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Spectroscopy and coherence of an excited-state transition in Tm>**:YA1O;
at telecommunication wavelength
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We characterize spectroscopic and coherence properties of the 1451.37 nm excited-state zero-phonon line
(ZPL) between the *F, and the *H, manifolds of a thulium-doped yttrium aluminum perovskite (Tm>*:YAIOs)
crystal at temperatures around 1.5 K. We measure the absorption spectrum between *Hg - *F4 and 3F; - *H4 man-
ifolds, the inhomogeneous broadening of the 3F, - *Hy (excited-state) ZPL, and the lifetimes of the higher-lying
and lower-lying excited states. We also investigate level shifts caused by the quadratic Zeeman interaction as
well as spectral hole-burning spectra with varying magnetic fields, providing insights into hyperfine interactions.
Using spectral holes again but also optical free induction decays, we assess optical coherence times, finding a
maximum of 4.75 £ 0.07 us at B = 2 T and low ion concentration in the 3F, level. Our results—the first to
demonstrate coherence of an excited-state transition in a rare-earth crystal—suggest the possibility of exploiting

such transitions for quantum technology.

DOI: 10.1103/73jf-lvyk

I. INTRODUCTION

Starting with the development of protocols that enable
the storage and faithful recall of quantum states of light 20
years ago [1-3], trivalent rare-earth ions doped into cryogeni-
cally cooled inorganic crystals have played an increasingly
important role in the development of quantum technology
[4]. Today, ensemble-based quantum memories have reached
a level of performance that allows early demonstrations of
quantum repeater infrastructure [5-10], and individual ions
are being explored as single-photon sources [11,12] and as
qubits that allow quantum information processing [13—15]. At
the heart of these applications is an important fundamental
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property—highly coherent transitions between electronic and
spin levels with coherence times that can exceed milliseconds
[16-19] and hours [20], respectively (see the Supplemental
Material [21]).

Surprisingly, while transitions between different (long-
lived) excited states play an important role in solid-state
lasers, e.g., the Nd-YAG laser [22], optical coherence at cryo-
genic temperatures of a few Kelvin has so far only been
investigated for transitions starting at an electronic ground
state. However, the long excited-state lifetimes that charac-
terize the 4f levels of rare-earth ions allow, in principle,
similarly long coherence times for excited-state transitions. In
addition to being of fundamental interest, this would extend
the use of rare-earth crystals to new wavelengths and novel
applications. Here, we investigate spectroscopic properties
and optical coherence of the 3F, to *Hy excited-state transition
in Tm*": YAIOs.

Several properties make Tm>*:YAIO; a particularly in-
teresting material to study. First, the transitions between its
3F, and the *Hy electronic manifolds comprise a so-called
zero-phonon line (ZPL), i.e., a potentially coherent transition
between their lowest Stark levels (or crystal field levels) [see
Fig. 1(a) for a simplified level scheme that shows the ZPL
between Y1 and X1].

Second, the wavelength of the 3F, to *H4 ZPL is around
1450 nm, where transmission loss in standard optical fiber is
almost as small as in the telcom C band, 0.25 and 0.2 dB/km,
respectively. This makes Tm>*:YAIO; a potential alterna-
tive to erbium-doped crystals, which feature a ground-state

Published by the American Physical Society
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FIG. 1. (a) Energy levels of relevant transitions of Tm** in YA1O;. (b) Transmission spectrum measured using a broadband LED, showing
absorption of the Z1 to *F, transitions. (c) Photoluminescence rate at ~800 nm as a function of wavelength of a laser exciting the Y1 to *Hy
transitions. Crystal field levels of the upper manifolds are identified in panels (b) and (c).

transition at around 1532 nm with optical coherence times
up to 4.38 ms [17]. Er-doped crystals have been exploited
for both single-photon sources and quantum memory for light
[23-25].

