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Introduction

• Quantum technologies at the nanoscale

2

• Highly sensitive probes ⟹ nano-sensors  
• Small volume ⟹ single qubit detection 
• Stronger interactions ⟹ hybrid systems 

• Systems
• Defects in diamond 
• Quantum dots 
• Rare earth doped crystals

single tip is selected for imaging during a given measurement.
The closed-cycle cryostat (Montana Instruments) reaches a base
temperature of 4.3 K. However, in our experiment, the sample
temperature is typically 6 K due to a combination of heating from
the microwave excitation needed for spin manipulation and an
intentionally reduced cooling power to minimize tip–sample
vibrations. The AFM is comprised of a coarse positioning stage
with six degrees of freedom (Janssen Precision Engineering) that
allows for independent alignment of the tip with the sample and
of the confocal microscope optics with the NV centre on the tip.
A piezo scanner (Attocube ANSxyz100hs) mounted on the coarse
positioning stage allows for a 9 µm sample scan range at base temp-
erature. The root mean square (RMS) AFM vibration between the
tip and the sample in the vertical direction with the fridge
running is 0.72 nm in a 1 kHz bandwidth, measured with a
tapping mode technique33. Long-term tip–sample drift is less than
10 nm over a period of several days, a consequence of the cryogenic
environment and the temperature stability of the system. The
closed-cycle nature of the cryostat also has an important advantage
over liquid cryogen-based designs as it eliminates liquid cryogen
handling, which can severely interrupt scanning probe measure-
ments. A window-corrected objective (Olympus LCPLFN50xLCD,
0.7 NA, 3 mm working distance) that resides outside the cryostat
is used for NV optical excitation and fluorescence collection, and
is separated from the AFM by a pair of 200 µm thick BK7 windows,
one at 300 K and the other at 40 K, to act as radiation shields.
Two representative low-temperature magnetic images acquired
with the NV scanning probe at T = 6 K are shown in Fig. 1b,c.
Individual bits on a magnetic hard drive are shown in Fig. 1b,

with a bit size consistent with MFM scans taken at room temperature
(Supplementary Information). Vortices in the superconductor
BaFe2(As0.7P0.3)2 (Tc = 30 K) are shown in Fig. 1c. In both images,
dark features trace the contours of constant magnetic field.

Probe design and fabrication
Figure 2a shows a scanning electron microscope (SEM) image of a
typical single-crystal diamond cantilever used in this work.
Monolithic diamond probes were chosen over diamond nanocrys-
tals attached to silicon AFM tips because of the superior coherence
properties afforded by the bulk diamond substrate. Approximately
100 of these cantilevers were fabricated on a (100)-oriented 2 × 2 mm
diamond substrate bonded to an oxidized silicon wafer using a
diamond-on-insulator approach34. The pillars were formed with
nanoimprint lithography using a Ti hard mask and O2 etching,
and are approximately 200 nm in diameter, 1 µm tall and have a
1 µm pitch. The free-standing probes were then released with a
deep reactive-ion etch through the silicon substrate. The density
of the NV centres was chosen to yield on average one NV centre
per pillar at a depth of 15–20 nm, with 14N implantation performed
at a dose of 5 × 1011 per cm2 at an energy of 15 keV. This was fol-
lowed by annealing at 850 °C in vacuum and cleaning in a boiling
sulfuric acid/nitric acid mixture. The rather unconventional AFM
probe design (with an array of tips) was chosen to increase the prob-
ability of finding a shallow NV centre with favourable coherence
properties. The trade-off in this design is that any given pillar
may not be in direct contact with the sample surface due to geo-
metric constraints, for example if another pillar touches the
surface first. However, the array of pillars could potentially
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Figure 1 | Cryogenic NV scanning probe magnetometry. a, The scanning probe is an NV centre at the apex of a tip on a diamond cantilever. The cantilever
contains an array of tips where only one is selected for imaging. Both the NV centre and sample are housed in a closed-cycle cryostat with a base
temperature of 6 K. A 532 nm laser is focused on the NV centre and the resulting fluorescence contains information about the stray magnetic field of the
sample as it is scanned below the tip. Microwave excitation is applied via a gold wirebond located within 50 µm of the NV centre. b, NV magnetometry
image of the bits of a hard disk at T = 6 K. The dark contours in the image correspond to locations where the stray field from the hard disk has a magnitude
of 5.3 G (resonant with a 2892.7 MHz RF field) along the axis of the NV centre. Scale bar, 100 nm. c, NV magnetometry image of vortices in the
superconductor BaFe2(As0.7P0.3)2 at T = 6 K. Analogous to b, dark features correspond to the 5.9 G magnetic field contours (2,862 MHz RF field). Vortices
were formed by cooling the sample through its superconducting transition (Tc = 30 K) in a 10 G external field. Scale bar, 400 nm.
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100 nm
M. Pelliccione et al., Nat. Nanotechnol. (2016).

