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Abstract

Quantum storage of photons in an atomic ensemble can be obtained by using three-level A systems. In these schemes, two levels are
coupled by optical transitions to a third one. Ideally, the two transitions should have similar intensities and long coherence lifetimes.
Rare earth ion doped crystals are attractive materials for quantum storage because their hyperfine levels can have coherence lifetimes
longer than 100 ps and thus can be used to build A systems. Tm>" ions are especially interesting since they can be excited by ultra-stable
laser diodes. In this paper, the hyperfine structures of the *Hg(0) and *H4(0) crystal field levels of Tm*" in Y3Als0;, are investigated by
hole burning spectroscopy under a magnetic field. The results are compared to theoretical calculations and found to be in reasonable
agreement. Moreover, it is shown that an appropriate magnetic field is able to relax the selection rule on the nuclear spin projection,
an absolutely necessary condition to obtain an efficient three-level A system with Tm*" in this host. Finally, a magnetic field orientation
optimized with respect to the A system transition intensity ratio is predicted for a convenient experimental set-up.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Quantum storage aims at transferring quantum states of
photons into atomic ensembles. This is possible by using
atomic species in which a three-level A system can be built
[1]. The latter consists of two levels, which can both be cou-
pled by light fields to a third one. The photon to be stored
is resonant with one transition and a second light field with
the other one. Intensity variation of the latter allows pho-
tons to be trapped and released [1]. To get an efficient trap-
ping, the lifetimes of the coherences between the three
levels of the A system, and especially between the two lower
levels, have to be long. The optical transitions should also
have similar intensities. Storage has been demonstrated for
classical and quantum light in a number of systems [2-4].
Among these, Pr’*":Y,SiOs has been shown to slow down
and even stop light [5]. Rare earth doped crystals are
attractive in quantum storage applications because their
hyperfine levels can have long coherence lifetimes, like in
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gases, with the added advantage of no atomic motion.
However, Pr*" ions optical transitions used in the three-
level A system have to be excited by a dye laser which is
very difficult to stabilize in the sub-kHz range. Alterna-
tively, Tm>" ions can be excited by laser diodes which
can be very well stabilized [6]. The transition of interest
takes place between the lowest crystal field (CF) level of
the ground multiplet, *Hg(0), and the lowest CF level of
an excited multiplet, *H4(0) around 793 nm. Under an
external magnetic field, the hyperfine structure of these
CF levels can be used to build a A system, as shown in
Fig. 1. However, when the nuclear spin projections (M)
are good quantum numbers (as shown in Fig. 1), the 2-3
transition is forbidden since it would involve an optically
driven spin flip. In previous works [7-9] on Pr*" and
Tm>" ions, we have shown theoretically that an external
magnetic field can induce very different nuclear spin projec-
tions by mixing ground and excited levels and thus relaxing
the AM;=0 selection rule. In the case of Tm>" in
Y3Al50;1, (YAG) crystal, calculated branching ratio R
between the 2-3 and 1-3 transitions can have values as high
as 0.24 [7].
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Fig. 1. A three-level A system in Tm>" using the hyperfine levels of the
3Hg(0) and *H,(0) crystal field levels (I = 1/2). The arrows correspond to
the optical transitions. If the nuclear spin projection is a good quantum
number, the 2-3 transition is forbidden.

In this paper, we compare results obtained by hole burn-
ing spectroscopy with calculated hyperfine splittings and
branching ratios. A reasonable agreement is found on
hyperfine structures and breakdown of the nuclear spin
projection selection rule is demonstrated under an appro-
priate magnetic field. The possibility of a high branching
ratio in a convenient experimental set-up is also examined.

