, we used the dual-frequency hole burning technique
to determine the order of ground and excited hyperfine levels
[35–37]. We first determined the ordering of the ground-
state hyperfine levels. We detected the antiholes at the center
frequency of f . Two sets of pump lasers were used: (i)
the frequencies of the pump lasers were f − 50.3 MHz
and f − 149.6 MHz, corresponding to the hyperfine lev-
els as shown in Fig. 6(a); and (ii) the frequencies of the
pump lasers were f − 99.3 MHz and f − 149.6 MHz, cor-
responding to the hyperfine levels as shown in Fig. 6(b). The
antiholes at the center frequency of f can be enhanced by the
pump lasers at any of these frequencies of f − 149.6 MHz,
f − 50.3 MHz, and f − 99.3 MHz. However, the same
classes of ions will simultaneously resonate with the correctly
ordered pump lasers ( f − 50.3 MHz/ f − 149.6 MHz or
f − 99.3 MHz/ f − 149.6 MHz). This means that more ions
will be pumped to f and around in the correct set of pump
lasers. Therefore, in the case of the correct set of pump lasers,
the antiholes will be enhanced. Similar analyses can also be
found in Refs. [36,37]. The experimental results are shown
in Fig. 6(c). One can clearly see that the antiholes in the red
(lower) line are enhanced, which indicates that the ordering of
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FIG. 5. Raman heterodyne detected hyperfine resonance in Pr3+:CaWO4. (a) Raman heterodyne detected hyperfine resonance of the 1D2(0)
excited-state hyperfine transition. (b), (c) Raman heterodyne detected hyperfine resonance of the 3H4(0) ground-state hyperfine transition. Due
to the frequency response of the Raman heterodyne detection circuit, the regions of the ground-state hyperfine transition have a relatively large
noise floor. Furthermore, the large inhomogeneous broadening of hyperfine transitions leads to the resonance peaks being relatively small.
These factors lead to the deformation of the resonance profile.

the ground-state hyperfine levels is 50.3 and 99.3 MHz from
up to down, as shown in Fig. 6(b).

Then, we began to consider the ordering of the excited-
state hyperfine levels. We used two sets of pump lasers
( f − 39.7 MHz/ f + 103.5 MHz and f − 39.7 MHz/ f +
105.7 MHz) to burn the crystal. The corresponding hyperfine
levels are shown in Figs. 6(d) and 6(e). According to the
position of the antiholes, only antiholes at f − e1 − e2 and
f can be enhanced by the pump lasers of f − 39.7 MHz,
f + 103.5 MHz, and f + 105.7 MHz. Similar to ground-state

ordering analysis, the antiholes at f − e1 − e2 and f will be
enhanced in the case of the correct set of pump lasers. The
experimental results are shown in Fig. 6(f). The antiholes in
the red (lower in the blue dotted box) line are enhanced, which
indicates that the ordering of the excited-state hyperfine levels
is 4.2 and 6.4 MHz from up to down. In summary, Fig. 6(e)
shows the hyperfine structures of Pr3+:CaWO4 in the 3H4(0)
and 1D2(0) states.

The effective quadrupole Hamiltonian HQ = D(I2
z − I (I +

1)/3) + E (I2
x − I2

y ) can be determined by the ground- and
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FIG. 6. Dual-frequency hole burning for determining the order of ground- and excited-state hyperfine levels. (a), (b) Two possible ground-
state hyperfine levels and two sets of pump lasers. (c) Antiholes of dual-frequency hole burning. The black (upper) line corresponds to the
pump set in panel (a), where the pump frequencies are f − 50.3 MHz and f − 149.6 MHz. The red (lower) line corresponds to the pump set
in panel (b), where the pump frequencies are f − 99.3 MHz and f − 149.6 MHz. Since the red line is enhanced more than the black line,
the correct ground-state hyperfine structure is shown in panel (b). (d), (e) Two possible excited-state hyperfine levels and two sets of pump
lasers. (f) The black line (upper in the blue dotted box) corresponds to the pump set in panel (d) and the red line (lower in the blue dotted box)
corresponds to the pump set in panel (e). Antiholes at −10.6 and 0 MHz, which are marked by blue dotted boxes, will be enhanced by any of
these three pump lasers of f − 39.7 MHz, f + 103.5 MHz, or f + 105.7 MHz. Since the red line in the blue dotted boxes is enhanced more
than the black line, the correct hyperfine structure is shown in panel (e).
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TABLE I. Ground- and excited-state effective quadrupole spin-
Hamiltonian parameters (D and E ).

Parameter (MHz) Ground state 3H4(0) Excited state 1D2(0)

D 13.767 −1.264
E −12.000 −0.706

excited-state hyperfine structures, where D and E correspond
to the combined quadrupole and second-order hyperfine cou-
pling constants in their own principal axes [38]. The fitted D
and E of the ground state and the excited state are given in
Table I.

F. Spectral hole lifetime

The spectral hole lifetime depends on the time of popu-
lation redistribution among the three ground-state hyperfine
levels and a long spectral hole lifetime is useful for efficient
optical pumping [30,39,40].

Here, the spectral hole lifetime was measured by burning
a hole in the center of the absorption line and then probing
the hole after a variable time. The experimental results are
shown in Fig. 7. A single exponential fit of decay gives a
lifetime of approximately 0.38 ± 0.02 s at 1.7 K. This value
characterizes the effective total lifetime of the hole burning
process, since different relaxation rates may occur between
different ground-state hyperfine levels. The spectral hole life-
times could be further extended by lower temperatures, for
example, in dilution refrigerators.

IV. CONCLUSIONS

In summary, we investigated the optical inhomogeneous
and homogeneous linewidths, the absorption coefficient, the
optical population lifetime, the hyperfine structures, and the
spectral hole lifetime of Pr3+:CaWO4 at liquid-helium tem-
peratures. The spectral hole lifetime is about 660 times longer
than the excited-state lifetime, which is sufficient to perform
efficient optical pumping.

We measured an optical coherence time of 74.2 μs, which
is sufficient to implement optical quantum memories. The
spin coherence time of Pr3+ in CaWO4 is another important
coherent property. Unfortunately, spin echo was not observed

0.0 0.2 0.4 0.6 0.8 1.0
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0.2
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FIG. 7. Decay of the hole depth in Pr3+:CaWO4 at 1.7 K.
An exponential fit to the data (red line) gives a hole lifetime of
0.38 ± 0.02 s.

by Raman heterodyne detection. We speculate that this is due
to the large spin inhomogeneous linewidth resulting in spin
echos too small to be observed. A high-quality single crystal
would be useful for further investigations. High-quality crys-
tals may be obtained by annealing treatment to remove crystal
defects or optimizing the temperature gradient of the growth
furnace to reduce the intrinsic stress [41–43].

We determined the splitting and the ordering of the 3H4(0)
ground state and the 1D2(0) excited state by spectral hole
burning. These results indicate that Pr3+:CaWO4 is a useful
candidate material for quantum interfaces, such as spin-wave
quantum memories and integrating with nanophotonic struc-
tures to isolate single rare-earth ions [44].
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