Hard disk drive magnetic structure
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• Very long lived quantum states @ 4 K

• Optical transition: up to 4.4 ms

• Spin transitions: up to 6 hours
T. Böttger et al., Phys. Rev. B 79, 115104 (2009).

M. Zhong et al. Nature 517, 177–180 (2015).

• Λ-systems for optical to spin transfer
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• Very long lived quantum states @ 4 K

• Optical transition: up to 4.4 ms

• Spin transitions: up to 6 hours
T. Böttger et al., Phys. Rev. B 79, 115104 (2009).

M. Zhong et al. Nature 517, 177–180 (2015).

• Quantum technologies
• Quantum storage

G. Wolfowicz et al., Phys. Rev. Lett. (2015)

Gaussian diffusion process [39]. Using this model and
taking Nd3þ ions themselves as the spin bath, T2e can be
estimated from T1e, the effective g ¼ 1.5 and Nd3þ con-
centration (9.4×1016 ions=cm3), which gives T2e¼471 μs.
This is is about 4 times longer than the measured value and
can be explained by the anisotropy of the g tensor, which
increases the dipole-dipole interaction [40]. Angular varia-
tion in the D1 −D2 plane showed that T2e is maximal in a
region of about 5° aroundD1 axis and decreases by a factor
of 2 at lower resonance fields.
Transfer between electron and nuclear spin coherences

was performed using the sequence shown in Fig. 3(a) [11],
which is fully compatible with the schemes designed
for single photon operation [1,2]. In our experiments,
the memory input is a π=2 microwave pulse [consisting
of Oð1017Þ photons]. It creates an electron spin coherence
on the j1i∶j2i transition, which is then refocused by a π
pulse to remove the effect of inhomogeneous broadening.
Before refocusing is complete, an rf π pulse on the j2i∶j3i
transition transfers the coherence to j1i∶j3i. At the time
when this transition refocuses, a mw π pulse transfers the
electron spin coherence to the j2i∶j3i NMR transition. To
retrieve the coherent microwave signal from the nuclear
spin ensemble, an rf π pulse refocuses the j2i∶j3i coher-
ence, and then the sequence described above is applied in
reverse order. A final mw π produces an electron spin echo,
which is the output of the memory. This scheme allows
extending storage times beyond T2e, limited instead by the
nuclear spin coherence time T2n.

T2n was measured by monitoring the output echo
amplitude as a function of 2τn in the storage sequence
[Fig. 3(a)]. Echo decays were nearly exponential with
maximal stretch factors of 1.25 and ranged from 184 μs at
7 K to 6 ms at 5 K (Fig. 2). T2n is bounded by 2T1e when
there is significant hyperfine coupling [11], and this limit
is indeed observed for temperatures above 6 K. Below this
temperature, some intrinsic nuclear spin decoherence
mechanism is evident. We assume this intrinsic T2n
follows the measured electron spin decoherence time T2e,
adjusted by some factor κ to reflect the ratio of the effective g
factors for those ESR and NMR transitions: i.e., 1=T2n ¼
1=ð2T1eÞ þ 1=ðκT2eÞ. T2n was found to depend signifi-
cantly on the nuclear transition probed aswell as on the static
magnetic field orientation and ranged from 1.5 to 9.2 ms at
5 K, which can be understood by variations in κ.
We next examine the fidelity of the storage and retrieval

process between the electron spin degree of freedom and
the 145Nd nuclear spin, using quantum state tomography
and quantum process tomography at 6.5 K to avoid low
repetition rates due to the long T1e. The overall fidelity for
quantum memory of microwave and/or optical photons will
additionally depend on the fidelity of the collective
excitation of the ensemble—this is not studied here, but

FIG. 3 (color online). (a) Sequence used for storing mw
photons into nuclear spin coherences. (b) Input þσX , þσY ,
and þσZ (upper row) and corresponding output (lower row)
density matrices are obtained by state tomography. Real and
imaginary parts are shown in green and yellow, respectively.
(c) Quantum process tomography matrix χ in the ð1; σX; σY; σZÞ
basis. A perfect storage process would give only a ½1; 1&
component. Left: Matrix reconstructed from experimental density
matrices. Right: Simulated matrix considering pulse fidelity and
spin relaxations.