2. Theory

Tm’* is a non-Kramers’ ion with 12 f electrons and a
single natural isotope ('**Tm) with a 7= 1/2 nuclear spin.
For symmetry sites which do not have at least one three-
fold axis, Tm>" electronic levels are singlets. In this case,
no hyperfine structure appears without an external mag-
netic field [10]: Tm>" electronic Hamiltonian commutes
with the time reversal operator so there is no first-order
hyperfine interaction. Moreover, due to the 1/2 value of
the nuclear spin, magnetic quadrupole and second-order
magnetic hyperfine interactions also vanish. This situation
occurs for Tm*" ions in YAG since they occupy D point
symmetry sites. When an external magnetic field is applied,
nuclear Zeeman and electronic Zeeman interactions com-
bined with second-order hyperfine interaction lift the
two-fold degeneracy of the nuclear spin projection. In the
equivalent operator approximation, the hyperfine structure
is simply given by the spin Hamiltonian [11]:

Hspy = Z V:Boil i (1)
i=xy,z

where By is the magnetic field and y; the principal values of
the effective enhanced nuclear gyromagnetic tensor. The
principal axes of this gyromagnetic tensor coincide with
the three two-fold axes of the D, point symmetry group,
denoted x, y, z. The gyromagnetic tensor depends on the
CF level due to the electronic Zeeman and second-order
hyperfine interactions:

Vi = _gnﬁn - Zgﬁ/lll

with

2
Ay = ZA |(01:[n)]
n#0 By —Eo

where g, (g) is the nuclear (electronic) g-factor and f3,, ()
the nuclear (electronic) Bohr magneton. A4 is the hyperfine
constant and J the total angular momentum. The index 0
denotes the first (lowest energy) CF level (*Hg(0) or
3H4(0)), n the other CF-split levels of the considered multi-
plet and E; is the energy of level i.

For magnetic fields non-collinear with the x, y or z axis,
the nuclear spin projection on any axis cannot be a good
quantum number for all levels. As a result, the selection
rule on the nuclear spin projection will no longer be gener-
ally true. This basic property shows that building a three-
level A system may be possible in Tm*":YAG.

To see if that is the case for the *H(0)—"H4(0) transition,
the hyperfine structure of Tm*" in YAG has been theoret-
ically determined from the diagonalization of its complete
Hamiltonian for an arbitrary magnetic field orientation
[7]. The latter includes free ion and crystal field Hamiltoni-
ans as well as electronic and nuclear Zeeman interactions
and, finally, the hyperfine interaction. A spin Hamiltonian
approximation has also been studied and has been found to
reproduce well the results of the complete diagonalization.
Calculations on the *Hg(0) and *Hy4(0) levels show that the
nuclear spin projection selection rules can be indeed
relaxed for magnetic fields close to the local x axis. For a
By field in the x—y plane and 6° away from the x axis,
R = 0.24 and the wavefunctions of the 1, 2, 3 and 4 levels
are

1) = alM; =1/2) + b|M, = —1/2)
|2) = a|M; =1/2) — b|M, = —1/2)
13) =d'|M; =1/2) + V'|My = —1/2)
|4) =d'|M; =1/2) —b'|M, = —1/2)

with a =—-0.2163 — 0.6732i, b=10.7071, a’ = —0.6665 —
0.2362i, b' = 0.7071.

3. Experimental

Measurements were performed on a 5 mm thick 0.1%
Tm>*:YAG sample. The crystal was cut perpendicular to
the [110] axis. Hole burning spectra were obtained between
1.5 and 4.2 K using a stabilized laser diode operating at
793 nm and a 240 G magnetic field. The laser spot diameter
on the sample was 800 um. The holes were burnt at center
frequency in 10 shots of 50 us and the transition probed in
750 us over a 20 MHz interval. To ensure a nearly complete
relaxation to the ground state after burning, the probe
sequence was started 10 ms after the last burning pulse.
This value was chosen to correspond to the lifetime of
the intermediate *F, multiplet.
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4. Results
4.1. Tn?" sites in YAG

There are six identical sites for Tm>" in YAG which are
related to each other by cubic group symmetry operations.
These sites have the same point symmetry, D,, but are ori-
ented in different directions, as shown in Fig. 2. The x, y, z
local axes correspond to the three two-fold axes of the
point symmetry group and are the principal axes of the
gyromagnetic tensor.

