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In this paper, we investigate a new medium for quantum light storage in crystals. Indeed, Tm>*:Y,0;
exhibits all the features that are currently considered crucial for a storage protocol. First, optical measurements
confirm our crystal-field analysis. Then, we explain how to tailor a three-level A system and ultimately
measure the Stark coefficient in this material. To our knowledge, these properties have not been investigated at
the same time in a thulium based crystal, for which both the operating wavelength and an adjustable storage
bandwidth are significant assets that other rare-earth ions lack.
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I. INTRODUCTION

The design of a solid-state quantum light memory has
been recently considered in rare-earth-ion—doped crystals.
These materials historically first aroused interest because of
their population lifetime, which is still the basis in laser ap-
plications. Later, coherent effects were also widely studied
for classical light storage and more generally for optical data
processing benefiting from the long lifetime of the atomic
coherences in these crystals. Now quantum light storage
raises different problems, and this is why it is useful to re-
consider the catalog of rare-earth-ion—doped crystals from a
different point of view.

The ideal properties of a quantum memory material
strongly depend on the storage protocol used. Nevertheless,
they usually rely on a few common characteristics that we
can briefly review. The most promising protocols can be split
into two categories. First, the electromagnetically induced
transparency (EIT) based ones, where the state of light is
directly converted into Raman coherences.! Guided by the
stopped-light experiment—proposed and first verified for
atomic gases—this category of quantum protocols should be
easily applied to rare-earth-doped crystals as soon as a rela-
tively long lifetime of the Raman coherence is observed.
Classical light storage has been experimentally demonstrated
for praseodymium in yttrium orthosilicate.? Second, rephas-
ing protocols have emerged and are now considered as very
promising. They are indeed in the direct lineage of the co-
herent transient phenomena that have been studied for
decades.? The rephasing process cannot be solely based on
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the usual photon echo techniques: the population inversion
intrinsically associated with the coherence rephasing would
spoil the memory retrieval because of the detrimental fluo-
rescence. A gentle way to rephase the coherences is to pre-
pare the medium absorption profile by controlling reversible
inhomogeneous broadening.*~® The broadening reversal gen-
erates an echo, which can be the exact copy of the incoming
signal. The frequency detuning is usually controlled by ap-
plying an external electric field and thus relies on the linear
Stark effect. This was recently investigated experimentally
using different configurations.>”® To change the direction of
echo retrieval, coherent light pulses may need to be applied
on an auxiliary transition, which also requires long-lived Ra-
man coherences, similar to the EIT based approach to quan-
tum state storage.

Taking into account these two categories of quantum
memory protocols, two important features of a promising
material candidate for quantum storage are the ability to op-
tically control the ground-state coherence (Raman transition)
and the presence of a linear Stark effect. Our goal here is to
show that Tm3*:Y,05 can fulfill these two criteria. We
would like to emphasize that the simple energy-level struc-
ture of Tm>* ions—somewhat unusual among the rare-earth
ions—is advantageous. Because of the /=1/2 nuclear spin,
there is no hyperfine structure in the absence of an external
magnetic field. This seems to restrict Tm3* to a purely opti-
cal two-level system or at least to a certain level of poverty
for any ground-state coherence addressing. Applying an ex-
ternal magnetic field removes the nuclear-spin degeneracy
and splits the electronic levels. A three-level A system with
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FIG. 1. Three-level A system in the case of Tm>* ions between
three hyperfine levels of the first crystal-field states of the 3 Hg and
*H, multiplets. The external magnetic field By, lifts the nuclear-spin
degeneracy and can induce different M; mixing in the ground and
excited states.

Tm?* ions (Fig. 1) involves the two hyperfine levels of the
ground state *Hg(0) and one hyperfine level of the excited
state “H4(0).

Even when an external magnetic field lifts the degen-
eracies of the ground and excited states, a nuclear
Zeeman based A system cannot be optically controlled
because nuclear-spin flipping is, in principle, optically
forbidden. However, for Tm3*-doped yttrium aluminum
garnet (YAG), we recently showed, both theoretically9 and
experimentally,'®!! that this selection rule can be overcome.
Under particular orientations of the external magnetic field,
the coupling of the electronic Zeeman and hyperfine interac-
tions relaxes the selection rule and makes possible the optical
addressing. In this paper, we make use of this property to
propose the building of an efficient three-level system in
Tm3*:Y,0;. The yttrium oxide host is not simply a substi-
tute for Tm: YAG. Indeed, the D, site symmetry of thulium in
YAG forbids any permanent electric dipole. On the contrary,
the C, site symmetry in yttrium oxide allows a linear Stark
effect, whose coefficient is measured in this work.