And third, also shown in Fig. 1(a), Tm3*:YAIO; features
three ZPLs—two ground-state transitions and one excited-
state transition—that are arranged in a ring. This may allow
the development and implementation of novel protocols that
require more than a single line, e.g., the creation of energy-
time entangled photon pairs using two cascading transitions
[transitions X1-Y1 and Y1-Z1 in Fig. 1(a)] as originally
proposed in Ref. [26], and quantum computing using one
transition for optical state readout (e.g., transition Z1-X1)
and another transition (e.g., transition Z1-Y1) for dipole-
blockade-based controlled two-qubit gates, similar to the case
of trapped ions [27].

The energy-level structure of Tm3T:YAIO; has been
characterized before [28-31]. However, to the best of our
knowledge, our investigation is the first to study the excited-
state transition of Tm>t:YAIO;—more precisely of any
rare-earth crystal—at cryogenic temperatures where coher-
ence properties can be assessed.

Our paper is organized as follows. First, we measure the
absorption spectrum between the *Hg and *F, manifolds, and
we describe how we populate the Y1 level. We then extend
the absorption measurements to transitions between the 3F4
and 3H4 manifolds, and we characterize the inhomogeneous
broadening of the ZPL at 1451.37 nm as well as the lifetimes
of the Y1 and X1 levels. Moving on to magnetic interactions,
we study the quadratic Zeeman shift affecting the ~1451.3 nm
transition, and we study level splittings by means of spectral
hole burning. We also assess optical coherence as a function of
magnetic field, wait time between excitation and readout, and
ion concentration in the Y1 level using again spectral holes as
well as free induction decays (FIDs). To round off the paper,
we discuss next steps toward applications of Tm3":YAIOs in
quantum information processing. Details of the crystal, the
experimental setup, and the quadratic Zeeman shift measure-
ments are provided in the Appendixes.

II. MEASUREMENTS

A. Optical pumping

At 1.5 K, the Tm>* ions occupy the lowest crystal field
level Z1. Since we are interested in the Y1 to X1 transition,

our first goal is to populate the Y1 level. Toward this end,
we can pump ions into any crystal field level within the *F;
manifold. Since intramanifold relaxation between different
levels takes place on the nanosecond timescale [32], all ions
in levels Y2 to Y9 will rapidly decay into Y1. This approach
to pumping is promising since it allows one to interact contin-
uously with an empty upper atomic level. In addition, one can
choose the strongest absorption line. An alternative possibility
is described in the Supplemental Material [21].

B. Absorption spectra

We study the absorption lines between Z1 and the *F,4 man-
ifold by measuring the wavelength-dependent transmission
of the broadband SLED using an optical spectrum analyzer
(Anritsu MS9710C) [see Fig. 1(b)] (see Ref. [28] for the
association of absorption lines with energy levels). After
optimization of polarization using a fiber-optic polarization
controller, we find that the Z1 to Y7 transition at 1685.7 nm
features the strongest absorption. It is used in the following to
populate the Y1 level.

Next, we measure the absorption spectrum of the Y1 to
3H, transitions, still at B = 0 T. After populating Y1 using
the 1686 nm laser, we expose the crystal to laser light whose
wavelength we scan between 1370 and 1456 nm in steps of
0.01 nm. The detection of photoluminescence (PL) around
800 nm indicates resonances and, at the same time, allows
optimizing the laser polarization and the initial pumping step.
Our measurement results are shown in Fig. 1(c). In partic-
ular, we find a well-isolated line at 1451.37 nm—the ZPL
between Y1 and X1 [29]. A subsequent laser scan around this
wavelength with improved resolution of 0.001 nm reveals a
linewidth of 1.29 GHz. This is much narrower than any of the
nanometer-wide ground-state transitions shown in Fig. 1(b).
We furthermore measure an optical depth of up to 1.12 on line
center, which we expect to increase with optimized pumping
(see the Supplemental Material [21]).

Small measurement variations allow establishing the radia-
tive lifetimes of the Y1 and the X1 levels. For the former, we
monitor the time-resolved decay of the optical depth of the
Y1 to X1 transition after switching off the 1686 nm laser.
For the latter, we analyze the decay of the 800 nm PL rate
after pulsed excitation of the X1 level. We find lifetimes of
6.21 & 0.01 ms and 845.4 & 2.4 us for the >F4 and the 3Hy
levels, respectively, which is consistent with literature values
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[33] and an alternative approach detailed in the Supplemental
Material [21].