However, even if the y; parameters are equal for all sites
in the local frames, an external magnetic field will generally
induce different hyperfine splittings for each site. For mag-
netic fields directed along some cubic symmetry axes, the
number of inequivalent sites is reduced. For example, when

A

[001]

[010]
1

[100]
y 4 [110]

Fig. 2. Orientation of the six identical sites of Tm*" in YAG with respect
to the crystallographic axes. The local axes x, y, z correspond to the three
two-fold axes of the D, point symmetry. The crystal used in this work is
cut perpendicular to the [1 10] axis.

By is along the [11 1] direction, sites 1, 3, 5 as well as sites 2,
4, 6 are equivalent.

For the *H4(0)-Hg(0) transition, the electric dipole
moment is oriented along the y axis, according to Ref.
[12]. This means that carefully chosen light polarization
allows one to study a restricted number of sites. For exam-
ple, when the light electric field is directed along the [110]
direction, site 2 is not excited.

4.2. Hole burning experiments

When the laser shines on the sample at a given fre-
quency, several classes of ions can absorb photons since
the inhomogeneous linewidth of the *H4(0)-*H¢(0) transi-
tion (=a few GHz) is much larger than typical hyperfine
splittings (~1-100 MHz). For a single Tm’" site, Fig. 3
shows the four possible transitions between hyperfine levels
which are resonant at a given burning frequency.

If the nuclear spin projection is a good quantum num-
ber, only two of these are allowed (thick lines). However,
according to theoretical calculations, an appropriate mag-
netic field may relax the selection rules and the two forbid-
den transitions can be partially allowed (dotted thick lines).
When the inhomogeneous line is probed after burning, a
maximum of two holes and six anti-holes may appear
besides the burned central hole at frequencies indicated in
Fig. 3. The hole positions reflect the upper state splitting
whereas the anti-holes are connected with upper and lower
states splittings. Note that when the selection rules are
valid, two anti-holes only can be observed since forbidden
transitions cannot be excited in the burning step.

The efficiency of the holeburning process depends on the
branching ratios between the excited hyperfine level and
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Fig. 3. Classes of ions resonant at a given burning frequency and resulting holeburning features for a single site in Tm*":YAG. The nuclear spin projection
is assumed to be a good quantum number (B, along one of the local axes x, y or z): transitions 1-3, 2-4 are allowed and transitions 2-3, 1-4 are forbidden.
Thick solid (dotted) lines: burning on allowed (forbidden) transitions. Thin solid lines: allowed transitions giving rise to side holes or anti-holes when
probed. Below each scheme, the complete list of side structures is given with the energy difference from the burning frequency. d. (d5) ground state (excited

state) hyperfine splitting, (a) allowed, (f) forbidden.
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the lower hyperfine ones. These are populated by several
processes: thermal and flip—flop relaxations between the
hyperfine levels, spontaneous emissions between the excited
and ground states, and transitions (radiative and non-radi-
ative) through the intermediate states *Hs and *F,. Efficient
burning is possible only if the pumping rate is higher than
the relaxation rates, which tend to bring back the system to
thermal equilibrium. However, if the relaxation rates are
too low (typically at very low temperatures), the burning
process becomes very efficient and even the probe may
cause some burning. In this case, spectra become difficult
to analyze and we slightly increased the temperature to
about 4 K where the probe beam has no burning effect
while holes and anti-holes are still clearly seen.

From the description of Tm>" sites in YAG, it appears
that the schemes of Fig. 3 have to be repeated for each site,
leading to a very large number of burnt and probed transi-
tions if the magnetic field direction and laser polarization
are not well chosen. Although this may not be a problem
in the building of a well defined three-level A system [7],
complex spectra make determination of the gyromagnetic
tensor and branching ratio between transitions difficult.
For this reason, orientations of the magnetic field and laser
polarization have been chosen to analyze only a few equiv-
alent sites. Two examples are presented in the following.

