N
N

N

HAL

open science

Precision measurements of electric-field-induced

frequency displacements of an ultranarrow optical

transition in ions in a solid
S. Zhang, N. Luci¢, N. Galland, R. Le Targat, P. Goldner, B. Fang, S.
Seidelin, Y. Le Coq

» To cite this version:

S. Zhang, N. Luci¢, N. Galland, R. Le Targat, P. Goldner, et al.. Precision measurements of electric-
field-induced frequency displacements of an ultranarrow optical transition in ions in a solid. Applied

Physics Letters, 2020, 117 (22), pp.221102. 10.1063/5.0025356 . hal-03065368

HAL Id: hal-03065368
https://hal.science/hal-03065368
Submitted on 11 Aug 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03065368
https://hal.archives-ouvertes.fr

Applied Physics Letters ARTICLE

scitation.org/journal/apl

Precision measurements of electric-field-induced
frequency displacements of an ultranarrow optical

transition in ions in a solid

Cite as: Appl. Phys. Lett. 117, 221102 (2020); doi: 10.1063/5.0025356
Submitted: 14 August 2020 - Accepted: 13 November 2020 -

Published Online: 30 November 2020

© th @

View Online Export Citation CrossMark

S.Zhang,' N. Luéi¢,' N. Galland,'? R. Le Targat,' P. Goldner,” B. Fang,' S. Seidelin,>®

and Y. Le Coq'

AFFILIATIONS

'LNE-SYRTE, Observatoire de Paris, Université PSL, CNRS, Sorbonne Université, 75014 Paris, France
2Univ. Grenoble Alpes, CNRS, Grenoble INP and Institut Néel, 38000 Grenoble, France
*Chimie ParisTech, Université PSL, CNRS, Institut de Recherche de Chimie Paris, 75005 Paris, France

3 Author to whom correspondence should be addressed: signe.seidelin@neel.cnrs.fr

ABSTRACT

We report a series of measurements of the effect of an electric field on the frequency of the ultranarrow linewidth 7Fy — D, optical
transition of Eu’" ions in an Y,SiOs matrix at cryogenic temperatures. We provide linear Stark coefficients along two dielectric axes and for
the two different substitution sites of the Eu®>" ions, with an unprecedented accuracy and an upper limit for the quadratic Stark shift. The
measurements, which indicate that the electric field sensitivity is a factor of seven larger for site 1 relative to site 2 for a particular direction of
the electric field, are of direct interest in the context of both quantum information processing and laser frequency stabilization with
rare-earth doped crystals, in which electric fields can be used to engineer experimental protocols by tuning transition frequencies.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025356

Optically addressable ions as dopants in solids provide an inter-
esting framework for a wide range of contemporary applications in
physics. In particular, rare-earth ions in a crystalline matrix are popu-
lar candidates for a steadily growing number of applications due to
their outstanding coherence properties.' > Applications include both
classical®” and quantum” '* information processing schemes, quan-
tum optical memories,"” " and laser stabilization techniques.'®"

In this work, we use the 580 nm optical ”Fy — >Dj transition in
Eu®" ions in an Y,SiOs host matrix (Eu:YSO). This transition has an
ultranarrow linewidth, potentially down to 122Hz at 14K with a
magnetic field of 100 G.” The Eu®* ions can substitute for Y>* ions in
two different crystallographic sites, referred to as sites 1 and 2, with
vacuum wavelengths of 580.04 nm and 580.21 nm, respectively, and
we here investigate both sites. We have recently demonstrated that the
optical transition frequency of the ions can be modulated by applying
mechanical stress on the crystalline matrix,'”*’ which makes the sys-
tem promising for optomechanics experiments in which a mechanical
motion couples to the ion frequency.”** An alternative way of con-
trolling the frequency is based on the Stark effect, in which an external
electric field interacts with the electric dipole moment involved in the
transition.””* In the Ew:YSO system, the Stark coefficients for the
optical transition have so far been measured with a limited precision

and only in one of the two different substitution sites.”””° Here, the
technique of spectral hole burning (see later), combined with the use
of an ultranarrow linewidth laser, allows us to not only obtain more
accurate values for the already measured site but also provide mea-
surements for the other much less sensitive site, which, thus, requires a
higher precision in order to assess the corresponding Stark coefficient.

