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In optics, the interaction of atoms with the magnetic field of light is almost always ignored since its
strength is many orders of magnitude weaker compared to the interaction with the electric field. In this
article, by using a magnetic-dipole transition within the 4f shell of europium ions, we show a strong

interaction between a green laser and an ensemble of atomic ions. The electrons move coherently between
the ground and excited ionic levels (Rabi flopping) by interacting with the magnetic field of the laser. By
measuring the Rabi flopping frequency as the laser intensity is varied, we report the first direct

measurement of a magnetic-dipole matrix element in the optical region of the spectrum. Using

density-matrix simulations of the ensemble, we infer the generation of coherent magnetization with
magnitude 5.5 x 10~3 A/m, which is capable of generating left-handed electromagnetic waves of intensity
1 nW/cm?. These results open up the prospect of constructing left-handed materials using sharp transitions

of atoms.
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I. INTRODUCTION

Optics and optical tools have played a key role in the
development of the physical sciences and engineering over
the past century. In particular, after the invention of the laser
in 1960, optical techniques have penetrated into and
revolutionized many fields of science including biological
imaging and nanotechnology. Over the past two decades, a
new generation of optical tools have been invented and
continually refined, using materials that are not available in
nature [1-6]. These materials, termed metamaterials, offer
the promise of devices with unique capabilities: for
example, lenses that can image objects with a resolution
much better than the wavelength of the imaging light [7,8],
and the ability to cloak objects for certain regions of the
spectrum [9-11]. The unique capabilities of metamaterials
result from their unusual optical properties such as having a
negative index of refraction and, consequently, the left-
handed nature of the propagating electromagnetic waves. It
is now well understood that metamaterials rely critically on
their ability to strongly interact with both the electric and
the magnetic fields of light; i.e., both the permittivity and
permeability of the material must be substantially different
from their values in free space. This is a big challenge in the
optical region of the spectrum since materials generally do
not respond to the magnetic field of light at such high
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frequencies. As demonstrated by the experiments from the
metamaterial community, this challenge can be overcome
using devices that are engineered at the nanoscale. These
devices utilize features such as small metallic loops that
couple resonantly to light at specific wavelengths and
produce magnetic dipoles oscillating at high frequencies
[12]. Because of their metallic nature, such devices usually
exhibit large losses, and much work over the past decade
has focused on overcoming losses and constructing meta-
materials with low absorption [13-15].

It was recognized early on that it may also be possible to
construct left-handed materials using sharp transitions of
atoms or ions [16-20]. When an electron makes a transition
from the ground level to an excited level, it can do so by
either interacting with the electric field or the magnetic field
of light. Depending on the nature of the interaction, these
transitions are said to be electric dipole or magnetic dipole.
A naturally occurring left-handed material would require
both types of transitions simultaneously. The chief diffi-
culty of this approach is that in the optical region of the
spectrum one essentially encounters only electric-dipole
transitions since they are stronger by about 5 orders of
magnitude. Near such electric-dipole transitions the per-
mittivity of the material can be strongly modified, giving
rise to a whole family of optical effects. For example, using
electromagnetically induced transparency and related ideas,
light can be slowed down, stopped, or even forced to move
backward, and optical nonlinearities can be made large
enough to be effective at the single-photon level [21-28].
Although these are exciting developments, it is important to
note that these atomic physics experiments are not truly
comparable to metamaterials work since there is negligible
interaction with the magnetic field of light.
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In this article, we show a strong coherent interaction
between the magnetic field of a laser beam and an ensemble
of atomic ions. We use a cryogenically cooled europium-
doped crystal and utilize the "F, — 3D, magnetic-dipole
transition within the 4f shell. By using an intense laser
beam at a green wavelength of 527.5 nm, we observe
strong-field Rabi flopping between the ground and excited
levels. We measure the change in the Rabi flopping
frequency as the laser intensity is varied and deduce the
magnetic-dipole matrix element to be p = (0.063 +
0.005)up (the quantity up is the Bohr magneton). We
verify the magnetic-dipole nature of the excitation by
studying angle-dependent fluorescence from the crystal.
As we discuss below, our matrix element and probe
absorption measurements demonstrate a magnetic suscep-
tibility exceeding y, > 107>. We perform density-matrix
simulations of the system and our numerical results fit well
to the observed Rabi flopping data. From these simulations,
we infer that during the Rabi cycle the ionic ensemble
reaches a peak magnetization of 5.5 x 107> A/m, which is
capable of supporting left-handed electromagnetic waves of
intensity 1 nW/cm? [29]. Using laser excitation through a
sharp atomic transition (with widths at the GHz level), our
experiments show for the first time that (i) a large coherent
magnetic response can be obtained from an atomic ensem-
ble and (ii) the ensemble can have a permeability that is
significantly modified compared to its free-space value.
These results open up the prospect of constructing left-
handed materials using atomic transitions, a different and in
many ways complementary approach to existing left-
handed metamaterials.