The convenience of the operating wavelength (795 nm)
for Tm?* is particularly interesting in comparison with that
for Pr3* (606 nm), even though the latter exhibits a A system
based on the hyperfine structure without any external mag-
netic field. Our system also benefits from the possibility of
controlling the ground-state splitting by adjusting the
magnetic-field intensity. Indeed, this should allow us to in-
crease at will the bandwidth of the memory. Finally, it is
worth noting that Tm>* also has a °F, shelving state. Far-off-
resonance population transfer is a necessary preliminary step
common to many storage protocols. The latter point enforces
the interest in thulium-doped crystals for quantum memory
application.

Our paper is organized as follows: We first give the gen-
eral features of Tm>*:Y,0; and define the different site ori-
entations in the crystallographic frame. We then determine
theoretically the proper orientations of the magnetic field to
efficiently excite the ground-state coherences. We finally
show experimentally the static electric-field sensitivity and
measure the linear Stark coefficient. To our knowledge, these
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two crucial properties have never been considered at the
same time in a thulium-doped crystal.

II. GENERAL FEATURES AND CRYSTAL-FIELD
ANALYSIS

The trivalent thulium has a 12 electron configuration and
is thus a non-Kramers ion.!2 The transition we are looking at,
from the *Hg to the *H, levels, lies in the near infrared (795
nm) accessible with laser diodes and is then particularly con-
venient. In between these levels, 3H4 relaxes toward 3H5
(submillisecond time scale), which rapidly decays to the *H,
metastable state (10 ms lifetime typically).

Yttrium oxide Y,O; is a cubic crystal with 16 fu./
elementary cell. Among the 32 yttrium cations, 8 occupy a
C3; point site symmetry and 24 a C, one. The trivalent thu-
lium substitutes for yttrium in both sites. We shall consider
only the C, sites which can be observed optically. The local
crystal-field axes (x,y,z) of the C, sites are parallel to the
crystallographic frame [1 0 0], [0 1 0], and [0 O 1] axes. This
will radically simplify the crystal-field analysis and the
physical interpretation of the experiment under static electric
and magnetic fields.

The lack of hyperfine structure in the absence of an ex-
ternal magnetic field is caused by the /=1/2 nuclear spin.
The *H¢(0) to *H,(0) transition between the two lower states
of the multiplets is then a pure two-level system for coherent
transient applications. The *H, metastable state can be used
for storing population in hole-burning experiments.

For Tm?* ions in a low site symmetry C,, the spin Hamil-
tonian Hgy is given in a J multiplet by

Hgy=B- (- B’%gjA) - B+B - (- g,B,Id-2g,8A) -1,
(1)

where B and (3, are the electronic and nuclear Bohr magne-
tons, g; is the g factor associated with the J multiplet, and g,
is the nuclear g factor of Tm**. I is the nuclear-spin operator.
Id is the identity operator. The A tensor in Hgy is determined
by second-order perturbation theory and is calculated by tak-
ing into account all the crystal-field levels of a particular J
multiplet,

poge'S 4 W eldl0) o
n#0 E,-E,

where a and S stand for x, y, or z. A; is the hyperfine con-
stant for the J multiplet. The index 0 denotes the first crystal-
field level [*H¢(0) or *H,(0)] and n the other crystal-field
levels of a **'L, multiplet. E, is the energy of the crystal-
field level n. In a C, symmetry, A in the local crystal-field
frame (x,y,z) takes the following form:

Ay A, 0
A=[A, A, O | 3)
0 0 A,

Equation (1) clearly shows that the coupling of the electronic
Zeeman with the hyperfine interaction (2g;BA) is respon-
sible for the hyperfine splittings. Because the hyperfine term
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A g is strongly dependent on the crystal-field splitting of the
J multiplet [Eq. (2)], we obtain different hyperfine splittings
for the ground state *Hg(0) and the excited state “Hy(0).
In Eq. (1), the first term on the right-hand side
[B-(—=B’¢7A)-B] leads to a global shift of all the hyperfine
transitions in a given J multiplet independently of the
nuclear-spin projection M;. From now on, this term will not
be considered and we shall work with this simplified spin-
Hamiltonian,