FIG. 2 (color online). Electron and nuclear spin relaxation
times as a function of temperature: T1e (squares), T2e (triangles),
and T2n (circles). In the inset, corresponding decay curves for T2n
from 5 to 7 K. T1e is modeled with an Orbach process 1=T1e ¼
A expð−ΔE=kBTÞ with A ¼ 6 × 1010 s−1 and ΔE ¼ 77 cm−1

(kB is the Boltzmann constant). T2n is limited by 2T1e giving
the relation 1=T2n ¼ 1=ð2T1eÞ þ 1=T int

2n, where T int
2n is the decay

time for the nucleus due to the spin environment only. As this
decay has the same origin as for the electron, we can simply relate
T int
2n ¼ κT2e.

PRL 114, 170503 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
1 MAY 2015

170503-3

Microwave storageLight matter teleportation

F. Bussières et al., Nat. Photonics (2014)

Storage at 1.5 µm 

E. Saglamyurek et al., Nat. Photonics (2015)
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• Single rare earth ion detection 
• Efficient coupling to high-Q optical resonators 
• Coupling to other quantum systems 
• New platform for light-matter quantum interfaces

• Rare earth doped particles with size << λ:
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…if optical and spin coherence lifetimes are still long!
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• Efficient coupling to high-Q optical resonators 
• Coupling to other quantum systems 
• New platform for light-matter quantum interfaces
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…if optical and spin coherence lifetimes are still long!

• Single rare earth ion detection 
• Efficient coupling to high-Q optical resonators 
• Coupling to other quantum systems 
• New platform for light-matter quantum interfaces

• Rare earth doped particles with size << λ:

NV center electron spins in diamond:  
bulk T2 = 2.5 ms, nano: T2 = 5 µs 
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• Optical homogeneous linewidth for 
Eu3+:Y2O3 nanocrystals

• 60 nm crystallites (micron size particles) 
• Γh = 86 kHz (T2 = 3.7 µs)

A. Perrot et al., Phys. Rev. Lett. 111, 203601 (2013).

[18] or Pr3þ : LaF3 (embedded in a glass matrix) [22].
Possible explanations for this difference are the large size
of our nanocrystals, which could reduce surface related
dephasing, and their high crystalline quality, as evidenced
by a Eu3þ narrow inhomogeneous linewidth (see above).
Some previous studies also used spectral hole burning to

determine !h. This technique is only sensitive for long time
scales and is inherently limited by the laser linewidth and
thus generally not adapted to measuring narrow homoge-
neous linewidths. The !h values reported in this Letter
are also much lower than those observed in diamond
nanocrystals or quantum dots, which are of the order
of "1 GHz [31] and "100 MHz [32], respectively. In
these two systems, however, !h is limited by the excited
state lifetime T1, whereas in our nanocrystals, T1 ¼
970 !s (similar to that of bulk crystals [33]), correspond-
ing to a negligible contribution of 330 Hz to !h. Narrow
homogeneous linewidths result from the exceptional
decoupling of rare earth ions from environment, which is
due to the shielding of f electrons by closed shells. Our
result demonstrates that this decoupling is effective, even
in nanoscale materials. Indeed, in our nanocrystals, the
homogeneous linewidths are comparable to those observed
in Eu3þ : Y2O3 transparent ceramics with 50 !m single
crystalline grains [34] and even to values reported in some
bulk single crystals [33]. In these materials, dephasing
mechanisms were attributed to fluctuations in magnetic
field, due to impurities bearing a magnetic moment, and/
or in strain due to two-level systems (TLSs). The latter
were attributed to oxygen vacancies [33]. Coupling
between the TLS and the rare earth results in an approxi-
mately linear temperature dependence of !h [33,35], as
observed in our nanocrystals (Fig. 3). Assuming for sim-
plicity a linear dependence !h ¼ !0 þ RT, we found !0 ¼
62$ 3 kHz and R ¼ 18$ 1:6 kHz=K. As the slopes R
determined in single crystals were in the range
1–10 kHz=K [33], it is likely that the nanocrystals also
contain TLSs, possibly related to oxygen vacancies.
Additional dephasing processes must, however, be present,
since the homogeneous linewidth extrapolated at 0 K,
where TLSs are frozen, is 62 kHz. In comparison, it can
be as low as 760 Hz in the best Eu3þ : Y2O3 single crystals
[36]. This difference could be due to impurities bearing a
flipping magnetic moment, with a fast and temperature
independent rate. The same dephasing process was sug-
gested to explain the homogeneous linewidth of 59 kHz
Eu3þ : Y2O3 in a transparent ceramic [34].
Spectral diffusion [30] is also a concern for repeated