II. EXPERIMENTAL SCHEMATIC

The existence of magnetic-dipole transitions in the optical
region of the spectrum has been known for quite some time
[30-32]. Early spectroscopic studies of rare-earth doped
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crystals predicted the magnetic-dipole nature of some of the
transitions by studying the polarization properties of their
fluorescence [33,34]. The oscillator strengths of these
transitions are weaker by a factor of a® (the quantity
a=1/137 is the fine-structure constant) compared to
electric-dipole transitions. As a result, accessing these
transitions is difficult since they are easily overwhelmed
by nearby electric-dipole transitions or are largely broad-
ened by dissipative processes. Laser excitation of a mag-
netic-dipole transition was achieved only last year in the
pioneering work of Novotny and colleagues [35]. They used
europium-doped nanoparticles at room temperature and
conclusively demonstrated the magnetic dipole nature of
the 7F, — D, transition by utilizing a radially polarized
focused laser. To our knowledge, the only detailed spectro-
scopic study of the ’Fy — D transition was performed by
Shen and Kachru about two decades ago [36].

To access the 'F, — D, transition in our experiment,
we start with an infrared external cavity diode laser (ECDL)
at a wavelength of 1055 nm. Figure 1 shows the simplified
schematic of our experiment. The ECDL is locked to an
ultralow expansion (ULE) glass cavity that serves as a
frequency reference. The ECDL output is then amplified to
an optical power exceeding 5 W using a fiber amplifier. We
frequency double the fiber amplifier output using cavity-
based second harmonic generation with a periodically
poled nonlinear crystal (PPKTP). Using this setup, we
are able to produce green light at a wavelength of 527.5 nm
with an optical power exceeding 1.5 W and an absolute
frequency stability at the 50-kHz level. The green output
from the doubling cavity is then split into two beams. Each
beam goes through an acousto-optic modulator (AOM) for
frequency and timing control. We use a 3-mm-long euro-
pium-doped yttrium orthosilicate crystal (Eu™®: Y,SiOs,
hereafter abbreviated as Eu:YSO), which is housed in a
continuous-flow liquid helium cryostat and cooled to a
temperature of 4.5 K. We were motivated to use this
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The simplified experimental schematic. The experiment starts with an infrared external cavity diode laser (ECDL) at a

wavelength of 1055 nm. The ECDL is locked to a reference cavity which is constructed from ultralow expansion glass. The fiber
amplifier produces an optical power exceeding 5 W while maintaining the frequency stability of the ECDL. The fiber amplifier output is
frequency doubled using cavity-based second harmonic generation with a periodically poled KTP (PPKTP) crystal. The output of the
second harmonic generation cavity is split into two beams and acousto-optic modulators (AOM) are used to precisely control frequency
and timing. The Eu:YSO crystal is housed in a continuous-flow liquid-helium cryostat.
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specific crystal by the recent quantum storage experiments
using the forced electric-dipole 7Fy, — 3D, transition
[37,38]. The crystal is cut such that light propagates along
the b optical axis and the magnetic field of the laser is aligned
with the D axis. Further details regarding our experimental
system can be found in Appendixes A and B.

The 4f shell of rare-earth ions remains close to the ionic
core and is relatively well shielded from the crystalline
environment by the filled 5s and 5 p shells. The levels of the
4f shell of Eu™? ions with an energy below 20000 cm™!
are shown in Fig. 2. Our crystal is doped at ~0.1% with
natural abundance europium, containing 48% '>'Eu and
52% 'S3Eu. Each of these isotopes has a nuclear spin of
I =5/2. The hyperfine structure of the '3*Eu isotope is
also displayed in Fig. 2 (the other isotope has smaller
separations between the hyperfine levels). The upper plot in
Fig. 2 shows the transmission of a weak green probe laser
beam as its frequency is scanned through the "F, — >D,
resonance (with the Rabi beam turned off). We observe an
inhomogeneously broadened width of 1.6 GHz with an on-
resonance optical depth of 1.8 through our crystal [i.e., the
transmission at the line center is exp(—1.8) = 0.17]. The
hyperfine structure is not resolved in the absorption
spectrum since the spacing between the hyperfine levels
is small compared to the inhomogeneous linewidth.