Hiy=B-y-1, 4)
where vy is a pseudonuclear tensor given by

y=-2g.B,1d - 2g,BA. (5)

As we already demonstrated previously,” for a given
magnetic-field orientation, these different hyperfine splittings
lead to different M, mixings at the *Hg(0) and *H,(0) levels:
this relaxes the selection rule on the nuclear-spin projection.
An efficient three-level A system can thus be obtained and
the branching ratio R between the two optical transitions
defined in Fig. 3 is calculated from the nuclear part of the
wave functions as

_lepP
AP

(6)

Because the whole wave function can be split into an elec-
tronic and a nuclear part,” the branching ratio R then requires
the computation of the wave functions. This is done through
the diagonalization of the spin Hamiltonian whose param-
eters are computed from crystal-field calculations. The full
Hamiltonian H is given by

Hg = Hg + Hep, (7)

where Hp; is the free-ion Hamiltonian and H is the crystal-
field one. The free-ion interactions are written according to
the formalism of Carnall ef al.,'

Hp=Ho+ 2 Ele,+ {Aso+al(L+ 1)+ BG(G,)
k=123

+yG(R) + X 4T (8)
i=2,3,4,6,7.8

In this expression, H, is the spherical symmetric one-
electron part of the Hamiltonian, EX are the Racah param-
eters, and {4 is the spin-orbit coupling constant. Here e, and
Agq represent the angular parts of the electrostatic repulsion
and the spin-orbit coupling, respectively. The «, B, and y
parameters are associated with the two-body interactions and
the 7' (Judd parameters) with the three-body interactions.
G(G,) and G(R;) are the eigenvalues of Casimir’s operators
for the groups G, and R,.'* The Judd parameters are vanish-
ing for the /2 and f'? configurations. Other interactions such
as spin-spin and spin-other orbit interactions operating
through the M* and P* parameters are not included in the
calculations. Following Wybourne’s formalism,'* the crystal-
field Hamiltonian is expressed as a sum of products of
crystal-field parameters and spherical harmonics Y,
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TABLE I. Free-ion and crystal-field parameters for Tm3* ions in
Y,05 single crystals (in cm™") and experimental and calculated en-
ergy levels (in cm™!) corresponding to the two *Hg and *H, multi-
plets of interest in this work. The rms standard deviation o is
indicated.

Parameter Multiplet ~ Energy levels (cm™)
(em™) LD O Expt. Calc.
E° 17 785 Hy 0 0
E! 6 836 31 35.1
E? 332 89 94.2
E3 651 219 216.1
a 6.5 230 230.1
B -659 340 354.1
y 750 382 393
Loy 2612.6 436 434.1
B} -192.6 488 479.6
B; -1048.5 647.6
BS 444.6 692 684.1
B -516.9 788 783.8
B -1073.5 797 790.6
B 697
BS 12.5
BS 460 *H, 12 556 125322
B 66.2 12 634 12 630.9
5 439 12 697 12 676.1
s -594 12 813 12795.5
S5 161 12 842 12 843.3
8 -172 12872 12 864.2
s¢ -80 12918.8
13017 13 050.4
o 18.6 13 048 13 062.5
4,6 k
Hep= 2 2BICY + (- DICW ]+ ik CP - (- nyicTy,
k=2 q=0

9)

41
(N (L
Cq = Vs lqu. (10)

The number of nonzero crystal-field parameters B’; and S’;,
real and imaginary parts, depends on the site symmetry of
the lanthanide ion in the structure.

The energy levels, determined by Leavitt et al.'> from
absorption and emission measurements, are used to calculate
the parameters of the free-ion and crystal-field Hamiltonians.
For the free-ion Hamiltonian, eight parameters were varied,
ie., E°, E', F?, and E® Racah parameters; «, B, and 7y Trees
parameters; and {4 The C, crystal-field parameters involve
nine nonzero real B’; crystal-field parameters, namely, B%, Bé,
BS, B%, Bg, Bi, Bg, BS, and Bg, and five nonzero real S’;
crystal-field parameters, namely, S‘zl, S4, S6, SZ, and Sg. The

with
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TABLE II. Spin-Hamiltonian parameters of the first crystal-field
states of the 3H6 and 3H4 multiplets.