4.2.1. Magnetic field along the [111] direction

When the magnetic field is along the [1 1 1] direction, two
classes of magnetically equivalent sites (1, 3, 5 and 2, 4, 6)
appear. Moreover, by polarizing the laser along the [111]
direction too, only sites 1, 3, 5 are excited since the electric
field has no y-component for sites 2, 4, 6. The correspond-
ing hole burning spectrum is shown in Fig. 4. The zero fre-
quency hole as well as two anti-holes at 6.27 +0.03 MHz
from the central peak are observed. As discussed above,
this spectrum corresponds to the excitation and subsequent
probing of allowed transitions only (see Fig. 3). The anti-
holes are then located at 3(, — ), where 4 () is the
ground (excited) state hyperfine splitting. For this magnetic
field orientation and magnitude, the theoretical value for
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Fig. 4. Hole burning spectrum obtained with the magnetic field and the
laser polarization along the [111] (a) and [001] (b) directions.
(Bo =240 G). A: central hole, B: hole, C, D: anti-holes.

(0g — J¢) 1 9.42 MHz (see Table 1) is in a reasonable agree-
ment with experiment. The calculated branching ratio
between the 2-3 and 1-3 transitions is very small
(5x 10~*) which corresponds well to burning and probing
on allowed transitions only.

4.2.2. Magnetic field along the [001] direction
In this configuration, the sites are also divided into two
groups: 1, 2 and 3, 4, 5, 6. Laser polarization is also fixed

Table 1

Calculated hyperfine splittings of the *Hg(0) (d¢) and the 3H4(0) (8¢) crystal field levels under several B, magnetic field orientations for the six sites of Tm>*
in YAG

Site number dy (MHz) J. (MHz) 0y — 0. (MHz) R

By along [111]

1,3,5 10.83 1.41 9.42 (6.27) 0.0005
2,4,6 0.40 0.42 0.0099
By along [001]

1,2 0.27 0.15 0
3,4,5,6 9.38 (6.85) 1.27 (1.43) 8.11 (5.41) 0.0159
By in the ([001], [110]) plane and 49° away from [001]

1 10.01 1.31 0.0008
2 0.39 0.39 0.0137
3,5 11.15 1.45 0.0006
4,6 1.22 0.48 0.2354

Experimental values (precision +0.03 MHz) are given in bold characters inside brackets. The field amplitude is 240 G. The R parameter is the branching

ratio between the 2-3 and 1-3 transitions (see Fig. 1).
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along the [001] axis and therefore only sites 3, 4, 5 and 6
are excited. The holeburning spectrum (Fig. 4) presents
two holes and four anti-holes in addition to the central
hole. This can be understood with Fig. 3 schemes if burning
is allowed on all transitions. Probing should reveal two
extra anti-holes at £(J, + ) but since the probing inten-
sity is much lower than that of the burning pulse, the cor-
responding forbidden transitions are probably too weak to
be observed. According to Fig. 3, the side holes are located
at +J. from the central line and the anti-holes at 6, and
+(0g — d¢), giving 6. =1.43 +0.03 MHz and J, = 6.85 +
0.03 MHz. In this case too, the observed splittings are
in reasonable agreement with theoretical values for J,
and in very good agreement for 6. (Table 1). The calcu-
lated branching ratio also explains that burning is possible
on the forbidden transitions (it is 30 times higher than in
the previous experiment). However, probing these for-
bidden transitions at low power is still very difficult
(R =10.0159).