For Rabi flopping, the strength of the interaction between
the light and atoms must be large compared to dissipative

rates in the system. For magnetic-dipole transitions, the
interaction strength can be summarized through the Rabi
frequency, Q = Bu/#h, and werequire Q > I', where I"is the
homogeneous linewidth of the transition. In our system, the
dominant contribution to I" is phonon-induced relaxation of
the excited level to its closest neighbor, the Dy, level. The
lower plot in Fig. 2 shows the measurement of the homo-
geneous linewidth I'. Here, following excitation of the ions
to the excited level > D, using a short laser pulse, we record
the fluorescence from the > D, level to the lower F manifold
as a function of time. The initial sharp rise in the fluores-
cence is due to phonon-induced relaxation from >D, to D,
showing anonradiative lifetime of = 33 us, and, therefore,
a homogeneous linewidth of I' = 27 x 4.8 kHz, which is
consistent with the measurements of Ref. [36]. As we
discuss below, we can achieve Rabi frequencies approaching
Q=27 x 1 MHz, which is well within the strong drive
regime Q > I'. The slow decay of the fluorescence in the
lower plot of Fig. 2 is due to the radiative lifetime of the
Dy level.

III. RABI FLOPPING

We proceed with a discussion of our Rabi flopping
measurements. With the ions starting in the ground state
"F, (equally populating the three hyperfine levels), we
apply a Rabi flopping laser pulse (optical power of
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FIG.2. Thelevels of the 4f shell of Eu™3 ions with an energy below 20 000 cm™'. We use the ’ F; — D, magnetic-dipole transition at
a wavelength of 527.5 nm. The hyperfine structure of the '3 Eu*3 isotope with a nuclear spin of I = 5/2 is also shown (the ordering of

the upper hyperfine levels is not known). The numbers in the brackets are the projection of the nuclear spin angular momentum,

+ m1>.

The upper plot shows the transmission of a weak probe laser beam as its frequency is scanned across the magnetic-dipole transition. We
observe an inhomogeneously broadened line (which is due to variations in the crystal field and crystal strains) with a width of 1.6 GHz,
and a peak absorption of exp (—1.8). The lower plot shows the measurement of the homogeneous linewidth. Here, following excitation

to the >D, level, we record the fluorescence from the > Dy level to the

ground F manifold. The initial sharp rise in the fluorescence is due

to phonon-induced relaxation from 3D, to 3D, which results in a homogeneous linewidth of I' = 27 x 4.8 kHz (corresponding to a
nonradiative lifetime of 7 = 33 us). The slow decay in the fluorescence is due to the radiative lifetime of the >D, level.
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~100 mW, focused to a 1/¢? intensity radius of 56 yum) of
certain duration to the ions. Because of the interaction with
the Rabi flopping laser, the ionic population starts to flow
coherently back and forth between the ground and excited
levels. Depending on the duration of the Rabi pulse, the
ions may be left in any one of the levels or in a super-
position of the two at the end of the pulse. After the Rabi
flopping laser is turned off, we turn on a counterpropagat-
ing weak probe pulse (optical power less than 1 pW) and
measure the transmission of the probe through the crystal
with a photon counter (see Appendix C for further details
on the experimental timing sequence). The spatial size of
the probe at the crystal is small compared to the size of the
Rabi beam so that the probe laser samples the peak of the
Rabi laser spatial profile. Using this setup, the Rabi
flopping of the ions is then revealed by the transmission
of the probe laser beam, through stimulated absorption and
emission. Figure 3 shows the normalized transmission of
the probe laser through the crystal as the duration of the
Rabi pulse is varied. For each pulse duration, each data
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FIG. 3. The transmission of the probe laser beam through the
crystal as the duration of the Rabi pulse is varied. We observe a
clear Rabi cycle with a frequency approaching 1 MHz. The Rabi
oscillation quickly dephases due to a number of processes, such
as the variation of the magnetic-dipole matrix element among
various hyperfine transitions. The solid line is a numerical
simulation that solves the density matrix for a large number of
atoms whose absolute transition frequencies are spread through
the inhomogeneous profile, causing different hyperfine transi-
tions to be resonant with the laser. The lower plot shows the
inferred magnetization from the same simulations. See text for
details.