Parameter Crystal-field level

*He(0) *Hy(0)
gy 1.16 0.95
A; (MHz) —470.3 -678.3
A -2.5%x1073 -12x1073
Ay —2.7x107* -23x107*
A, -9.7x1073 -1.8x1073
Ay -6.6Xx107* -1.4x107%
Yyr (KHZ/G) 8.57 3.51
Yyy (KHZ/G) 1.24 0.96
v,. (kHz/G) 32.12 5.22
Yyy (KHZ/G) 2.16 0.37

simulation of the energy-level scheme is performed on 59
experimental levels among the 91 possible of the 4f!% con-
figuration. With a starting set of phenomenological free-ion
and crystal-field parameters taken from the work of Leavitt
et al.,'? the rms standard deviation o, taken as the figure of
merit for the simulation, decreases to a rather good final
value of 18.6 cm™'. Table I gathers the free-ion and crystal-
field parameters for Tm** ions in Y,O5 single crystals and
the experimental and calculated energy levels of the *Hg and
3H4 multiplets. The rms standard deviation is given for the
59 experimental levels. The full Hamiltonian (Hp) leaves
each electronic level as a nondegenerate singlet due to the
low point site symmetry of Tm3* ions in the Y,05 host.

From the crystal-field calculations, the spin-Hamiltonian
parameters were calculated using Egs. (2) and (5) and are
gathered in Table II for the *H¢(0) and *H4(0) states. Be-
cause the off-diagonal term 7v,, is different between the
3H,(0) and *H,(0) states, the principal axes of the v tensors
do not have the same orientation in the ground and excited
states. This will be particularly important in Sec. III, where
we discuss the magnetic nonequivalency of the C, sites with
regard to the external magnetic-field orientation.

From the spin-Hamiltonian parameters, we calculated R
from Eq. (6). In the local crystal-field frame (x,y,z), the
maximum value of R=0.29 is reached for an orientation of
the external magnetic field of #=87.3° or 92.7° and ¢
=101.5° in spherical coordinate with @ as the angle between
the magnetic field and the local z axis and ¢ as the angle in
the local xy plane. We shall see in Sec. III that if we take into
account other optimization criteria than the simple maximi-
zation of R, i.e., the least number of magnetically nonequiva-
lent sites and the orientation of the electric dipole moment of
the transition, then the optimal (6, ¢) orientation will differ
from the previously calculated one.

The orientation of the electric dipole moment of the
SHe(0) — *H,4(0) transition—as well as the one of the perma-
nent dipole in the ground *Hg(0) and excited *H,(0) states—
can be retrieved from the electronic wave functions obtained
from the diagonalization of Hy. Due to the C, symmetry, the
only non-null B’; and S’; crystal-field parameters correspond
to even k and ¢ values. This implies that only two different
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FIG. 2. (Color online) Representation of the six (I-VI) different
magnetic nonequivalent classes in Y,03. [100], [010], and [001] are
the crystallographic directions. Associated with each class is the
matrix representation of the pseudonuclear tensor y. We also dis-
play the electric dipole moment D direction for all sites in each
class. For example, classes I and II are magnetically nonequivalent
for a general orientation of the external magnetic field. For class I,
two of the four sites have a dipole moment D along the positive
[001] direction and the other two along the negative [001] direction.

electronic wave functions of the type > M)C MJ|25+'L 7,2M ;) or
ZMJCMJ|2S+]L 7,2M ;+1) corresponding to two different irre-
ducible representations can be obtained. The crystal-field cal-
culations give the same type of wave functions for the
3H¢(0) and *H,(0) states of the form EMJCMJ|ZS+1L,,2M .
Using the fact that the X, y, and Z electric dipole operators
transform like the J,, J,, and J, operators, respectively, and
knowing that the only operator which does not change the
type of electronic wave function is J,, we conclude that the
electric dipole moment of the *Hq(0) — *H,(0) lies along the
local z axis of the crystal-field frame. Because we are also
interested in the effect of a static electric field (Stark effect),
we note that the preceding argument also implies that the
orientation of the permanent dipole in the ground and excited
states will be carried by the local z axis.