To study the influence of the electrical field (E-field), we use the
technique of spectral hole burning, which allows us to work with a
large ensemble of ions without being limited by the inhomogeneous
broadening of the collective absorption line, which is of the order of
2 GHz in our case for 0.1-at.% europium doping. More precisely, the
7F, ground state consists of 3 hyperfine states [Fig. 1(a)], with mutual
separations in the range of 30-100 MHz.." Spectral holes are formed
by pumping the ions resonantly from the ”Fy to ° Dy state, from where
they decay radiatively, mainly to the 7F; state”’ before decaying non-
radiatively to the three hyperfine states in the 7F, manifold. Optical
pumping prevents population build-up at the hyperfine level with
which the pump beam is resonant, creating a transparent window in
the inhomogeneous profile at this exact frequency. By subsequently
scanning the probe laser in the neighborhood of the pump-laser fre-
quency, the shape and frequency of the spectral hole can be recorded.
A spectral hole represents approximately 10"* Eu** ions.
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FIG. 1. lon level structure and crystal axes. In (a), the energy diagram of the Eu**
ions is shown. After resonantly pumping at 580 nm, the ions decay radiatively pri-
marily to F; and then non-radiatively to one of the hyperfine states that are not
resonant with the pump beam, leaving behind a sharp hole in the absorption profile.
In (b), we show the Y, SiOs crystal, which is cut parallel to the 3 dielectric axes, Dy,
D,, and D5 (which is parallel to the crystalline b-axis and the a and ¢ axes lying in
the D4, D plane), as well as the electrodes allowing the application of an electric
field E (here, shown parallel to the D4) axis due to an electric potential V.

Our experimental setup has recently been described in detail else-
where'®'”** and will be only briefly summarized in the following. We
use two diode lasers (referred to as master and slave) at 1160 nm. The
master laser is frequency locked to an ultra-stable Fabry-Pérot refer-
ence optical cavity by the Pound-Drever-Hall technique, allowing for
a frequency instability below 10~ for time scales of 1-100 s and a
few Hz laser linewidths. The slave laser is phase locked to the master
laser with a tunable frequency offset. The slave laser possesses the
same stability as the master, but its frequency is continuously tunable
in a range of several GHz. Both of them are subsequently frequency
doubled to reach 580 nm, with an output intensity of approximately
5mW. Moreover, an acousto-optic modulator allows us to scan the
slave-laser frequency across the spectral structures with a range of
approximately 1 MHz. A high stability (in fact, absolute) optical
frequency measurement is provided when necessary by comparing the
slave laser against a primary frequency reference via an optical fre-
quency comb. Avalanche photodiodes are used to measure the inten-
sity of the slave laser before and after passing through the crystal,
thereby deducing the shape and position of the spectral hole. For max-
imum absorption”” (for both burning and probing), we propagate the
laser beam parallel to the crystallographic b-axis and maintain the laser
polarization parallel to the dielectric D; axis [Fig. 1(b)]. In this work,
the pump and the probe beams are collimated and diaphragmed by an
iris of 2 mm diameter (a fourth of the crystal width and height) and
kept in the center of the crystal in order to minimize surface effects.
The crystal is maintained at 3.2K in a closed-loop cryostat resting on
an active vibration isolation platform. Under these conditions, we
obtain spectral holes with a full width at half maximum (FWHM) of
about 3-5kHz.

To apply a homogeneous E-field, we use two circular electrodes
(31mm in diameter) above and below the crystal as shown in
Fig. 1(b). As the electric permittivity of the crystal is a factor of ten
larger than that of vacuum, it is crucial to avoid gaps between electro-
des and the crystal. We use a thin (<0.1 mm) layer of silver lacquer to
bring the crystal into direct contact with the electrodes. The distance
between the electrodes is consequently the same as the height of the
crystal (with the electrodes being extended to the surface of the crystal
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due to the silver lacquer), which is equal to about 8 mm. To study the
linear Stark regime, we burn a spectral hole in the absence of an
E-field, then apply a voltage ranging from 0 to 28 V, giving rise to an
electric field in the range of 0-3500 V m %, and observe the influence
on the spectral hole.

The YSO crystal is monoclinic and exhibits a Cy, symmetry.
Both the nonequivalent crystallographic sites of the Eu®" ions are of
C, symmetry. In the general case of an application of an E-field with
an arbitrary direction, the crystal symmetry gives rise to four possible
nonequivalent orientations of the electric dipole moment difference
between the ground and excited states (64;, i=1, 2, 3, 4) for each site,
arising from the order of the crystal symmetry group (4) divided by
the order of the symmetry group of the crystal site (1), see Fig. 2(a).
Thus, in the general case, the presence of an arbitrary electric field will
split a spectral hole into four components.” Because of the centrosym-
metric crystal space group, the splitting of the spectral hole will to first
order remain symmetric in frequency around zero.