point is an average of ten experiments with the error bar
denoting the standard deviation of the set. We observe a
clear Rabi flopping cycle with a flopping frequency
approaching 1 MHz. The Rabi flopping quickly dephases
after about two cycles due to two main reasons. (i) We
perform this experiment using the whole inhomogeneously
broadened ensemble. As a result, the Rabi laser is only
resonant with a small fraction of ions. Off-resonant atoms
flop at faster rates but with a much reduced contrast, which
contributes to the dephasing of the Rabi cycle. (ii) Since we
do not perform any optical pumping between hyperfine
levels, Rabi flopping happens simultaneously between each
ground and excited hyperfine level combination; i.e., there
are nine different simultaneous excitations. As we discuss
in Appendix E, the spread of the magnetic-dipole matrix
element between respective transitions also contributes to
the fast dephasing of the Rabi cycle.

Because we observe only about two cycles, there is
significant uncertainty in the observed Rabi frequency from
a single flopping experiment. For accurate measurement of
the magnetic dipole matrix element, we perform the Rabi
flopping measurement of Fig. 3 at various laser pulse
intensities. Figure 4 shows the observed Rabi frequency as
a function of laser intensity for 23 Rabi flopping measure-
ments. For each measurement, the vertical error bar
represents the uncertainty of the deduced Rabi frequency
for that specific flopping experiment. The right-hand panels
show six specific Rabi flopping experiments as the laser
intensity is varied from 5630 to 1510 W/cm?. From the
square-root fit to the observed data values (the solid line in
the main plot), we deduce the magnetic-dipole matrix
element to be p = (0.063 £ 0.005)up for the magnetic
field oriented along the quantization axis of the crystal (the
D, optical axis). It is well known that the 4f electronic
configuration of rare-earth ions is in many cases in the
intermediate coupling regime; i.e., neither LS coupling nor
jj coupling accurately describes the wave functions.
Although highly complex, the wave functions of the 4f
shell of Eu™? have been reasonably well understood since
the pioneering work of Ofelt and others many decades ago
[39—41]. Using intermediate-coupled wave functions and
well-known methods of Racah algebra, calculations give a
theoretical value of y = 0.096up for the magnetic-dipole
matrix element (see Appendix D for further details). The
calculated theoretical value is therefore within 50% of the
measured experimental value of the matrix element. The
reasons for the discrepancy will be among our future
investigations.

With the measured value of the magnetic-dipole matrix
element, we perform density-matrix simulations of the
system. For this purpose, we take 80 000 ions, spread their
transition frequencies across the inhomogeneous profile,
numerically solve the time-domain evolution of the density
matrix for each ion, and calculate the ensemble-averaged
response. For the time-domain evolution, we include all six

011005-4



COHERENT MAGNETIC RESPONSE AT OPTICAL ...

PHYS. REV. X 7, 011005 (2017)

1200 T T T T T T T T T T

1000 -

800

600

Rabi Frequency (kHz)

1 L 1 1 L 1

: 10 gh% { 10 #HHF}}
Hﬁ 0.5 ' f

§ 3
+" 5630 W/em2| oql.°" 3160 W/em?

i 1.0 3!
! g | Hithy
t Pl 0.5 }%

o
(3]

bl
o o

3t

e
3

4310 W/em?2| ol °« " 2000 W/cm?
it 10 JH
L3 % ;
i $t] os 3
L] ¢ *
oobt® 3770 Wiem?| ool * 1510 Wiem?

= o
o o
.

h

Probe Transmission (arb. units)

0 L 1
0 1000 2000 3000 4000 5000
Intensity (W/cm?)

.0.0 04 08 12 16 00 04 08 12 16
Pulse Time (us)

1
6000

FIG. 4. The observed Rabi flopping frequency as the laser intensity is varied for 23 different Rabi flopping experiments. From the
square-root fit to the data points (the solid line), we deduce a magnetic-dipole matrix element of x = (0.063 + 0.005)u. The right-hand
panels show six specific flopping experiments (probe transmission versus Rabi pulse duration) as the laser intensity is varied from 5630

to 1510 W/cm?.