C. Level shifts and splitting

The magnetic field-dependent change of the Tm energy
levels is described by the Hamiltonian

H=B-(—g,ul —2gupAA) - 1—ZuzB-A-B, (1)

where the first part describes level splitting due to the en-
hanced nuclear Zeeman effect (the combination of the nuclear
Zeeman interaction and the second-order coupling between
the hyperfine interaction and the electronic Zeeman effect)
and the last part describes level shifts caused by the quadratic
Zeeman interaction. Here, g, is the nuclear g factor of Tm,
B, the nuclear magneton, g the Landé g factor for each level,
up the Bohr magneton, A the hyperfine constant, I the ion’s
nuclear spin, B the applied magnetic field, and A the hyperfine
tensor [34].

First, to quantify the quadratic Zeeman effect, we measure
the shift of the Y1 to X1 transition as a function of applied
magnetic field, yielding Av = —101 £+ 3 MHz/T? (see Ap-
pendix B).

Second, to assess the magnetic field-dependent energy-
level splitting of the thulium ions as a consequence of the
enhanced nuclear Zeeman effect, we perform a series of
spectral hole burning experiments. After populating Y1, we
expose the Tm ions during a burn time of 300 pus to narrow-
bandwidth 1451 nm laser light. After 10 pus, we start scanning
the 1451 nm laser over a 200 MHz wide spectral interval
that is centered on the burn frequency and we monitor the
transmitted optical power. We define the wait time as the time
between the end of the burn pulse and the moment when the
scanning laser features the same frequency as the burn pulse,
i.e., the moment when it scans over the previously created
spectral hole, here 85 ps. For these measurements, we kept
the density of the ions in the *F, level constant and we burned
the spectral hole at the center of the Y1 < X1 (1451 nm)
line—the optical depth was around 0.4. Figure 2 shows the
resulting hole-burning spectra for magnetic fields between 0
and 2 T, consisting of a central hole and two clusters of side
holes on either side. We find that the width of the central hole
decreases with increasing magnetic field and that the center of
each cluster of side holes shifts linearly at rates of +25.6 and
+41.6 MHz/T away from the center. The two holes within
each cluster also split as a function of the field at a rate of
2-3 MHz/T. We attribute this substructure within each cluster
to a slight misalignment of the magnetic field with respect to
the crystal b axis, in which case the two pairs of Tm sites
feature different level splittings (see Appendix A). We also
note the absence of antiholes, i.e., narrow spectral regions
with increased absorption.

To explain the origin of the clusters, we take into account
that Tm has a nuclear spin / = 1/2, and that the hyperfine
coupling between the nuclear spin and the electronic states
splits each crystal field level into a pair of hyperfine levels
[35]. As we further illustrate in the Supplemental Material
[21], narrow-bandwidth optical pumping therefore drives four
different transitions within the ensemble of inhomogeneously
broadened thulium ions—one between each combination of
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FIG. 2. Spectral hole burning spectra under varying magnetic
fields. Traces measured with different fields are offset by an amount
that is proportional to the field, and splitting rates are indicated.

a ground state and an excited state. This results in decreased
absorption—a central hole and four side holes—at five dif-
ferent frequencies. Note that the sum of the burn and wait
time is sufficiently small compared to the lifetime of the two
magnetic X1 levels to exclude significant decay of atoms from
X1 back into Y1 (in addition, the branching ratio for this
pathway is rather small, and most decay leads back to the
ground state). This explains the absence of antiholes.

Next, we perform time-resolved spectral hole burning. We
find that the two “inner” clusters (with splitting rate of +25.6
MHZz/T) decay on a scale comparable to the radiative lifetime
of X1 (0.85 ms). As explained in the Supplemental Material
[21], this suggests that these clusters are caused by the split-
ting of the two hyperfine levels within the Y1 doublet. The
other pairs of clusters, with splitting rate of +41.6 MHz/T,
decay with a much longer lifetime, comparable to that of
the central hole. We conjecture that they are caused by the
splitting of the two hyperfine levels within the X1 doublet.