The 24 sites of C, symmetry in the Y,Oj3 unit cell trans-
form into one another according the symmetry operations of
the host. This gives rise to different orientations of the local
crystal-field frame leading to magnetic and electric non-
equivalencies as a function of the orientation of the external
magnetic and electric fields, respectively.

Now, for a general orientation of the external magnetic
field, the 24 possible sites are equally distributed in six mag-
netically nonequivalent classes labeled I-VI with four sites
per class. In Fig. 2, we have depicted the latter six classes
together with their corresponding electric dipole moment ori-
entations for the *Hg(0) — *H,(0) transition. Classes I and II
have their electric dipole moments oriented along the [001]
direction, those of classes III and IV along the [100] direc-
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FIG. 3. (Color online) Optical nutation for two different orien-
tations of the polarization: [001] and [011]. The extra damping of
the Bessel-type oscillation could be explained by a short dephasing
time for this specific temperature (around 4 us at 3 K—see Sec. V
for details).

tion, and those of classes V and VI along the [010] direction.

A simple way to check the orientation of the electric tran-
sition dipole is to perform an optical nutation experiment.
This is not only a robust way to measure the absolute value
of the Rabi frequency but, indeed, when multiple sites are
present, it also allows us to distinguish and optically select
the different dipole orientations. These nutation signals for
various field polarizations are then strongly related to the
crystal symmetry'> as we shall show experimentally.

Our sample is a 0.15% doped Tm>*:Y,0; crystal made
by micropulling down method.'® For the growth, we use a
rhenium crucible (46 mm in height and 36 mm in diameter)
and the assembly was placed in hot zirconia ceramic. A 2
mm distance is kept between crucible and ceramic to prevent
reaction. The crucible was heated inductively at a frequency
of 20 kHz. The starting materials were prepared from high-
purity commercial powders of Y,03 (>>99.99%) and Tm,O5
(99.99%). A single-crystal rod was used as a seed. The
growth atmosphere is a mixture of Ar+3%H,. The crystal
length in the propagation direction is around 4 mm. It is

PHYSICAL REVIEW B 77, 245127 (2008)

oriented and cut along the crystallographic axes [100], [010],
and [001]. The three axes being completely equivalent, we
define the propagation axis as [100]. Then the polarization of
the field is in the plane ([010], [001]). The sample is placed
in liquid helium cryostat and cooled down to a few Kelvins.
The peak absorption wavelength of the *Hg(0) to *H,(0)
transition is 796.514 nm with an inhomogeneous linewidth
of 6 GHz. The absorption coefficient is around 2 cm™' and
the sample features optical coherence times of 4 us at 3 K
and 9 ws at 1.2 K, in good agreement with what was previ-
ously reported by Sun!” (see Sec. V).

To confirm the sites orientation, we then performed an
optical nutation experiment. Our measurements are in good
agreement with the predicted orientation of the dipoles (see
Fig. 2). For illustration, we plot in Fig. 3 two specific signals
for a field polarization parallel to [001] and [011] with the
laser propagating along [100].

In the first case, we address the sites with D parallel to
[001] (sites of classes I and II in Fig. 2, these classes being
equivalent in the absence of any magnetic field), which have
the same transition dipole with a maximum Rabi frequency.
For the latter field polarization (parallel to [011]), we address

both sites with D parallel to [010] (sites of classes V and VI

in Fig. 2) and D parallel to [001], but both with a Rabi
frequency reduced by the y2/2 projection factor. The differ-
ence between the two curves in Fig. 3 is then a pure geomet-
ric effect (projection of the polarization). Any polarization
angle between [001] and [010] would produce a composite
nutation signal involving two sets of sites (classes I and II)
and (classes V and VI) with frequencies given simply by the
projection angle: this is experimentally observed. Although
this measurement is simple, it supports our crystal-field
analysis and gives an optical confirmation of the electric di-
pole orientation together with an appraisal of the crystalline
quality of our sample.

III. OPTIMIZATION OF THE MAGNETIC-FIELD
ORIENTATION

The optimization of the external magnetic-field orienta-
tion is meant to simultaneously satisfy the following con-

TABLE III. Magnetic-field orientation in the crystallographic frame simultaneously achieving a high
branching ratio and a high absorption. Only two classes are then magnetically equivalent (good classes). The
other classes, with poor R values (bad classes), are switched off by choosing a particular laser polarization E.