hyperfine levels of the 7F, — 3D, transition as well as the
3Dy level; i.e., the size of the density matrix p is 7 x 7. Our
model takes into account (i) interaction with the laser pulse,
(ii) nonradiative relaxation from the > D, level to the > D, level
atarate I (homogeneous linewidth), and (iii) the spread of the
transition frequencies due to the inhomogeneous broadening
(see Appendix E for further details on the numerical simu-
lations). The solid line in Fig. 3 shows the calculated
difference between the population of the excited hyperfine
levels and the ground hyperfine levels, (Dexcited) = (Peround)
(we use the notation (---) to mean average over the
inhomogeneously broadened ensemble), as the Rabi pulse
duration is varied. The numerical simulation accurately
produces the frequency and the contrast observed in the
Rabi flopping experiment. In the lower plot in Fig. 3, we
calculate the inferred magnetization of the ensemble by
extracting the coherences (the off-diagonal density matrix
elements) from the same numerical simulations, M =
N{Poft-diagonat)# (the quantity N is the ionic density). The
ensemble-averaged magnetization reaches a peak value of
M =5.5x 1073 A/m and then sharply drops.

IV. VERIFYING THE MAGNETIC DIPOLE
NATURE OF THE TRANSITION

We now discuss how we verify that the electrons interact
with the magnetic field of the laser during the ’F, — > D,
excitation. We note that we cannot use the method outlined
in Ref. [35]. This is because our experiment uses a
~mm-scale crystal, and as a result, we cannot utilize the
unique magnetic-field profile of a tightly focused radially
polarized laser. Instead, we study angle-dependent fluo-
rescence from the crystal with light propagating along each
optical axis and for two orthogonal polarizations (S and P

polarized). This measurement is performed using a thicker
crystal with dimensions 4 x 5 x 10 mm® and outside the
cryostat (i.e., at room temperature) so that we have access
to all propagation axes of the crystal. The main idea behind
this measurement is depicted in the schematic shown in
Fig. 5. Consider S-polarized light propagating along a
certain axis of the crystal, as shown in Fig. 5(a). The laser
excites the crystal and we record the total fluorescence
using a high-numerical-aperture lens and a photodetector
(not shown in Fig. 5). If the excitation is due to interaction
with the magnetic field, as the crystal is rotated along the
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FIG. 5. Fluorescence from the crystal as a function of the angle
of incidence for S-polarized [diamonds, schematic (a)] and P-
polarized [triangles, schematic (b)] light. The fluorescence signal
is normalized to take into account both the change in the Fresnel
reflection losses from the surfaces and the path-length change of
the beam as the crystal is rotated. The large increase in the
fluorescence for S-polarized light (a) is due to a change of the
direction of the angle of the magnetic field with the optical axes.
In contrast, when the angle of the electric field is varied (b), there
is negligible change in the fluorescence. This shows that during
7F, = 3D, excitation, light interacts with the magnetic field of
light instead of the electric field.
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axis shown, we would expect a change in the amount of
excitation (and, therefore, the amount of fluorescence
recorded). This is because the crystal is highly anisotropic,
and as the crystal is rotated, the angle between the magnetic
field and the optical axes would change. For this geometry,
we would not expect variation in the fluorescence if the
excitation is due to the electric field since its orientation
with respect to all axes remains unchanged. For P-polarized
light [Fig. 5(b)], the roles of the electric and magnetic fields
would be reversed. The plot in Fig. 5 shows this meas-
urement for light propagating along the D, axis of the
crystal with the crystal rotated around the b axis. The
measurement conclusively shows that the fluorescence
changes when the direction of the B field is varied, and
therefore proves the magnetic-dipole nature of the excita-
tion. We repeat this measurement for light propagating
along the other axes; the rest of the data are presented in
Appendix F.

V. CONCLUSIONS AND FUTURE DIRECTIONS

Here, we discuss several avenues of future work. Observing
more Rabi cycles would allow the determination of the
magnetic-dipole matrix element with better accuracy. This
could be accomplished using, for example, spectral hole
burning techniques [37,38]. Here, the idea is to select and
optically pump a certain class of europium ions (whose
transition frequencies lie within a certain frequency range)
to one of the ground hyperfine levels (for example, to | + %))
Rabi flopping can then be implemented using only this
specific class of ions instead of the whole inhomogeneous
profile.

Another direction would be the study of coherent and
quantum interference effects in light-atom interactions. It is
now well understood that electromagnetically induced
transparency and related quantum interference effects
can be observed in rare-earth ions using their hyperfine
structure [42-44]. With the ions optically pumped to a
specific hyperfine level, appropriately tuned probe and
coupling laser beams can be used to form a A scheme. For
the first time, it will be possible to study these effects
through the interaction of the electrons with the magnetic
field of the laser beams.