D. Optical coherence

In addition to providing insight into hyperfine interac-
tions, the hole-burning spectra—more precisely the width
of the central holes—also allow one to derive an upper
bound for the homogeneous linewidth 4, and hence a lower
bound for the optical coherence time 75 = 1/(7r Yhom) Of the

033284-3



LUOZHEN LI et al. PHYSICAL REVIEW RESEARCH 8, 033284 (2026)
- 5.09
§ 4007 (a) . -* BN T=222K (©
~ 7 as54 N B=200T
£ 300 -~ \\\ twait = 11 s
o 27 i m 4
E o’ E! £40 N\ mT=162K
+ N
5 200 1 r s 35 o
< ~
g R4 B=200T = N
b5 100 2 T=151K 3.0 S
£ / oD - 035 T=138K @~
w 2.5 1 ~.o
/ T=137K®
0 50 100 150 0.0 0.5 1.0 1.5 2.0 0.2 0.4 0.6 0.8
Wait Time (ps) Magnetic field (T) Optical Depth

FIG. 3. (a) Effective linewidths measured using spectral holes with varying wait time and B = 2 T. The red dashed line is a fit based on
Eq. (2). (b) Effective optical coherence times for different magnetic fields obtained by means of spectral hole burning (blue squares, fy,; = 11
ps) and free induction decay (red circles). The dashed lines are fits based on a spectral diffusion model [36]. (c) Effective optical coherence
times measured using spectral hole buring (SHB) as a function of optical depth. The temperature varied significantly between measurements.
The dashed line is a fit based on a model considering instantaneous spectral diffusion [37]. All data points in panels (a)—(c) are corrected with
respect to the laser linewidth of 170 kHz, and error bars are based on an uncertainty of that linewidth of 2 kHz.

excited-state transition. Indeed, one can show that o =
Yhom(1 4+ /1 + X2T1T2) + Yiaser [38], Where ol is the full
width at half maximum of the hole, x is the on-resonance
Rabi frequency, and T; is the radiative lifetime. Furthermore,
Yaser describes the linewidth of the laser used for hole burning,
which we measured by delay self-homodyne interferometric
detection [39] to be 171.1 & 2.0 kHz. When the power of the
burn pulse is sufficiently small (and x> & 0), this equation can
be simplified to Yhole & 2¥Vhom + Viaser-

First, to characterize the effect of spectral diffusion, we an-
alyze the evolution of the measured (effective) homogeneous
linewidth as a function of wait time #,,,;. Following Ref. [36],
it can be described as

Vs R
Vett = (Vhole — Maser)/2 = Yo + 7"[1 ) )

where y is the intrinsic linewidth (no spectral diffusion), and
ysp and R describe the maximum broadening due to spectral
diffusion and the rate with which the maximum is reached,
respectively. The latter equals the average spin-flip rate of the
spin bath around the probed ions.

Figure 3(a) shows Y. as a function of fy,;, varied between
11 and 161 ps at B = 2 T. The data are well described by Eq.
(2) and show the presence of significant spectral diffusion on
the timescale of our measurements. The fit gives an average
bath spin-flip rate R = 7.82 & 1.75 kHz, which corresponds
to a characteristic spectral diffusion timescale of 1/R =~
128 ps, and a maximum linewidth yji* = 550.9 & 60.3 kHz
(for yop = 30.0 £9.7 kHz and ysp = 1041.7 + 119.1 kHz).

Figure 3(b) depicts T; ¢ for a fixed wait time of fy. =
11 ps and different magnetic fields, where 5 er = 1/ (7T Yesr)
is the effective optical coherence time. Another way to assess
the optical coherence time is via the FID [40]. In this case,
ions are excited using a pulsed laser (pulse duration of 20
ps) with a bandwidth that is smaller than the homogeneous
linewidth of the transition to be studied. The thereby created
atomic polarization gives rise to the emission of light, which
decreases exponentially after the end of the laser pulse due to
atomic dephasing.