optical addressing of spectrally selected ions. It results in a
time dependent broadening of the homogeneous linewidth
and can be probed by three-pulse photon echoes, on time
scales up to the excited state population lifetime T1 [37]. In
these experiments, the first two pulses, separated by a time
", create a spectral grating by converting the initial coher-
ence into ground and excited state populations. The third
pulse, separated from the second one by a time tw, is
diffracted on this grating and produces an echo. Spectral
diffusion, i.e., frequency shifts of the optical transition due
to random fluctuations of the rare earth environment,
gradually erases the grating during tw, and the echo am-
plitude A is expressed as

FIG. 3 (color online). Temperature dependence of the homo-
geneous linewidth !h measured by two-pulse photon echoes.
The solid line represents the linear fit to !h ¼ !0 þ RT with
!0 ¼ 62$ 3 kHz and R ¼ 18$ 1:6 kHz=K.

FIG. 4 (color online). (a) The circles represent the two-pulse
photon echo amplitude decay as a function of pulse separation at
1.3 K. The squares (respectively, triangles) represent the three-
pulse photon echo amplitude decays as a function of " for tw ¼
10 !s (respectively, 40 !s) at 2.7 K (inset: sequence scheme).
Solid lines represent exponential fits. (b) Homogeneous broad-
ening as a function of tw. The solid line represents the linear fit
with a 2 kHz=!s slope.

PRL 111, 203601 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

15 NOVEMBER 2013

203601-3
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Can we improve? Bulk crystals: Γh down to 290 Hz!*  
Is the additional dephasing intrinsic to the crystal size?

• Optical homogeneous linewidth for 
Eu3+:Y2O3 nanocrystals

• 60 nm crystallites (micron size particles) 
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pulse, separated from the second one by a time tw, is
diffracted on this grating and produces an echo. Spectral
diffusion, i.e., frequency shifts of the optical transition due
to random fluctuations of the rare earth environment,
gradually erases the grating during tw, and the echo am-
plitude A is expressed as

FIG. 3 (color online). Temperature dependence of the homo-
geneous linewidth !h measured by two-pulse photon echoes.
The solid line represents the linear fit to !h ¼ !0 þ RT with
!0 ¼ 62$ 3 kHz and R ¼ 18$ 1:6 kHz=K.

FIG. 4 (color online). (a) The circles represent the two-pulse
photon echo amplitude decay as a function of pulse separation at
1.3 K. The squares (respectively, triangles) represent the three-
pulse photon echo amplitude decays as a function of " for tw ¼
10 !s (respectively, 40 !s) at 2.7 K (inset: sequence scheme).
Solid lines represent exponential fits. (b) Homogeneous broad-
ening as a function of tw. The solid line represents the linear fit
with a 2 kHz=!s slope.
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significantly below the calculated broadening. This suggests that
the Er3þ spin linewidths are not entirely described by perturbations
of the g tensor, but also include other contributions, such as Er3þ

spin-spin interactions. A comprehensive understanding of the
origin of the spin line broadening is also important to predict
behavior for an arbitrary magnetic field orientation and strength. In
particular, our analysis suggests that a significant portion of the
spin linewidth is not directly proportional to the magnetic field
strength in these crystals. While we expect the variations in local
magnetic fields caused by the random distribution of paramagnetic
impurities in the lattice to produce a significant inhomogeneous
broadening that depends on the magnetic field orientation but that
is independent of the field magnitude [34], this effect alone cannot
explain the observed behavior. Consequently, further studies as a
function of field orientation and strength as well as Er3þ concen-
tration will be required to identify other potential broadening
mechanisms.

3.3. Optical coherence lifetimes and homogeneous linewidths

To investigate the effect of Sc3þ doping on the optical coherence
lifetime, two-pulse photon echo decay measurements were per-
formed as a function of magnetic field strength. For these mea-
surements, the Er,Sc:YSO sample was mounted in a Janis Research
cryostat with a superconducting magnet placed in the sample
space to provide amagnetic field varying from0 to 3 Tat the sample
[10]. The magnetic field and the laser polarization were aligned
within the D1-D2 plane at an angle approximately 5" from the D2
axis (at ~95" in Figs. 3 and 4), and the temperaturewas held at 1.7 K.
For this orientation, Er3þ ions at site 1 have a ground state effective
g factor of 11 and ions at site 2 have an effective g factor of 4.1. A
commercial erbium-doped fiber laser (NKT Koheras) was amplified
by an EDFA (~100 mW) and then focused in the sample. For this
experiment, the crystal was probed in a double pass configuration
to enhance the photon echo signal by increasing the interaction
length. The pulsed echo sequence (with a varying delay) was pro-
duced by an acousto-optic modulator controlled with a Tektronix
AWG520.

