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We show that the coherence properties of the nuclear spin states of rare-earth ions in solids can be
manipulated by small applied electric fields. This was done by measuring the Stark effect on the nuclear
quadrupole transitions of ’!'Eu in Y,SiOs (YSO) using a combination of Raman heterodyne optical
detection and Stark modulated quadrupole echoes to achieve high sensitivity. The measured Stark
coefficients were 0.42 and 1.0 Hzcm/V for the two quadrupole transitions at 34.54 and 46.20 MHz,
respectively. The long decoherence time of the nuclear spin states (25 ms) allowed us to make the
measurements in very low electric fields of ~10 V/cm, which produced 100% modulation of the nuclear
spin echo, and to measure Stark shifts of ~1 Hz or 20 ppm of the inhomogeneous linewidth.
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Nuclear spin levels of rare-earth ions in solids are very
attractive candidates for g-bits in quantum memories and
other quantum information applications because of their
long coherence times 7,. Using nuclear spins in open shell
ions with narrow optical resonances, such as rare earths
(RE), introduces the possibility of using sensitive optical
detection schemes to measure nuclear spin coherence and
also of transferring coherence between nuclear and elec-
tronic states. The importance of RE doped crystals for
quantum information processing is shown by recent dem-
onstrations of quantum memories for light [1-3], entangle-
ment storage [4,5], light matter teleportation [6], as well as
single ion detection [7] and coherent manipulation [8].
Moreover, it has been found that the coherence times of
nuclear spin states can be greatly extended by the appli-
cation of specific external magnetic fields or the application
of specific rf pulse sequences [9—11]. We show here that it
is also possible to exercise control over the coherence
properties of RE nuclear spins with electric fields (Stark
effect [12]). A combination of electric field induced spin-
echo modulation and optical Raman heterodyne detection
[13] was used to measure the Stark effect of the nuclear
quadrupole levels of dilute Eu** ions in Y,SiO5 with high
sensitivity using electric fields of only ~10 V/cm. To the
best of our knowledge this is the first observation of the
Stark effect on nuclear levels of RE ions, and the first
application of optical techniques to the measurement of the
Stark effect of nuclear states. Our measurements combine
Raman heterodyne detection of NQR with the exquisitely
sensitive Stark echo modulation technique introduced by
Mims [14] in the context of electron paramagnetic reso-
nance. Subsequently the technique was used in nuclear
quadrupole echo measurements [15]. The sensitivity of
Stark echo modulation derives from the long decoherence
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times of quantum states. In the case of the quadrupole levels
of P1Eu these are 25 msec at 4 K. We were able to easily
resolve Stark shifts of 0.6 Hz or ~20 ppm of the inhomo-
geneous linewidth of the transitions, and measure Stark
coefficients of less than 1 Hzcm/V using electric fields of
~10 V/cm. The mechanism for the nuclear Stark effect is
coupling of the nuclear quadrupole moment to the change
in the crystalline electric field gradient produced by the
applied field [16,17]. We also used the Stark echo modu-
lation technique to measure the optical Stark effect which is
~10*x larger and measures the vector difference between
the ground and excited electric dipole moments.

Y,SiO5 (YSO) is a monoclinic crystal with space group
C,;,® and eight formula units per unit cell. The Eu** ions
substitute for Y>* ions on two crystallographic sites of C,
symmetry. Europium has two isotopes: '>'Eu (44.77%) and
153Eu (52.23%), with quadrupole moments of +0.95(10) eb
and +2.42(20) eb, respectively [18]. The ratio of the
quadrupole moments is known more precisely from laser
ion-beam spectroscopy as 2.5516(6) [19]. The nuclear
quadrupole levels of the 7F, ground state of Eu** are
described by the Hamiltonian

H=(P+P,)Z—I(I+1)/3+@/3)(Z-E). (1)