As shown in the Supplemental Material [21], tpp =
1/[27 2Yett + Viaser)], Where tgp is the 1/e decay of the

intensity of the FID signal. After solving for y.g, this leads
to

4

l/‘CFID —2m Wlaser )

3

T efr =

Figure 3(b) depicts Th ¢ as a function of magnetic field,
along with the results obtained using SHB, as described
above. We note the good match between the two datasets.
The figure also shows fits of a spectral diffusion model that
considers magnetic noise from nearby spin flip-flops and
phonon-driven spin flips [36] to both sets. We find that the
effect of spin flips can be ignored in the assessed parameter
regime. See the Supplemental Material [21] for more infor-
mation.

Further studies are required to identify the source of spin
flip-flops. The nuclear spins of neighboring lattice ions (most
likely AI** [41,42]) are possible contributors, even though
their impact seems too small to explain our observations.
However, note that the energy difference between the Z1
and Z2 levels in the *Hg manifold of Tm* is very small
(~90 GHz). These levels may therefore form non-Kramers
quasidoublets that exhibit a strong magnetic moment, the
so-called Van Vleck paramagnetism [43,44], which may also
contribute to magnetic noise. See the Supplemental Material
[21] for more details.

Finally, we vary the ion density in Y1 by changing the
optical power during pumping. Since we continue burning
spectral holes on line center of the 1451 nm transition, we
can parametrize this change in terms of the optical depth
of the Y1 < X1 transition. As shown in Fig. 3(b) for B =
2 T and ty, = 11 pus, T increases to 4.75 £ 0.07 us as
the optical depth is reduced from 0.84 to 0.14. We attribute
this dependence to flip-flops between spins of neighboring
Tm ions in the Y1 level, or, more likely, to instantaneous
spectral diffusion [37] caused by exciting Tm ions to the X1
level. Note that the temperature varied significantly during
these measurements. However, since we observed an increase
of coherence time with increasing temperature and not the
opposite, these variations do not allow explaining our results.
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III. CONCLUSION

We have investigated an excited-state transition in
Tm>*:YAIO; at cryogenic temperatures and varying magnetic
fields. We observed a quadratic Zeeman shift of the transition
wavelength as well as level splittings caused by the enhanced
nuclear Zeeman interaction. In addition, we measured for the
first time coherence of such a transition in any rare-earth
ion-doped crystal. While our findings clearly show that op-
tical coherence of the excited-state transition will continue
to increase as the magnetic field is increased beyond 2 T,
and ty,; and the optical depth are further decreased, more
measurements are needed to better understand and mitigate
the origin of significant spectral diffusion. Several avenues
can be pursued. First, spin flips and flip-flops are suppressed
at lower temperature and a longer optical coherence time can
thus be expected by further cooling the crystal. For instance,
the spectral diffusion model used to fit the data in Fig. 3(b)
predicts T, = 10.6 usfor 7' < 0.8 K, B=2T, OD = 0.4, and
twait = 11 ps (see the Supplemental Material [21]). Second,
reducing either the Tm doping concentration, the concentra-
tion of Tm ions in the Y1 level, and/or the optical power used
to burn spectral holes is expected to lead to a further increase
of T, with values of several tens of microseconds appearing
realistic to reach. Third, the magnetic field can be increased
up to a point where spin flips become the primary limitation.
This should also reduce the impact of the Van Vleck param-
agnetism as the energy gap between the lowest Stark levels in
the 3Hs manifold will increase and flip-flops of pseudospins
therefore become less likely. And fourth, changing both the
magnitude and the direction of the magnetic field may lead
to spectrally stable optical clock transitions, which have been
reported before for several rare-earth crystals [45,46], includ-
ing for a Tm-doped crystal [34]. Our finding of a quadratic
Zeeman shift is an important first step toward this end.