The magnetic field dependence of the optical coherence life-
times TM determined from the observed photon echo decay rates
are plotted in the top panel of Fig. 5. The coherence lifetime may be
related to the effective homogeneous linewidth according to
Gh ¼ 1/pTM, as plotted in the bottom panel of Fig. 5. At very low
magnetic field strengths, the observed coherence lifetime rapidly
increases with field, reaching a local maximum and then decreasing
for field strengths >0.2 T before again increasing for fields >1 T. A
similar field dependence has been observed previously in Er:YSO.
[35] This general behavior has been observed for paramagnetic RE
ions in a wide range of materials and has been shown to arise from
spectral diffusion caused by phonon-driven electron spin flips.
[36e38].

The effects of spectral diffusion caused by magnetic dipole in-
teractions between RE ions can often be described and predicted
using simple models for the electron spin dynamics [11]. In this
approach, the magnitude of the spectral diffusion broadening is
related to both the statistical distribution of local magnetic fields
throughout the crystal lattice and the rate at which these fields vary
across all possible values as the spin states of the paramagnetic
impurities evolve over time. To first order, this model may be
parameterized in terms of the spectral diffusion linewidth, GSD, and
the spectral diffusion rate, R. [11,37,38] Combining these parame-
ters with the intrinsic single-ion homogeneous broadening G0, the
phase decoherence time TM of a two-pulse echo decay may be
calculated from the relation [11].

TM ¼ 2G0
GSDR

,

 

$ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ GSDR

p G2
0

s !

(7)

In general, two-pulse photon echo measurements do not pro-
vide sufficient information to determine GSD and R; however, it has
been shown recently that the product GSDR that appears in Eq. (7)
can be uniquely determined from these measurements, allowing
the effects of spectral diffusion on the coherence lifetime to be
modeled and predicted [37,38]. With this approach, we expect the
magnetic field dependence of the spectral diffusion in Er:YSO to be
described by

GSDR ¼
X

i
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where the sum is over the two Er3þ sites (i¼ 1,2), the ai parameters
describe the magnitude of spectral diffusion broadening due to
interactions with Er3þ spins at site 1 and site 2 in the lattice, and the
gi are the effective ground state spin g factors for the two sites. To

Fig. 5. Top: Optical coherence lifetime TM measurements (circles) from two-pulse
photon echo decays at T ¼ 1.8 K as a function of the magnetic field strength. The
magnetic field is oriented within the D1-D2 plane at an angle approximately 5" from
the D2 axis (at ~95" in Figs. 3 and 4). The dotted line is the fit of the spectral diffusion
model with fixed experimental parameters and the solid line is the fit allowing for an
additional energy scaling factor (see text). Bottom: Homogeneous linewidth Gh

calculated from experimental TM values (circles) with the fit of the spectral diffusion
model (solid line). Components of the spectral diffusion broadening due to interactions
with Er3þ spins at site 1 and site 2 in the lattice are shown by the dotted and dashed
lines, respectively.
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Please cite this article in press as: S. Welinski, et al., Effects of disorder on optical and electron spin linewidths in Er3þ,Sc3þ:Y2SiO5, Optical
Materials (2016), http://dx.doi.org/10.1016/j.optmat.2016.09.039
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P. Goldner et al., Handbook on the Physics and Chemistry of Rare Earths, Vol. 46 (Elsevier, 2015).
Y. C. Sun, in Spectroscopic Properties of Rare Earths in Optical Materials, (Springer, 2005).

R. S. Meltzer et al., Phys. Rev. B 61, 3396–3403 (2000).

S. Welinski et al., Opt. Mat. (2016).

[18] or Pr3þ : LaF3 (embedded in a glass matrix) [22].
Possible explanations for this difference are the large size
of our nanocrystals, which could reduce surface related
dephasing, and their high crystalline quality, as evidenced
by a Eu3þ narrow inhomogeneous linewidth (see above).
Some previous studies also used spectral hole burning to