A key application of this work is the recently suggested
scheme of externally polarized and magnetized left-handed
materials [29]. With the crystal magnetized, the electric-
dipole polarization can be induced a number of ways, for
example, using higher-order nonlinearity of the host YSO
crystal. Using this approach, the magnetization achieved in
our experiment would allow the observation of left-handed
electromagnetic waves with intensities of about 1 nW /cm?.
As discussed in detail in Ref. [29], negative refraction of
these waves from the crystal to air would also be observ-
able. It is important to note that our experiment is far from
achieving a negative permeability, which is the most direct
route for constructing negative-index materials. Figure 6
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FIG. 6. The inferred real (dashed line) and imaginary (solid
line) parts of the magnetic susceptibility as the laser frequency is
scanned across the 'F, — 3D, transition. See Appendix G for
details.

shows the inferred real and imaginary parts of the magnetic
susceptibility y,, as the probe laser is scanned through the
"Fy — °D, transition (the permeability of the material is
1 4 y,1)- Both real and imaginary parts of the susceptibility
exceed 107 near the resonance. Using stronger magnetic-
dipole transitions and higher ionic densities, it will likely be
possible to increase the magnetic susceptibility signifi-
cantly. We also note that a negative permeability is not
necessary to create a left-handed material. For example,
using chirality, even a magnetic susceptibility of y,, ~ 1072
is sufficient to induce a negative index of refraction [18,19].
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APPENDIX A: EXPERIMENTAL SETUP

The experiment starts with a custom-built external cavity
diode laser at a wavelength of 1055 nm, which uses a
Littrow configuration for feedback. The ECDL produces an
optical power of about 25 mW with an absolute linewidth
of about 0.5 MHz. We lock the ECDL to an ultralow
expansion glass cavity that serves as a frequency reference
for the experiment. The ULE glass cavity is housed inside
an ultrahigh vacuum chamber to reduce temperature
fluctuations and mechanical perturbations to the cavity.
The resonances of the ULE cavity have long-term fre-
quency stability (over many days) better than 100 kHz. We
use the Pound-Drever-Hall method to lock the frequency of
the ECDL to one of the cavity resonances which is lined up
with the peak of the inhomogeneous profile [45].
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The ytterbium-doped fiber amplifier is commercial and
amplifies the ECDL output to an optical power over 5 W. We
frequency double the amplifier output using cavity-based
second harmonic generation (SHG). We use a 2-cm-long
periodically poled KTP crystal for SHG. The poling period
of KTP is adjusted for phase matching at 1055 nm and is
temperature controlled with a temperature stability at the
level of 1 mK. One of the mirrors of the SHG cavity is
mounted on a piezoelectric transducer, which is used to lock
the amplifier output to the SHG cavity using the Hansch-
Couillaud method [46].

The acousto-optic modulators have a center frequency of
80 MHz and a turn-on time of about 50 ns. After the AOMs,
both the probe and the Rabi laser beams are coupled to
polarization-maintaining single-mode optical fibers. The
fibers clean up the spatial profiles of the lasers and produce
single-mode Gaussian beams which are then focused on the
Eu:YSO crystal using lenses.

APPENDIX B: CRYSTAL STRUCTURE AND
STARK SPLITTINGS

The YSO crystal is a monoclinic biaxial crystal of the
CS, space group. When doped, the Eu*? ions can occupy
two unique sites in the crystal, and these sites are typically
referred to as “site 1”” and “‘site 2.” The transition frequen-
cies differ by about ~0.1 nm between the two sites. In our
experiment, we use the Eu™® ions of site 2 since the
transition strengths are higher for this site.

In a free ion, the upper level >D; would have three
degenerate levels m; = —1, 0, 1. The crystal electric field
breaks the degeneracy and splits the energy levels due to
the Stark effect. The number of splittings depends on the
symmetry properties of the crystal field. Because of the low
symmetry of the crystal field in the YSO crystal, the m;
levels of > D, are split into three. We use the Stark component
with the lowest energy, |J = 1,m; = 0), since it has the
lowest phonon-induced nonradiative relaxation rate (and,
therefore, the narrowest homogeneous linewidth).