We will determine the Stark effect for an E-field parallel to either
the D, or D, axis and, thus, in both cases, perpendicular to the crystal
b-axis that coincides with the C, rotational symmetry axis. As the mir-
ror symmetry plane of the crystal is perpendicular to the C, rotation
axis, the E-field is, thus, contained within this plane in our case, as
illustrated in Fig. 2(b). This means that the component of a given elec-
tric dipole moment perpendicular to the mirror plane is not influenced
by our E-field, and thus, the splitting arising from the mirror symme-
try vanishes. Therefore, in all our measurements, the spectral hole only
splits into two components, arising from the C, rotation symmetry
alone.

This twofold splitting into a positive and a negative frequency
branch is illustrated for an electric field applied along the D; direction
in Fig. 3. Here, the transmittance T of the crystal is plotted as a function
of frequency difference f with respect to the hole burning frequency,
i.e, fo = 0, where the initial spectral hole burning occurred, for 6 differ-
ent values of the applied E-field for the two different crystal sites. The
center frequency of each peak is then obtained by a double Lorentzian
fit of the transmittance, T(f) =A+B/(1+4(f —f)*/7?)
+C/(1+4(f —f)*/7?), where f, and f_ denote the center fre-
quency of the two branches, y is the (common) FWHM of the two
Lorentzian, and A, B, and C take into account the offset and normaliza-
tion of T(f).

(a) Cy (||b-axis) (b) Cy (||b-axis)
A A
1 ,180° _,180°
L3
Cap NEAL Cap E
WA AN Z Z
¥ i\
A

FIG. 2. The symmetry operations of the YSO crystal. In (a), we show the general
case, where each oy; is related by symmetry operations to 4 nonequivalent
dipoles. In part (b), we show that when considering the projection of the dipole
moment on an axis perpendicular to the C, rotation axis (thus contained within the
horizontal symmetry plane), this number is reduced to 2. Note that the crystal has
been rotated by 90° relative to Fig. 1 in order to follow the usual convention for
which the C, rotation axis is vertical.
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FIG. 3. Transmittance of an Eu’*-doped crystal containing a spectral hole as a function of the electric field applied along the D+-axis for site 1 (a) and site 2 (b). At zero field,
the spectral hole exhibits a linewidth below 5 kHz. When an E-field is applied, the spectral structure splits into two components, of which the difference in frequency increases

as the E-field is gradually incremented.

These frequency shifts are then plotted as a function of the E-
field in Fig. 4, for an E-field aligned along either the D, or D, direction
and in each case for both crystal sites. Each point in this figure is the
average of two separate measurement sequences or more (a data
acquisition sequence lasts for approximately 30min). For each
sequence, the shift for each data point is half the frequency difference
between the positive and negative branch peak centers, ie,
ofi = (f+ — f-)/2 (thereby ensuring a negligible effect of slow fre-
quency drifts of the reference Fabry—Pérot cavity, as such a drift would
shift both peaks by the same amount in the same direction). The error
bars, which are shown on the data and are used in the fit algorithm,
are estimated individually for each curve, as the noise floor (data base-
line) varies from scan to scan and adds to the uncertainty on the deter-
mination of the central frequency. They correspond to approximately
one tenths of the FWHM of the spectral structures in Fig. 3. In order
to obtain the linear Stark coefficients, we initially assume that the effect
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FIG. 4. The displacements of the center frequency of the spectral hole as a function
of the amplitude of the E-field applied parallel to D1 and D,, for the two different
crystal sites (S1 and S,), as well as linear fits to the data.

is purely linear and fit the data accordingly with a purely linear model
ofi = A,E using a least squares method. The linear Stark coefficients
A, are given in Table I. Our measurement of the coefficient for site 1
corresponding to an E-field parallel to the D;-axis is consistent with
the earlier, less accurate measurement reported in Ref. 26 (0.27 kHz
m V™! with no explicit error bar).