Overall, our results demonstrate that excited-state tran-
sitions in rare-earth ion-doped crystal may be useful for
applications in quantum information processing. In particular,
the 1450 nm line in Tm may enable the creation of true
single-photon sources and quantum memory within a telecom
band—a potential alternative to erbium and possibly enabling
the creation of quantum networks coexisting with classical
communication at 1550 nm over the same fiber infrastructure
[47].
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APPENDIX A: EXPERIMENTAL DETAILS

YAIOj; features an orthorombic unit cell with lattice con-
stants ¢ = 5.179 A, b = 5.329 A, and ¢ = 7.370 A (Pbnm
space group). Tm>* substitutes Y3 ions in four structurally
inequivalent positions with low point-group symmetry Cyj
[29]. Doped Tm>* ions are related pairwise by inversion sym-
metry, resulting in two pairs of sites that become magnetically
equivalent for magnetic fields directed within the ac and bc
planes [49], where a, b, and c denote the principal crystal axes.

Measurements are carried out using a = 12.0 mm xb =
22 mm xc = 2.0 mm large 0.1% crystal (from Scientific
Material Corp.). The crystal is glued to a customized Cu
stage and further secured and thermalized by a Cu lid with
spring-tensioned screws. It is cooled to around 1.5 K using
a pulse-tube cooler supplemented by an adiabatic demagneti-
zation stage. A superconducting solenoid allows one to apply
a homogeneous magnetic field between 0 and 2 T approxi-
mately along the b axis of the crystal.

The laser light is sent through the crystal along the a
axis using a single-mode pigtailed ferrule and a gradient-
index (GRIN) lens. The ferrule is attached to an attocube
nanopositioner, which allows adjusting the distance between
the ferrule and the GRIN Iens to collimate the laser beam to
a diameter of around 0.3 mm. Behind the crystal, a mirror
reflects the light back through the crystal and into the fiber.
A tunable continuous-wave (CW) laser (Toptica DL pro) or
an SLED (Denselight Semiconductors DL-BZ1) emitting at
around 1680 nm wavelength is used for optical pumping, and
another CW laser (Santec TSL-550) drives the excited-state
transition at around 1450 nm wavelength. One fiber-based
acousto-optic modulator (AOM) per laser allows creating
short pulses, and a phase modulator is used to modify the
spectrum of the ~1450 nm laser light.

Frequency Shift (GHz)

—0.4 { — Quadratic Fit
¢ Data
0.0 0.5 1.0 1.5 2.0

Magnetic Field (T)

FIG. 4. Frequency shift of the inhomogeneously broadened Y1-
X1 transition as a function of magnetic field.
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Depending on the experiment, we can choose between
different detectors. To detect photoluminescence at 795 nm
wavelength caused by atomic decay from the *H, to the
*He manifold, a single-photon counting module based on a
silicon-avalanche photodiode is used (from Perkin Elmer).
In this case, we also employ free-space spectral filters (a
low-pass filter composed of multiple EO2-coated mirrors and
a DMSP950 dichroic mirror, all from Thorlabs) that reject
light at 1680 and 1450 nm. For spectral hole burning mea-
surements, the 1450 nm laser light is directed to an InGaAs
photoreceiver with 10 MHz bandwidth (New Focus 2053). Fi-
nally, to characterize FIDs, a higher-bandwidth photoreceiver
(New Focus 1811) with a rise and fall time of 3 ns is used. It
is preceded by a gating AOM that blocks irrelevant pulses.
For a schematic of the optical setup, see the Supplemental
Material [21].

APPENDIX B: QUADRATIC ZEEMAN SHIFT

As described in Eq. (1), the magnetic field-dependent
spin Hamiltonian of Tm energy levels contains a term that
describes the level shifts caused by the quadratic Zeeman
interaction.

Figure 4 shows the frequency shift of the inhomoge-
neous broadened Y1-X1 transition as a function of magnetic
field. For each data point, we measured the frequency at the
center of the line. The data are well fitted by a quadratic
function Af = a x B? + ¢, yieldinga = —101 £ 3 MHz/T?,
and ¢ = 11 &4 MHz. The shaded region indicates the 95%
confidence interval of the fit. This measurement confirms
the quadratic Zeeman interaction described in the spin
Hamiltonian.
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