APPENDIX C: EXPERIMENTAL TIMING
SEQUENCE

With the ions initialized to their ground level, we apply a
Rabi pulse of a certain duration to the ions. The duration of
the Rabi pulse is adjusted by switching the AOM on and
off. After the Rabi beam is turned off, we turn on a 5-us-
long probe pulse in a counterpropagation geometry and
measure its transmission through the crystal. The probe
power is attenuated to very low levels so that the ionic
populations are not significantly perturbed due to the
presence of the probe. The probe power that is transmitted
through the crystal is measured with a commercial single-
photon counting module.

Because of the low operating temperature, the lifetimes
of the ground hyperfine levels are quite long. We measure

spectral hole lifetimes exceeding many minutes in our
system. As a result, after each experiment, we need to
reinitialize the ions to their ground hyperfine levels. We
achieve this by slightly heating the crystal to a temperature
of about 20 K and recooling it back to 4.5 K between two
experimental pulse sequences.

APPENDIX D: THEORETICAL CALCULATION
OF THE MAGNETIC-DIPOLE
MATRIX ELEMENT

A detailed discussion for calculating transition matrix
elements of lanthanides can be found in Ref. [41]. An
important feature of the 4 f configuration in rare-earth metals
is that the coupling is in the intermediate coupling regime.
As aresult, several interaction strengths in the problem are
comparable, and neither LS- nor jj-coupled basis states
sufficiently approximate the real atomic states. The ionic
states of our magnetic dipole transition are mixtures of states
in the LS-coupled basis and they are given by [39,41]

7Fo) = —0.968|7Fy) + 0.002[3Dy)
+0.166]D})) — 0.182]° DY),
°D,) = 0.210F,) — 0.207°D;,)

+0.716°D}) — 0.556/° DY), (D1)

where ' and ” denote the seniority number. In the

LS-coupled basis, the magnetic-dipole transitions obey
the AL = 0 and AS = 0 selection rule. For magnetic-dipole
transitions, the electric-dipole operator is replaced by the
magnetic-dipole operator, which is given by

u = gy (1" + g5

= —up(L + g5)

= —upldM + (g-1)sW)]. (D2)

Here, the ) ; summation is over all the relevant electrons,
L is the total orbital angular momentum, SV is the total
spin angular momentum, and J(!) = L(1) + §()_ The super-
script (1) refers to writing these vectorial quantities in the
Racah tensor form. In Eq. (D2), the quantity g is the
anomalous gyromagnetic ratio for the electron spin
(g~?2). Using the pure LS-coupled basis functions, the
reduced matrix element of the magnetic-dipole operator can
be evaluated rather accurately [40]:

(LST||JV + SM|L'S' T
= bpsug[J(J+1)(20 + 1)]'/?
+ S5y (=1D)ESH (20 + 1) (20 + 1)]V2

X{L y J}[S(S+1)(ZS+1)]1/2. (D3)

1 J S
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Here, L, S, and J are the relevant quantum numbers of
the ground level and L', §’, and J' are the numbers of the

1 J S
coefficient. Using Eqgs. (D2) and (D3), and the state
mixtures of Eq. (D1), the reduced matrix element for
our magnetic-dipole transition can be calculated to be

(Follu VP D) = 0.16pp. (D4)

excited level. The quantity { L J } is the Wigner 6

With the reduced matrix element known, the matrix
element for a specific polarization can be found using the
Wigner-Eckart theorem. In our experiment, the magnetic
field of the laser is along the quantization axis (z polari-
zation), which then gives ("Fo.m;=0u"|>D;.m, =0)=
0.0964 5. Thus, the calculated value of the matrix element is
60% larger than our experimentally measured value. We
think the likely reason for the discrepancy is the inaccurate
values for the mixing coefficients of Eq. (D1).

APPENDIX E: NUMERICAL SIMULATIONS

In the numerical simulations, for each ion in
the inhomogeneously broadened ensemble, we solve the
time-dependent density-matrix equations using the fourth-
order Runge-Kutta algorithm:
dp oo B
g = H.pl =i {L D).