determine !h. This technique is only sensitive for long time
scales and is inherently limited by the laser linewidth and
thus generally not adapted to measuring narrow homoge-
neous linewidths. The !h values reported in this Letter
are also much lower than those observed in diamond
nanocrystals or quantum dots, which are of the order
of "1 GHz [31] and "100 MHz [32], respectively. In
these two systems, however, !h is limited by the excited
state lifetime T1, whereas in our nanocrystals, T1 ¼
970 !s (similar to that of bulk crystals [33]), correspond-
ing to a negligible contribution of 330 Hz to !h. Narrow
homogeneous linewidths result from the exceptional
decoupling of rare earth ions from environment, which is
due to the shielding of f electrons by closed shells. Our
result demonstrates that this decoupling is effective, even
in nanoscale materials. Indeed, in our nanocrystals, the
homogeneous linewidths are comparable to those observed
in Eu3þ : Y2O3 transparent ceramics with 50 !m single
crystalline grains [34] and even to values reported in some
bulk single crystals [33]. In these materials, dephasing
mechanisms were attributed to fluctuations in magnetic
field, due to impurities bearing a magnetic moment, and/
or in strain due to two-level systems (TLSs). The latter
were attributed to oxygen vacancies [33]. Coupling
between the TLS and the rare earth results in an approxi-
mately linear temperature dependence of !h [33,35], as
observed in our nanocrystals (Fig. 3). Assuming for sim-
plicity a linear dependence !h ¼ !0 þ RT, we found !0 ¼
62$ 3 kHz and R ¼ 18$ 1:6 kHz=K. As the slopes R
determined in single crystals were in the range
1–10 kHz=K [33], it is likely that the nanocrystals also
contain TLSs, possibly related to oxygen vacancies.
Additional dephasing processes must, however, be present,
since the homogeneous linewidth extrapolated at 0 K,
where TLSs are frozen, is 62 kHz. In comparison, it can
be as low as 760 Hz in the best Eu3þ : Y2O3 single crystals
[36]. This difference could be due to impurities bearing a
flipping magnetic moment, with a fast and temperature
independent rate. The same dephasing process was sug-
gested to explain the homogeneous linewidth of 59 kHz
Eu3þ : Y2O3 in a transparent ceramic [34].
Spectral diffusion [30] is also a concern for repeated

optical addressing of spectrally selected ions. It results in a
time dependent broadening of the homogeneous linewidth
and can be probed by three-pulse photon echoes, on time
scales up to the excited state population lifetime T1 [37]. In
these experiments, the first two pulses, separated by a time
", create a spectral grating by converting the initial coher-
ence into ground and excited state populations. The third
pulse, separated from the second one by a time tw, is
diffracted on this grating and produces an echo. Spectral
diffusion, i.e., frequency shifts of the optical transition due
to random fluctuations of the rare earth environment,
gradually erases the grating during tw, and the echo am-
plitude A is expressed as

FIG. 3 (color online). Temperature dependence of the homo-
geneous linewidth !h measured by two-pulse photon echoes.
The solid line represents the linear fit to !h ¼ !0 þ RT with
!0 ¼ 62$ 3 kHz and R ¼ 18$ 1:6 kHz=K.

FIG. 4 (color online). (a) The circles represent the two-pulse
photon echo amplitude decay as a function of pulse separation at
1.3 K. The squares (respectively, triangles) represent the three-
pulse photon echo amplitude decays as a function of " for tw ¼
10 !s (respectively, 40 !s) at 2.7 K (inset: sequence scheme).
Solid lines represent exponential fits. (b) Homogeneous broad-
ening as a function of tw. The solid line represents the linear fit
with a 2 kHz=!s slope.
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R. M. Macfarlane et al., Phys. Rev. Lett. 113, 157603 (2014).
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moments in the ground and excited 
states 

• 50 kHz/(V/cm) in Eu3+:Y2O3  
(average value)

• Nuclear spin transitions:

• change in the electric field gradient 
• very low effect: ≈ 1 Hz/(V/cm)

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 (þ;þ),
(−;−), (þ;−), and (−;þ). Then the corresponding values of
(δP, δη) per unit electric field, i.e., 1 V=cm are (−0.25 Hz,
−0.10 × 10−7), (0.25 Hz, 0.10 × 10−7), (−0.19 Hz,
−0.38 × 10−7), (0.19 Hz, 0.38 × 10−7), 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 (t12) period and the rephasing
(t23) 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 μs as shown
in Fig. 5(a). The first minimum in the echo intensity (π
phase shift) occurred at 30 mV p-p and the second (3π
phase shift) at 90 mV p-p [Fig. 5(b)]. In a second
experiment a rectangular pulse was applied only during
the period t12. 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=π. A rectangular pulse of amplitude 2=π times 30 mV
produced the same π 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 kHz cm=V. From this, the angle between the vector
dipole moment difference and D1 is cos−1ð0.77Þ ¼ 40°.
We measured the Stark effect of the nuclear quadrupole

levels of a partly filled f-shell system: 151Eu in Y2SiO5

single crystals. The magnitudes of the Stark shifts are
∼1 Hz cm=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 >104