Here, I is the nuclear spin, P the pure quadrupole
interaction between the nuclear quadrupole moment and
the electric field gradient resulting from the distribution of
lattice ions and the 4 f electrons of the Eu** ion and 7 is the
asymmetry parameter. The pseudo-quadrupole interaction
P, [20] originates in the second order magnetic hyperfine
interaction through the " F level. Deviations of the ratio of
the quadrupole splittings of the two isotopes (P + P, )!'3/
(P + P,,)"" from the bare value of 2.5516 gives a measure
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of the size of the pseudo-quadrupole contribution. In general,
for Eu** ions in solids this contribution ranges from about
1%—-5%. In YSO the ratio of the quadrupole splittings is 2.58
and the pseudo-quadrupole contribution is at the lower end
of this range so the dominant mechanism for the observed
Stark shifts comes from the modification of the EFG by the
applied electric field and we neglect P, from now on. The
Stark shifts for the '*Eu isotope will be larger than those
measured here for '>'Eu by a factor of 2.6.

The "' Eu nucleus has a spin / = 5/2 and the quadrupole
splittings are shown in Fig. 1 and labeled by their dominant
spin components. For the ground state, P = 12.4 MHz
and n = 0.661 [21], and for the 5D0 excited state, P =
27.3 MHz and n = 0.644 [22]. The order of the hyperfine
components shown in Fig. 1 is that determined for '>3Eu
by Lauritzen et al. [23]. The Stark shifts of these resonances
were measured using the echo modulation technique [14].
A voltage pulse of length # and amplitude V, applied
across the crystal of thickness d, produces an electric field
E, =V,/d along the D1 axis during the time interval ¢,
between the echo excitation pulses as shown in Fig. 2(a).
Because of the centrosymmetric space group, equal and
opposite phase shifts are induced between sets of inequi-
valent ions related by inversion. In YSO for E,||D1 there
are 2 such sets of ions and a single modulation curve is
obtained with exact nulls at odd multiples of 7 in the
electric field induced phase shift 2Q¢ [24]. The echo
intensity /.., is given by

I = %Io[l + cos(2Q7')], (2)
where Q is the frequency shift produced by the interaction
of the nuclear quadrupole moment with a linear change in
EFG induced by the applied electric field [17]. YSO is not
piezoelectric, so the electric field does not induce a crystal
strain and acts only to change the EFG Agq, such that the
ijth component
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FIG. 1. Energy levels for >!'Eu®* in site 1 of YSO showing the
nuclear quadrupole splittings.

Agi; = Z RijkEls(7 (3)

k=x,y,z

is related to the kth component of the applied electric field
E, by the third rank tensor R;;; which expresses the effect
of the electric field on the EFG. For the low C, site
symmetry of the Eu ion in YSO the tensor R has 15 nonzero
elements. Here we only determine the Stark shifts for E;
along the D1 axis. The parameters P and 7 in Eq. (1)
express the interaction of the quadrupole moment of Eu
with the EFG in the absence of the external electric field.
The effect of the electric field can be phenomenologically
described by adding terms 6P and oy to P and 7. In
nonaxial sites such as in YSO, the electric field affects both
P and the asymmetry parameter #, so the change in the
quadrupole splittings is not proportional to the splitting,
whereas in axial symmetry only one parameter P, describes
the quadrupole splitting and the Stark shifts are expected to
be proportional to these splittings for E parallel to the
symmetry axis and zero perpendicular to it [15].

For the optical transition, the frequency shift is given by

Q = 2x((d, — fi,)/h] - E, = 6i - E, /. (4)

where &u is the vector difference between the dipole
moments of the ground and excited states.

A sample of 0.1% Eu:YSO 10 x 5 x 1 mm with the D1
axis perpendicular to the 5 x 10 mm faces was mounted in
acryostat in helium gas at 4.5 K. Thin brass electrodes were
attached to the 5 x 10 mm crystal faces with silver paste
and the sample was oriented so that the static electric field
E, external magnetic field H,, and the incident laser
polarization E; , were parallel to the D1 axis and light from
a ring dye laser with a linewidth of ~1 MHz propagated
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FIG. 2. (a) Stark echo pulse sequence. (b) Echo signals on the

34.54 MHz transition for phase shifts of zero and close to z/2.
Near 2Q¢ = /2, a frequency shift of 0.6 Hz for a change in field
of 1.4 V/cm is clearly resolved.
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along the coil and b axes. The "F, — D, transition of
Eu?t ions in site 1 of YSO had a linewidth of 2.2 GHz,
a peak absorption coefficient of 2.4 cm™! for light polar-
ized along D1, and a vacuum wavelength of 580.04 nm
(=17240.2 cm™!). The sample was inserted into a 5-turn
coil 15 mm long and 5 mm in diameter.

