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Stimulated Resonant Spin Amplification Reveals Millisecond
Electron Spin Coherence Time of Rare-Earth Ions in Solids
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The inhomogeneity of an electron spin ensemble as well as fluctuating environment acting upon
individual spins drastically shorten the spin coherence time 7', and hinder coherent spin manipulation. We
show that this problem can be solved by the simultaneous application of a radio frequency (rf) field, which
stimulates coherent spin precession decoupled from an inhomogeneous environment, and periodic optical
pulses, which amplify this precession. The resulting resonance, taking place when the rf field frequency
approaches the laser pulse repetition frequency, has a width determined by the spin coherence time 7', that
is free from the effects of inhomogeneity and slow nuclear spin fluctuations. We measure a 50-Hz-narrow
electron spin resonance and milliseconds-long T, for electrons in the ground state of Ce* ions in the
yttrium aluminum garnet (YAG) lattice at low temperatures, while the inhomogeneous spin dephasing time
T is only 25 ns. This study paves the way to coherent optical manipulation in spin systems decoupled from

their inhomogeneous environment.
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Periodic optical orientation of an electron spin ensemble
in a constant magnetic field B can lead to the enhancement
of the total spin polarization if optical pulses come in phase
with the precessing spins. This effect called resonant spin
amplification (RSA) takes place when the Larmor fre-
quency of spin precession f; in the magnetic field is a
multiple of the optical pulse repetition frequency f,:
fr=mf,,m=0,1,2, ... [1-4]. Similarly, the application
of an oscillating radio frequency (rf) field to an ensemble of
electron spins leads to electron spin resonance (ESR) [5-7]
when the rf field frequency f,; is equal to the Larmor
frequency: f; = f;. The resonance frequency and the
width of either RSA or ESR resonances give the average
g factor and the inhomogeneous spin dephasing time 77 for
the spin ensemble. The time 775 in systems with localized
electrons is often dominated by the dephasing of the spin
ensemble caused by a spread in the Larmor frequencies of
different electrons. It is much shorter than the spin
coherence time 7, of individual spin. Measurement of
T, is demanding; it requires addressing individual spins
[8,9] and/or implementing the spin echo technique [10-13].
The time T, measured in these sophisticated experiments is
often limited by the time-fluctuating environment, such as
nuclear effective fields, varying on a timescale shorter than
T,. To resolve this issue, an electron spin is dynamically
decoupled from the environment by applying a sequence of
pulses flipping the spin state [8,14—16], which dramatically
increases 7, but further complicates the experiments.

In this study we show that the simultaneous application
of a periodic optical pumping and a continuous-wave rf
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magnetic field to an inhomogeneous electron spin ensem-
ble results in a sharp resonance at f,; = mf,. The width of
the resonance gives the spin coherence time 7', free from
the effects of ensemble inhomogeneity and a fluctuating
nuclear environment. This is in contrast to the combined
RSA-ESR resonance in a homogeneous system, where
ESR generally suppresses RSA [17].

This principle is illustrated in Fig. 1(a). Optical pulses
applied to an inhomogeneous electron ensemble create and
amplify spin polarization for a small subensemble with
Larmor frequencies f,—1/T,<f; <f,+1/T,. However,
when the permanent magnetic field is scanned, the fixed
value of f, goes consecutively through the values of f; for
the entire spin ensemble resulting in a broad RSA curve with
awidth of ~1/T5. When a rf field is applied, it synchronizes
electron spins and decouples them from the inhomogeneous
environment forcing them to precess at the common fre-
quency f,¢ [18]. This results in a narrow peak in the spin
frequency distribution with a width of ~1/T, [19]. Scanning
of f.+ over the Larmor frequencies of the ensemble results,
nevertheless, in a broad ESR curve with a width of ~1/T3.
When both optical pulses and rf field are applied to the spin
ensemble and f =~ f,, the rf field stimulates RSA by
providing homogenized spin subensemble whose spin
polarization is optically amplified and can be detected
experimentally. Therefore, we refer to this principle as
stimulated resonant spin amplification (SRSA). When f ¢
is scanned across f, the width of the resonance is determined
by the coherence time T, of electron spins decoupled from
the inhomogeneous environment. The experiments can be
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FIG. 1. (a) Schematic illustration of stimulated RSA. Solid lines
show spin polarization frequency distributions in a magnetic
field. Dashed lines show the measured signal profiles when f; or
the magnetic field are scanned resulting in ESR, RSA, or SRSA
spectra. (b) Scheme of the SRSA experiment. (c) Spin polariza-
tion of Ce>* ions in YAG as a function of the magnetic field for
fi = f,- The width of the peak gives inhomogeneous spin
dephasing time 7. (d) Spin polarization as a function of the rf
field frequency offset with respect to the laser pulse repetition
frequency for B = 5.8 mT. The width of the peak gives the spin
coherence time 7’,. In (c) and (d), the laser power is P = 0.5 mW,
and the temperature is 7 = 5 K.

performed at any magnetic field provided f; = f; ~ mf,.
We demonstrate this principle on the ensemble of rare-earth
Ce** ions in the yttrium aluminum garnet (YAG) crystal,
where we measure 7, = 9 ms atliquid-helium temperatures.
This is the largest value reported so far for Ce’*:YAG, while
T7 is limited to about 25 ns.