The uncertainty on the electric field is composed of three ele-
ments: applied voltage, crystal dimensions, and inhomogeneity of the
electric field arising from an electrode geometrical misalignment and
difference in permittivity between vacuum and YSO. The voltage and
the crystal dimensions were verified using SI-traceable calibrated
instruments, resulting in an error induced by these quantities signifi-
cantly below the stated uncertainty. We performed numerical simula-
tions using finite element method software, utilizing the permittivity
coefficient of YSO expressed in Ref. 29 and allowing for up to 1 mm
misalignment of the electrodes. These simulations confirm that, aver-
aged over the part of the crystal probed by the laser beam, the relative
error on the estimation of the electric field is below 3 x 107, implying
a negligible effect on our stated uncertainty. The statistical uncertainty
on the coefficients is obtained from the linear fit, which takes into
account the error bars on each individual frequency measurement,
arising from the Lorentzian fits of each spectral pattern. The last col-
umn in Table I shows the systematic errors that arise from the

TABLE |. Linear Stark coefficients for europium ions in an YSO matrix when the
electric field is applied parallel to one of the crystalline axes D4 or D, and for crystal
site 1 or 2. These coefficients are given in Hz per (V/m). = and = in the last column
indicate that the D4 and D, systematic errors go in opposite directions.

Site Axis Value Stat. Syst.
1 D, 271.8 *=0.5 *1.6
1 D, 186.1 =04 +2.4
2 D, 37.4 *=0.5 *1.2
2 D, 143.2 *=0.5 +0.3
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uncertainty on the orientation of the dielectric axis relative to the
crystal-cut (0.5°, as set by x-ray orientation and precision machining).
Note that during all measurements, we systematically probe the
spectral structure without the E-field before and after the measure-
ment sequence, to verify that no drift has occurred due to other
independent physical variables during the measurement sequence.

For applications in which the narrow spectral feature is used
for high precision laser frequency stabilization, the linear shifts
due to small fluctuations of an electric field only broaden the peak
symmetrically (an initial symmetric splitting) and, thus, do not
change the frequency of a laser locked to this peak (only the slope
of the frequency discriminator is changed, not its central position).
What can potentially be more detrimental in such applications is a
higher order Stark effects, which would introduce a non-
symmetric behavior between the positive and negative branches
and, thus, would result, for small electric field fluctuations, in laser
frequency fluctuations. Due to the high precision in our frequency
measurements, we can search for a quadratic component at rela-
tively weak fields, despite the non-zero linear sensitivity, and set an
upper limit of this type of non-linear Stark shift. We note that this
kind of quadratic behavior physically corresponds to a small elec-
tric polarizability effect, where E-field-induced additional dipole
moments in the ground and excited states, proportional to and
along the E-field, produce a correction to the permanent dji;, in a
direction (set by the E-field) that is identical for the classes of ions
having opposite permanent dipole moments.
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Contrary to the linear (symmetric) case, it is desirable here to
explicitly correct for possible slow frequency drifts of the reference cav-
ity, typically of the order of 0.1 Hz s, resulting in an apparent drift of
frequency of the initial spectral hole, ie., fy =0 no longer holds
throughout the experimental sequence (which lasts longer than the
stability specification timescale of the cavity). This correction is done
by using an optical frequency comb, referenced to the primary fre-
quency standard, which is constantly monitoring the probe laser opti-
cal frequency. The results are shown, for both directions and sites, in
Fig. 5 in which we have plotted of, = (f+ +f-)/2 — fo as a function
of the applied E-field. We notice the absence of any clear trend corre-
sponding to an asymmetric shift of the peaks in the data. Fitting (least
squares method) with a purely quadratic function, of, = A,E?, we
obtain the coefficients A, for the quadratic Stark effect expressed in
Table II. These quadratic coefficient can be considered compatible
with zero given the measurement uncertainties, and, as conservative
estimates, we set the upper limits stated in the last column of the table.
For site 1, this is coherent with the significantly less stringent limit
of = 0.2 Hz* V™2 previously obtained.”””'