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 108 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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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 2Es=π. (b) Dependence of the
photon echo amplitude on electric field for the 17 240.2 cm−1
transition for the rectangular (circles) and sine (triangles) pulses
showing the nulls at phase shifts of π and 3π. (c) Stark shift of the
transition frequency. A linear fit gives a slope of 27 kHz cm=V.
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along the coil and b axes. The 7F0 − 5D0 transition of
Eu3þ ions in site 1 of YSO had a linewidth of 2.2 GHz,
a peak absorption coefficient of 2.4 cm−1 for light polar-
ized along D1, and a vacuum wavelength of 580.04 nm
(¼17 240.2 cm−1). 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 7F0

state (1,2) and one in the excited 5D0 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 χ1 χ2χ3ðρ22 −
ρ11Þ [13], where χ1, χ2, χ3 are the Rabi frequencies for
the transitions 1 → 2 (rf), and 1 → 3 and 2 → 3 (optical),
respectively, and (ρ22 − ρ11) 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: χxxz, χyyz, χxyz,
χyxz [25] shows that no cancellation occurs for our
configuration. For cw measurements of the inhomogeneous
linewidths of the quadrupole transitions of Eu3þ 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
151Eu3þ were 20 and 38 kHz, respectively.
From nutation measurements on the 34.54 MHz tran-

sition, the length of a π pulse was 75 μ sec. The echo
excitation pulses were separated by t12 ¼ 10 ms, and the
Stark pulse length was t12 − 50 μs 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
2Ωt0 ¼ π=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 cosð2Ωt0Þ dependence
expressed in Eq. (2), with the first null at 2Ωt0 ¼ π. The
frequency shift Ω=2π 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 Hz cm=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 Hz cm=V. These Stark coefficients are

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 δP and δη. 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 δP and δη were determined using
a MATLAB function that solved for the spin Hamiltonian

Ω
π

(a)

(b)

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 π (Es ¼ 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 Hz cm=V.

Ω
π

(a)

(b)

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 π (Es ¼ 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 Hz cm=V.
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• Optical transitions:

• different permanent electric dipole 
moments in the ground and excited 
states 

• 50 kHz/(V/cm) in Eu3+:Y2O3  
(average value)

• Nuclear spin transitions:

• change in the electric field gradient 
• very low effect: ≈ 1 Hz/(V/cm)

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 (þ;þ),
(−;−), (þ;−), and (−;þ). Then the corresponding values of
(δP, δη) per unit electric field, i.e., 1 V=cm are (−0.25 Hz,
−0.10 × 10−7), (0.25 Hz, 0.10 × 10−7), (−0.19 Hz,
−0.38 × 10−7), (0.19 Hz, 0.38 × 10−7), 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 (t12) period and the rephasing
(t23) 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 μs as shown
in Fig. 5(a). The first minimum in the echo intensity (π
phase shift) occurred at 30 mV p-p and the second (3π
phase shift) at 90 mV p-p [Fig. 5(b)]. In a second
experiment a rectangular pulse was applied only during
the period t12. 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=π. A rectangular pulse of amplitude 2=π times 30 mV
produced the same π 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 kHz cm=V. From this, the angle between the vector
dipole moment difference and D1 is cos−1ð0.77Þ ¼ 40°.
We measured the Stark effect of the nuclear quadrupole

levels of a partly filled f-shell system: 151Eu in Y2SiO5

single crystals. The magnitudes of the Stark shifts are
∼1 Hz cm=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 >104

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 108 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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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 2Es=π. (b) Dependence of the
photon echo amplitude on electric field for the 17 240.2 cm−1
transition for the rectangular (circles) and sine (triangles) pulses
showing the nulls at phase shifts of π and 3π. (c) Stark shift of the
transition frequency. A linear fit gives a slope of 27 kHz cm=V.