In the density matrix, we include all six hyperfine levels of
the ’F, — 7D, transition as well as the > D level. As a result,
the size of the density matrix p is 7 x 7. The other ionic levels
are sufficiently far detuned from the laser beams that they do
not significantly affect the dynamics. Also, the ionic density
is sufficiently low that ion-ion interactions are not of
importance. At the start of the time evolution, each ion
is equally probable to be in one of the hyperfine levels
of the ground level "Fy; ie., pi1(t=0) = pp(t =0) =
pa3(t = 0) = 1/3. The Hamiltonian operator A includes all
laser couplings in the system due to magnetic-dipole inter-
action including all the relevant frequency detunings. The
decay operator I" includes nonradiative relaxation from the
D, level to °D,, as well as the fluorescence lifetime of
the D, level. As we discuss above, we measure both of these
decay rates using the fluorescence measurement of Fig. 2.
Because we have an inhomogeneously broadened ensemble,
to obtain accurate results, we perform the numerical integra-
tion for 80 000 ions, whose resonance frequencies are shifted
within the distribution of the inhomogeneous line shape. We
include both isotopes of europium in our calculations. The
ions in the wings of the inhomogeneous distribution have a
large detuning from the Rabi laser beam since this laser is
tuned to the center of the profile. As a result, numerical
integration of the ions in the wings requires a significantly
smaller time step size, which substantially increases the run
time of the simulation. To alleviate this problem, we focus on

in (E1)

the center of the inhomogeneous profile and consider only the
ions whose frequencies lie within 1 GHz of the line center.
This is an excellent approximation since the ions in the wings
contribute very little to the dynamics due to their large
detuning from the laser. After numerical integration for each
ion, we calculate the ensemble-averaged response by averag-
ing the values of the density matrix elements at the end of
numerical integration.

Europium nuclei have a nuclear spin of 7 = 5/2, with
corresponding spin projections m; ranging from m; =
—5/2 to m; = 5/2. Nuclear states with different m; will
have different energies due to a number of interactions. In
europium, the dominant interactions are nuclear quadrupole
and pseudoquadrupole interactions. A detailed discussion of
these interactions can be found, for example, in Ref. [47].
For the '3Eu™3 isotope in site 2, these interactions produce
the hyperfine structure shown in Fig. 2. Because of its spin
angular momentum, the nucleus will also have a magnetic
moment. The total magnetic moment of the atom will be

pD = pp(JV + SW) 10 (E2)

Here, p,, is the nuclear magneton and its value is smaller
than the Bohr magneton by the ratio of the electron mass to
the proton mass. As a result, for pure nuclear spin states, the

magnetic-dipole moment operator u!) is diagonal:
1 1
(g (I a0 ) = 8, (Il (E3)

Unfortunately, the situation is not as simple as described
by the above equation. The reason is that there are a number
of processes that mix the nuclear wave functions, and as a
result, the nuclear spin states are mixed (see, for example,
Ref. [48]). The hyperfine mixing coefficients for the >D,
level are not known. These coefficients can be measured in
the future by using spectral hole burning techniques. In our
numerical simulations, we use the relative transition prob-
abilities between the hyperfine levels of the "F, — D,
transition, as recently measured by Ref. [38]. Based on
these transition probabilities, the dynamics are dominated
by the three strongest transitions with Rabi frequencies of
0.92Q, 0.86Q, and 0.82Q, respectively (Q = Bu/h). We
check that the numerical results are relatively insensitive to
the exact values of the transition probabilities.

APPENDIX F: ANGLE-DEPENDENT
FLUORESCENCE MEASUREMENTS

We perform the angle-dependent fluorescence measure-
ments with light propagating along the other axes of the
crystal. Similar to the measurements of Fig. 5, for light
propagating along a specific crystal axis, we record the total
fluorescence as the crystal is rotated for two polarizations of
light. These measurements are shown in Fig. 7. For each
propagation axis, the fluorescence changes when the direction
of the magnetic field is changing, and stays relatively constant
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FIG. 7. Total fluorescence from the crystal as a function of the angle of incidence for light propagating along the D, axis (a), (b) and
along the b axis (c), (d) of the crystal. The measurements (c) and (d) suffer from low signal-to-noise ratio, but the overall trend is clear.

For each propagation direction, the fluorescence depends sensitively on the direction of the magnetic field.

when the direction of the electric field is varied. The data
points for Figs. 7(c) and 7(d) suffer from the technical
limitations due to long propagation distance in the crystal.

APPENDIX G: MAGNETIC SUSCEPTIBILITY

For a certain class of ions, the magnetic susceptibility is
given by

2

7
h(dw —iT/2) (G1)

xm = Nug
Here, p is the permeability of free space and dw is the
frequency detuning of the probe laser beam from the
magnetic-dipole transition. Equation. (G1) is the homo-
geneous line shape of the transition. We then convolve this
line shape with the inhomogeneous profile to calculate the
susceptibility for the whole ensemble (we note that inho-
mogeneous broadening produces a Lorentzian rather than a
Gaussian distribution in these systems). The resulting
convolved profile is displayed in Fig. 6.
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