When the peaks from the positive and negative branches separate
under the application of an E-field, a final possibility of the quadratic
effect corresponds to a deviation from the linear behavior, which
would be symmetric between the positive and negative branches. This
would physically require the field-induced part of J4i; to be aligned
with Jfi; rather than with the external E-field, but still be proportional
to the amplitude of the field. Although this situation is physically more

3] D,Sq T
5
1 —
O—I-—I——L— --1-1"1
1 -
2 1
3
(I) 5(I)O IOIOO 15I00 20I00 2500
E-field [V/m]
5
, | D2S2
-
AHE
1A
2 -
3 4

0 500 1000 1500 2000 2500 3000 3500
E-field [V/m]

FIG. 5. Mean central frequency of the positive and negative branch peaks (with reference to the zero E-field case where the initial hole burning occurred) as a function of the
applied E-field parallel to D4 or D, and for site 1 (S4) or site 2 (S,), as indicated by the labels in the insets. The data have been corrected from the drift of the probe laser, which
is continuously measured using a primary frequency referenced optical frequency comb. The dashed lines are a quadratic fit to these data, showing an effect compatible with

zero to within the measurement uncertainty.
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TABLE II. Quadratic Stark coefficients for residues after subtracting the linear com-
ponent. These coefficients are given in Hz per (V/m)?. The systematic error is, here,
negligible compared to the statistic error.

Site  Axis Value Stat. Abs. val. upper limit
1 D, -—11.1x10™* =*50x107* <3 x 1073
1 D, 1.3x107% *26x107* <1x1073
2 D, —24x107% *14x107* <1x1073
2 D, 0.1x107% +0.5x107* <2 x107*

difficult to interpret than the asymmetric quadratic Stark effect dis-
cussed above, we still investigate the data for the presence of such
behavior. For simplicity, we only consider the positive branch and exam-
ine the residue after subtracting the linear Stark shift determined previ-
ously, i.e, 0f, + = f+ — fo — A\ E. These residues are then fitted with a
purely quadratic function, of, + = A, | E*. From the fitting procedure,
we obtain quadratic coefficients for the D,-direction of (—1.3%+5.1)
x10~* Hz” V™ for site 1 and (—0.7%1.5) x 10~* Hz> V> for site 2
and for the D,-direction (—0.5+2.6) x 10~* Hz* V2 for site 1 and
(—0.120.5) x 107* Hz> V2 for site 2 (with negligible systematic
uncertainties). Again, these coefficients are compatible with zero within
the measurement uncertainty and they are all below = 1 mHz* V2,

The spectral holes prior to applying an E-field typically exhibit an
FWHM of approximately 3-5kHz. When the E-field is increased, the
spectral structures gradually broaden, as observed in Fig. 3. A minor
part (approximately 10% by the end of five consecutive measure-
ments) of this broadening is due to the probing beam, which slowly
pumps ions from the edges of the spectral hole into dark states. In
principle, the remaining part could be due to a spatial inhomogeneity
in the applied field. Finite-element simulations show, however, that
such an effect is very small (<1% of the linewidth), an assertion cor-
roborated by experimental findings that 1) using a 6 mm diameter
probe beam instead of 2 mm does not change the broadening and 2)
highly E-field sensitive cases (e.g., D;S;) exhibit similar broadening as
less sensitive ones (e.g., D;S,). However, a slight misalignment of the
field (within the stated precision of crystal cutting) producing a com-
ponent along the b-axis may explain most of the broadening (the posi-
tive and negative branches broaden symmetrically under such an
effect). Going to higher E-fields, we have indeed observed a secondary
splitting, which, extrapolated, accounts for at least 50% of the residual
broadening. However, no matter the reason behind the broadening,
the corresponding uncertainty is largely included in our error bars on
the data and, thus, in the uncertainty stated for the Stark coefficients.

In this Letter, by means of direct probing of ultranarrow spectral
structures, we have provided measurements of the linear Stark effect for
an optical transition in Eu** ions in an Y,SiOs matrix by applying a field
parallel to the D, or D, axis, with an accuracy below the 3Hz m V™!
level. Surprisingly, for an E-field applied parallel to the D,-direction,
crystal site 1 is a factor of seven more sensitive to the field than site 2.
This is useful information for applications using E-fields to electrically
tune the transition frequency. Moreover, our measurements have allowed
us to provide an upper limit for both an asymmetric and symmetric
quadratic Stark coefficient of the order of or below the 1 mHz V2 level,
depending on the site, direction, and effect considered, important infor-
mation for applications in which the electric field is a source of noise,

ARTICLE scitation.org/journal/apl

such as metrology applications, in which the transition is used as a fre-
quency reference. For example, in order to reach a relative frequency sta-
bility of 107Y7 using a spectral hole as a frequency reference, an
asymmetric quadratic Stark effect <1 mHz* Vfl2 translates into a

requirement of the E-field instability below 23V m™ .
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