The Raman heterodyne process involves three levels—in
this case two nuclear quadrupole levels in the ground " F,
state (1,2) and one in the excited > D, state (3). Detection of
nuclear quadrupole resonance was carried out both in cw
and pulsed (echo) modes. The square of the amplitude of
the heterodyne beat signal is proportional to y; y2x3 (P2 —
pi1) [13], where yy, y», y3 are the Rabi frequencies for
the transitions 1 — 2 (rf), and 1 — 3 and 2 — 3 (optical),
respectively, and (p,, — pp;) is the population difference
between the two quadrupole levels. This nonthermal
population difference was created by an optical pumping
preparation cycle. The laser was off during the rf spin-echo
sequence. Consideration of the symmetry properties of the
four components of the nonlinear susceptibility contribut-
ing to the total Raman heterodyne signal: yy.,, Yyyzs Xxyzs
Xyxz [25] shows that no cancellation occurs for our
configuration. For cw measurements of the inhomogeneous
linewidths of the quadrupole transitions of Eu** ions in site
1, 4 W of rf were applied to the coil and demodulated
signals of ~1 V were averaged to get a S/N of ~20:1.
Linewidths of the 34.54 and 46.20 MHz transitions of
STEW3* were 20 and 38 kHz, respectively.

From nutation measurements on the 34.54 MHz tran-
sition, the length of a z pulse was 75 p sec. The echo
excitation pulses were separated by #;, = 10 ms, and the
Stark pulse length was 7, — 50 us so that it did not overlap
the rf pulses. Because of the sensitivity of the Stark
modulation technique, fields of only tens of V/cm were
required. Typically 150 shots were averaged at a rate of
5 Hz. Figure 2(b) shows an echo signal in the absence of
an electric field and for a field producing a phase shift
2Qt = /2 where the change in echo intensity as a
function of phase shift is a maximum. We were able to
easily resolve a Stark shift of 0.6 Hz or ~20 ppm of the
inhomogeneous linewidth of the transition, for a change in
electric field of 1.4 V/cm. The dependence of the quadru-
pole echo intensity on the applied field is shown in
Fig. 3(a). The data show the cos(2Qt') dependence
expressed in Eq. (2), with the first null at 2Qt' = . The
frequency shift Q/2z can be obtained by rearranging
Eq. (2) and is shown in Fig. 3(b). The shift is linear in
the applied electric field as expected for a noncentrosym-
metric site and the magnitude of the shift is 0.43 Hzcm/V.

Measurements with the same time delays were made on
the 46.20 MHz transition. Figure 4(a) shows the echo
intensity as a function of the applied voltage together with
a fit to Eq. (2). The inferred frequency shift as a function of
electric field is plotted in Fig. 4(b) and the slope gives the
Stark shift of 1.0 Hzcm/V. These Stark coefficients are
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FIG. 3 (color online).  (a) Dependence of the nuclear quadrupole
echo intensity on electric field (circles) for the 34.54 MHz
transition showing the null at a phase shift of z (E, = 57 V/cm)
with fit to Eq. (2) (line). (b) Stark shift of the transition frequency
as a function of the Stark field (circles). A linear fit gives a slope
of 0.43 Hzcm/V.

comparable in magnitude with those measured in non-
transition compounds for nuclei with similar quadrupole
moments [15].