5. Discussion

In the previous section, experimental and calculated val-
ues are found to agree within approximately 50% in the
worst case. This result can also be described in terms of
the gyromagnetic tensor. In the spin Hamiltonian approx-
imation, the hyperfine splitting of crystal field levels is
given by

6= \[2BL + 2B}, + B2, 2)

Taking into account the magnetic field orientation with re-
spect to the local axes for each excited site, the measured
values of §. and J, are related to the gyromagnetic tensor
by

By 1, 2 112

NG 2,472, =685+003MHz )
for the ground state and

By 1, » V2

7 2o+ 2] = 1434003 MHZ )

for the excited state. The experiment with B, along the
[111] axis also gives

By
V3

Theoretical calculations show that 77 > 77,2 for both the
ground and excited states. This is completely consistent
with Egs. (3)+(5) and gives 7, , =403 MHz/T and 7, .=
82 MHz/T. Those values also agree quite well with calcula-
tions: 7, ¢ ca1 = 560 MHz/T and 9, ca =75 MHz/T. The
larger discrepancy in the ground state values may be
related to the accuracy of some calculated crystal field
wavefunctions of the *Hg multiplet.

An important point is that the fundamental property of
the system, i.e. the large variation between ground and

1/2
202, =70+ 72, — ] T =627£003MHz  (3)

excited state y, values, is reproduced by the calculations.
This suggests that selection rules on nuclear spin projec-
tions can be actually released with appropriate magnetic
fields. The predicted strong anisotropy of the gyromagnetic
tensor, which is mainly directed along the y axis, also seems
to be experimentally observed. Further experiments are
under way to completely determine the ground and excited
state gyromagnetic tensors.

Since our sample is cut perpendicular to the [110] axis, it
would be experimentally very convenient to find a magnetic
field orientation in the ([001], [110]) plane which would
optimize the branching ratio between 2-3 and 1-3 transi-
tions for some sites. These transitions would also have to
be excited by a laser propagating along the [110] axis.
Since calculated hyperfine splittings seem reasonable, we
have computed the branching ratio R between 2-3 and
1-3 transitions as a function of By orientation in the
([001], [110]) plane for a laser polarized along the [111]
direction. In this case, sites 1, 3, 5 are not excited and sites
4 and 6 are magnetically equivalent.

The corresponding curve is shown on Fig. 5. It is worth
noting that around the [111] direction, large values of R
are expected. They are very close to the maximum value
(0.24) which can be obtained in the system [7]. Hyperfine
splittings corresponding to the magnetic field B, directed
49° away from the [00 1] axis, i.e. to a position of maximum
branching ratio, are reported in Table 1. These values are
obtained at a 240 G field. In order to get larger splittings,
a stronger magnetic field (4500 G) will be used. This will
have no effect on the branching ratios. Under these condi-
tions, it should be possible to build a three-level A system
with the sample studied here by using the protocol
described in Ref. [7]. This experimental configuration has
also the advantage of using two equivalent sites, which
increases the absorption coefficient compared to schemes
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0.00 ——1—""7"—"—"7"—""7—"—"F"—F—+——7—
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0 (degree)

Fig. 5. Branching ratio R, for sites 4 and 6, between the 2-3 and 1-3
transitions as a function of the angle 0 between the magnetic field and the
[001] axis. The magnetic field is kept in the ([001], [110]) plane. For By
along the [111] direction (6 = 54.5°), R is minimal.
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were only one site is excited. This is important since quan-
tum storage requires high absorption coefficients.

6. Conclusion

Hole burning experiments have been performed in
Tm>*:YAG on the *H(0)—>Hy4(0) transition at low temper-
ature and under a magnetic field. Holes and anti-holes have
been observed for two magnetic field orientations and laser
polarizations chosen to decrease the number of optically
excited and magnetically non-equivalent sites. Comparison
with calculated hyperfine splittings from crystal field wave-
functions shows a reasonable agreement. Analysis of the
results in terms of the gyromagnetic tensor suggests that
the wavefunctions are strongly anisotropic in ground and
excited states, also in agreement with theoretical predic-
tions. The estimated values of y, are significantly different
in the ground and excited states, which is very favourable
for relaxation of the selection rules for the 2-3 transition.
Finally, an optimized orientation of the magnetic field with
respect to the 2-3 to 1-3 transitions branching ratio has
been calculated in the ([001], [110]) plane. This configura-
tion has the advantage of a simple experimental set-up as
well as a large absorption coefficient which is necessary
for quantum storage.
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