PRL 113, 157603 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

10 OCTOBER 2014

157603-4

along the coil and b axes. The 7F0 − 5D0 transition of
Eu3þ ions in site 1 of YSO had a linewidth of 2.2 GHz,
a peak absorption coefficient of 2.4 cm−1 for light polar-
ized along D1, and a vacuum wavelength of 580.04 nm
(¼17 240.2 cm−1). 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 7F0

state (1,2) and one in the excited 5D0 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 χ1 χ2χ3ðρ22 −
ρ11Þ [13], where χ1, χ2, χ3 are the Rabi frequencies for
the transitions 1 → 2 (rf), and 1 → 3 and 2 → 3 (optical),
respectively, and (ρ22 − ρ11) 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: χxxz, χyyz, χxyz,
χyxz [25] shows that no cancellation occurs for our
configuration. For cw measurements of the inhomogeneous
linewidths of the quadrupole transitions of Eu3þ 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
151Eu3þ were 20 and 38 kHz, respectively.
From nutation measurements on the 34.54 MHz tran-

sition, the length of a π pulse was 75 μ sec. The echo
excitation pulses were separated by t12 ¼ 10 ms, and the
Stark pulse length was t12 − 50 μs 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
2Ωt0 ¼ π=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 cosð2Ωt0Þ dependence
expressed in Eq. (2), with the first null at 2Ωt0 ¼ π. The
frequency shift Ω=2π 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 Hz cm=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 Hz cm=V. These Stark coefficients are

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 δP and δη. 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 δP and δη were determined using
a MATLAB function that solved for the spin Hamiltonian
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π

(a)

(b)

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 π (Es ¼ 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 Hz cm=V.
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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 π (Es ¼ 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 Hz cm=V.
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Spin transitions unaffected by electrical noise
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Nuclear spin coherence properties of 151Eu3+ and 153Eu3+ in a Y2O3 transparent ceramic9

Figure 5. Temperature dependence of the homogeneous linewidth, Γh, of the 29 MHz
spin transition, with an applied magnetic field of 3 mT. In a) echo decay curves for
some different temperatures with a logarithmic y-axis. An offset is added to the curves
for increased visibility. The decays are slightly non-exponential which denotes spectral
diffusion due to spin flips in the host crystal. The dashed lines are least squares fits
to (2). In b) the homogeneous linewidth, Γh, is plotted as a function of temperature.
The dashed red line is a fit to the Orbach process with a constant offset of 20 Hz which
corresponds to a coherence time of 16 ms up to 18 K. (Color online)

lifetime which is affected by two-phonon Raman processes. As a result, the optical

homogeneous linewidth increases as T 7 from about 7 K [18]. Long nuclear spin coherence

lifetimes at elevated temperatures could nevertheless be useful in schemes where the

optical transitions coherences are only used for short times.

4.4. Investigations of 153Eu

153Eu has larger energy separation between the nuclear spin levels than 151Eu. Measuring

spin echoes with an all-optical technique in 153Eu puts higher demands on the bandwidth

of the AOMs used. In this study AOMs with bandwiths of 100 MHz were used, which

gives 200 MHz tuning range when aligned in double pass configuration. A tuning range

of 200 MHz is enough to address both transitions in the ground state of 73 MHz and
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Figure 5. Temperature dependence of the homogeneous linewidth, Γh, of the 29 MHz
spin transition, with an applied magnetic field of 3 mT. In a) echo decay curves for
some different temperatures with a logarithmic y-axis. An offset is added to the curves
for increased visibility. The decays are slightly non-exponential which denotes spectral
diffusion due to spin flips in the host crystal. The dashed lines are least squares fits
to (2). In b) the homogeneous linewidth, Γh, is plotted as a function of temperature.
The dashed red line is a fit to the Orbach process with a constant offset of 20 Hz which
corresponds to a coherence time of 16 ms up to 18 K. (Color online)

lifetime which is affected by two-phonon Raman processes. As a result, the optical

homogeneous linewidth increases as T 7 from about 7 K [18]. Long nuclear spin coherence

lifetimes at elevated temperatures could nevertheless be useful in schemes where the

optical transitions coherences are only used for short times.

4.4. Investigations of 153Eu

153Eu has larger energy separation between the nuclear spin levels than 151Eu. Measuring

spin echoes with an all-optical technique in 153Eu puts higher demands on the bandwidth

of the AOMs used. In this study AOMs with bandwiths of 100 MHz were used, which

gives 200 MHz tuning range when aligned in double pass configuration. A tuning range

of 200 MHz is enough to address both transitions in the ground state of 73 MHz and
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Very narrow spin linewidths despite broad optical transition
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• 45 kHz optical homogeneous linewidths observed in rare earth doped 
nanocrystals 

• Linewidths likely to be dominated by electrical noise 
• Spin transitions (qubit) should be much less affected 
• 20 Hz spin linewidth (T2 = 16 ms) observed in micron size crystals

Long lived nanoscale light-atom-spin interfaces may be possible!
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