Magnetic-field orientation Good classes

Bad classes

(0, d) (deg) Type R Type R Extinction
(86.8,90)

(93.2,90) I 10 0.13 I, IV, V, VI <5%1073 E// [001]
(90,90) (// [010]) LI 0.12 1L, IV, V, VI <5%1073 E// [001]
(3.2,0)

(=3.2,0) 1L, IV 0.13 I 1LV, VI <5%1073 E//[010]
(0,90) (// [001]) 1L Iv 0.12 LILV, VI <5%1073 E//[010]
(90,3.2)

(90,-3.2) V, VI 0.13 I, 10, 111, IV <5% 1073 E// [100]
(90,0) (// [100]) V, VI 0.12 L, 1L, 101, IV <5% 1073 E// [100]
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straints: (i) maximize the branching ratio R; (ii) maximize
the absorption, which implies the least number of magneti-
cally nonequivalent classes. In the final step, by choosing the
laser polarization, we shall take advantage of the well-
defined electric dipole orientation of the *Hg(0)— *H,(0)
transition (Fig. 2) to switch off the classes with poor R value
or/and the classes that we did not manage to render magneti-
cally equivalent.

We start by computing the hyperfine splittings, which de-
pend on the orientation (6, ¢) of the external magnetic field,
by diagonalizing the Hgy Hamiltonian both in the ground
and the excited states. We then try to find particular values of
(6, ¢) for which the hyperfine splittings of each class are
equal to one another. Because the principal axes of the A
tensor do not have the same orientation at the *Hq(0) and
3H,(0) levels, we need to check that the latter equality holds
within both the excited and the ground states. We then com-
pute the branching ratio R for the set of (6, ¢) values previ-
ously found and then extract the (6, ¢) orientation which
maximizes the R value.

There is no particular orientation of the magnetic field for
which more than two classes can be made magnetically
equivalent within both the ground and the excited states. The
only situation that satisfies our constraints is to have class I
equivalent to class II, class III equivalent to class IV, or class
V equivalent to class VI. In those cases, only the external
magnetic-field orientations given in Table III lead to a satis-
factory branching ratio.

For example (Table III), in the crystallographic frame,
for a (0,$)=(90°,3.2°) orientation, classes V and VI are
equivalent with a branching ratio R=0.13. For this orienta-
tion, classes III and IV are equivalent but not classes I and II
and all four of them exhibit a poor branching ratio, R<<5
X 1073, As we can see in Fig. 2 and Table III, classes I, II, III
and IV can be switched off by polarizing the laser along the
[100] crystallographic direction. If we try to obtain the
previously mentioned maximum R value of 0.29, then
only one class contributes to the absorption and for
classes I, II, II1, IV, V, and VI, we find the following external
magnetic-field  orientations in the crystallographic
frame: (0,0)=(92.7°,101.5°), (0,¢)=(87.3°,78.5°),
(0,9)=(11.8°,76.7°), (0,¢)=(168.2°,103.3°), (6,9)
=(101.5°,2.7°), and (6, $)=(78.5°,2.7°), respectively.

IV. STARK EFFECT

Interest in the Stark effect of solids was recently renewed
thanks to its potential for quantum light storage.*~ The in-
fluence of static electric field has been studied for decades
and was recently reviewed on the celebration of Kaplyan-
skii’s 75th birthday,'® whose name is closely associated with
the pioneer measurements.”

In Tm:Y,0;, we expect to observe a pseudo-Stark
splitting.?® Indeed, as shown in Fig. 2, the different sites with
opposite permanent electric dipole orientations undergo op-
posite Stark shifts under a static electric field. To set the
picture, a laser propagating along [100], as well as an electric
field along [001], would lift the electric nonequivalency of
the sites belonging to classes I and II (opposite shifts). In this
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FIG. 4. (Color online) Stark-modulated photon echo. An

electric-field pulse in between the optical pulses of a two-pulse
photon echo is applied.