Our measurements give the absolute values of the Stark
coefficients for the two quadrupole transitions. This does
not uniquely determine 0P and d5n. A measurement of the
+1/2 to £5/2 transition at 80 MHz would provide the
relative sign of the shifts but we could not observe that
resonance. The values of 0P and dn were determined using
a MATLAB function that solved for the spin Hamiltonian
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FIG. 4 (color online).  (a) Dependence of the nuclear quadrupole
echo intensity on electric field for the 46.20 MHz transition
showing the null at a phase shift of z (E, = 24 V/cm). (b) Stark
shift of the transition frequency as a function of the Stark field
(circles). A linear fit gives a slope of 1.0 Hzcm/V.
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FIG. 5 (color online). (a) Optical and Stark pulse sequences
showing the sine and rectangular electric-field functions. To have
equal integrals of the absolute values of the electric field, the
amplitude of the sine field was 2E,/z. (b) Dependence of the
photon echo amplitude on electric field for the 17240.2 cm™!
transition for the rectangular (circles) and sine (triangles) pulses
showing the nulls at phase shifts of 7z and 3z. (c) Stark shift of the
transition frequency. A linear fit gives a slope of 27 kHzcm/V.

parameters given the Stark shifted frequencies of the two
quadrupole transitions. Let the signs of the Stark shifts for
the (46.2, 34.54 MHz) transitions be designated (+,+),
(—,—), (+, —), and (—, +). Then the corresponding values of
(6P, 6n7) per unit electric field, i.e., 1 V/cm are (—0.25 Hz,
—0.10x 1077), (0.25 Hz, 0.10x 1077), (—0.19 Hz,
—0.38 x 1077), (0.19 Hz, 0.38 x 1077), respectively.

In addition to the quadrupole echoes we measured a
photon echo in the same geometry. Echo excitation pulses
were created with an acousto-optic (A-O) modulator. We
investigated the effect of applying electric field pulses
during both the dephasing (#,) period and the rephasing
(t3) period. If identical electric field pulses are applied
during these two periods the echo amplitude is unaffected
since both sets of ions have the same phase shift applied. If,
on the other hand, the sign of the pulse amplitude is
changed in the second period, the phase shifts in the two
periods add. We applied the pair of pulses in the form of a
full cycle of a sine wave with a period of 100 us as shown
in Fig. 5(a). The first minimum in the echo intensity (z
phase shift) occurred at 30 mV p-p and the second (37
phase shift) at 90 mV p-p [Fig. 5(b)]. In a second
experiment a rectangular pulse was applied only during
the period #1,. The ratio of the area of a half cycle of a sine
pulse and a rectangular pulse of the same height and width
is 2/x. A rectangular pulse of amplitude 2/z times 30 mV
produced the same 7z phase shift as the two half cycles of

the sine pulse, showing that the phase shifts during the
two half periods of the sine pulse added. The two experi-
ments gave the same Stark coefficient of 27 kHz cm/V for
the field along D1 as shown in Fig. 5(c). This Stark
coefficient was also measured by Graf et al. [26] who found
a total magnitude for the dipole moment difference of
35 kHzcm/V. From this, the angle between the vector
dipole moment difference and D1 is cos™!(0.77) = 40°.

We measured the Stark effect of the nuclear quadrupole
levels of a partly filled f-shell system: 'Eu in Y,SiOs
single crystals. The magnitudes of the Stark shifts are
~1 Hzcm/V. Measurements of these small shifts, using
small electric fields on very dilute systems were made
possible by combining optical Raman heterodyne detection
with Stark modulated nuclear quadrupole echoes. Unlike
the case of electronic states the nuclear quadrupole levels
do not have an electric dipole moment and the Stark effect
results from the nuclear quadrupole moment sensing the
linear change in the electric field gradient induced by the
applied electric field. In the case of the optical electronic
transitions, the electric field produces a change in the
electric dipole moment which is different in the ground and
excited states. The frequency shift in the latter case is >10*
times larger than for the nuclear levels. The sensitivity of
our measurement method was sufficient to observe Stark
shifts that were as small as 20 ppm of the quadrupole
resonance inhomogeneous line widths and 1 part in 10® of
the NQR frequency, using only very small applied electric
fields. Schemes to increase the decoherence times of the
nuclear spin states [7-9] will lead to further substantial
increases in the sensitivity of these measurements. Higher
fields would make it possible to observe shifts that are
several times the inhomogeneous width and perhaps also
extend the technique of Stark switched coherent transients
[27] to the nuclear levels.
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