case, we observe a splitting into a doublet by hole-burning
spectroscopy.?! This technique can be used to give us a good
order of magnitude for the linear Stark coefficient. In order
to provide a more accurate measurement, Stark-modulated
photon echo was performed.?? This very sensitive technique
makes the coherences of two inverted sites interfere within a
two-pulse photon echo. This leads to a modulation of the
photon echo intensity as a function of the duration and mag-
nitude of the level splitting induced by a dc electric field
(Stark pulse) that is applied in between the two pulses of the
echo sequence (see Fig. 4). During the free evolution of the
coherences, the application of the Stark pulse induces a dif-
ferential phase shift between two inverted sites. If, for ex-
ample, the phase difference is exactly m, these two sites
would independently emit echoes that would simply be out
of phase. In that case, because of the totally destructive in-
terference, there is no buildup of polarization and no field is
radiated after the second light pulse.

In order to apply a static electric field along one crystal-
lographic axis (defined as [001]), we stick a pair of elec-

Photon Echo Area

2 3
Applied voltage(V)

FIG. 5. (Color online) Stark-modulated photon echo as function
of the electric-field voltage. The electric field is applied along one
crystal axis (defined as [001]); its duration is kept constant at
5.3 us. We vary the voltage applied on the electrodes and measure
the area of the emitted echo. The delay between the two light pulses
is 6 us. The temperature of the sample is 1.2 K. The damping is
fitted by a sinc-shape curve (solid red line).
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trodes on our orientated crystal separated by 3 mm. We mea-
sured the area of the emitted echo as a function of Stark
pulse voltage by keeping the duration of the electric pulse
constant and varying the applied voltage V (Fig. 5). The
oscillation period gives us the frequency difference between
the sites with opposite dipoles, which is simply two times the
linear Stark shift. We measured an oscillation frequency of
75 kHz/V, which for electrodes separated by 3 mm, gives a
Stark coefficient of 22 kHz cm/V. This result should, how-
ever, be taken with precaution because of the high dielectric
constant (18) of the yttrium oxide host.?* Indeed, our elec-
trodes are not vapor deposited on the crystal but simply stuck
in contact with it, and a tiny gap might thus remain between
the electrode and the crystal (hundreds of microns). As a
consequence, this would strongly reduce the electric field
inside the sample because the air gap thickness multiplied by
the dielectric constant is comparable to the electrode spacing.
Therefore our measurement gives only a lower bound for the
Stark coefficient with a good order of magnitude. The oscil-
lation damping (Fig. 5) can originate from an electric-field
inhomogeneity due, for example, to the fringing effect inside
a sample of large dielectric constant. To a first approxima-
tion, a linear dependency of the field along the propagation
axis would lead to a sinc-shape damping curve. This theoret-
ical curve (solid red line in Fig. 5) properly fits the experi-
mental data. The inhomogeneity is then estimated to be
around 15% along the sample.

V. CONCLUSION

We showed in this work that Tm**:Y,0; is an interesting
candidate for quantum storage application. Indeed, it meets
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two main requirements toward this goal. First of all, a three-
level A system can efficiently be tailored in this sample.
Second, we experimentally singled out a linear Stark effect
on the *Hy(0) — *H,4(0) transition, which is the key element
in the protocol relying on controlled and reversible inhomo-
geneous broadening. To the best of our knowledge, these two
properties were never investigated at the same time in a
thulium-doped crystal, whose absorbing wavelength is par-
ticularly convenient for most of the applications.

To conclude this paper, let us briefly comment on the
limited optical coherence time of a few microseconds in this
material. Our measurements of a relatively short coherence
time in this sample (4 us at 3 K and 9 us at 1.2 K by
two-pulse photon echo decay) confirmed the results of Sun in
p- 403 of Ref. 17. It is an order of magnitude shorter than in
the well-studied Tm**: YAG, a fact previously considered as
a good reason to reject Tm3*:Y,05 for coherent applications.
However, in our opinion, this host should be reevaluated in
the framework of quantum storage. Indeed, even though the
protocol involves the optical coherences as a primary infor-
mation carrier (direct absorption), a rapid transfer to the Ra-
man coherences allows going beyond the optical dephasing
lifetime for the storage. The optical dephasing time should
not be considered as an ultimate limitation for our specific
application. The ability to perform a Raman transfer is di-
rectly related to the presence of a A-system between three
hyperfine levels.
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