The sample under study is a 0.5-mm-thick Ce**: YAG
crystal with a Ce** ion concentration of 0.5 at.%. The
scheme of the experiment shown in Fig. 1(b) is rather
simple. The sample is placed in a variable temperature
(5-300 K) He-flow cryostat. Using a permanent magnet
placed outside the cryostat at a controllable distance from
the sample, a constant magnetic field B up to 20 mT is
applied along the x axis, which is perpendicular to the

direction of light propagation (z axis) and to the sample
normal (Voigt geometry). The optical spin pumping and
probing are performed by the same laser beam with elliptical
initial polarization. The circular and linear components of the
elliptically polarized beam can serve as the simultaneous
pump and probe, respectively, for the electron spin [17,20].
Rigorous analysis of the effect of the laser beam ellipticity on
the measured signal is given in the Supplemental Material
[21]. We use a pulsed Ti:Sapphire laser operating at a
wavelength of 888 nm that is frequency doubled with a beta
barium borate crystal to obtain a wavelength of 444 nm. The
laser generates a train of 2-ps-long optical pulses with a
repetition frequency f, = 76.39 MHz. We measure the spin
polarization via the Faraday rotation of the linear polariza-
tion component of the laser beam transmitted through the
sample. It is analyzed using a Wollaston prism, splitting the
beam into two orthogonally polarized beams of approxi-
mately equal intensities that are further registered by a
balanced photodetector.

The rf magnetic field is applied along the sample normal
(z axis) using a small coil (I mm inner diameter and 1.5 mm
outer diameter) near the sample surface. Current through
the coil is driven by a function generator, which creates a
sinusoidal voltage with a frequency f; up to 150 MHz and
an amplitude U,y up to 10 V. The generator output is
modulated at a frequency of 5 kHz for synchronous
detection with a lock-in amplifier. Thus, the measured
signal is proportional to the difference between the Faraday
rotation values for the high and low levels of the rf field,
which is in turn proportional to the corresponding differ-
ence AS, in the z components of the spin polarizations [17].

The energy level structure of the Ce’t ion and the
scheme of its optical orientation can be found in
Refs. [8,11,22,23]. This ion has one unpaired electron in
the 4f level, which can be excited optically to the 5d level
via the phonon-assisted absorption. Circularly polarized
light excites electrons with a certain spin (spin down in the
case of ¢ polarization) which is flipped in the course of
excitation. Meanwhile, upon their relaxation back to the
ground 4f level, electrons may end up in a spin-down or
spin-up state with equal probability. In this way the
electrons occupying the ground 4f level for the ensemble
of Ce** ions become preferentially spin-up polarized under
o™ excitation. For periodic circularly polarized optical
pumping the spin polarization is enhanced if the Larmor
frequency satisfies the RSA condition, i.e., f; = mf,.
RSA for Ce** in YAG was already observed in the two-
pulse experiment [11].

First, we measure the effect of a rf magnetic field on the
optically amplified spin polarization by scanning the
permanent magnetic field B with the rf field frequency
fixed at fy = f,, as shown in Fig. 1(c). Only the spins with
the Larmor frequency f; = |glugB/2nh = f; = f, are
optically amplified and addressed by the rf field. Thus, the
broad peak in Fig. 1(c) at B =5.5 mT corresponds to
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(a) Faraday rotation signal (difference of the intensities registered by the balanced photodetector) as a function of the rf field

frequency offset with respect to the laser pulse repetition frequency (SRSA spectra) for different laser powers P. The spectra are
normalized to P2. (b) Laser power dependence of the resonance peak area. The solid line shows the quadratic dependence. (c) Laser
power dependence of the resonance peak width. The solid line shows the linear dependence. In (a)—(c) B =5.8 mT, and T =5 K.
(d) Schematics of spin precession in the rotating reference frame. The optically excited spin S precesses at a frequency
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lg| ~ 1.0. Its full width at half maximum (FWHM) 6B ~
1 mT gives the spread in the Larmor frequencies 6f; =
13 MHz related to a spread in g factors and nuclear fields
within the spin ensemble. This spread leads to the dephas-
ing of the spin ensemble with 75 = 1/z8f; ~ 25 ns being
in agreement with Ref. [11].

Second, we fix the magnetic field at 5.8 mT, so that f, is
within the broad distribution of f;, and scan the rf field
frequency f,¢. The dependence of the spin polarization AS,
on f [Fig. 1(d)] shows an extremely sharp peak at f; =
fo, with FWHM 6f+ ~ 130 Hz. This peak can be inter-
preted as rf-stimulated RSA, and its width gives the spin
coherence time 7, = 1/785f ~ 2.5 ms.

The magnitude (area) and width of the SRSA peak
strongly depend on the laser power P [see Figs. 2(a)-2(c)].
Its magnitude is proportional to P2, which gives clear
evidence that the laser beam not only probes spin polari-
zation, but simultaneously pumps it. Indeed, the signal
registered by the balanced photodetector shown in Fig. 2(a)
is proportional to P times the Faraday rotation angle. The
latter is proportional to the spin polarization, which is also
proportional to P (see also the Supplemental Material [21]).
Note, the signal at the peak maximum increases slower than
P? due to the broadening [Fig. 2(a)], i.e., decrease of T’,.
Peak FWHM 6f ¢ linearly increases with P [Fig. 2(c)],
which may be related to the fact that, apart from creating
spin polarization, the pump also disturbs the coherent
precession of the spin polarization oriented by previous
pump pulses. In the limit of P — 0 we get 6f; = 35 Hz
and 75 = 9 ms, corresponding to the unperturbed system.
Note that the longest T, time reported for Ce** : YAG so far
was 2 ms. It was measured for single ions with the
application of a decoupling rf protocol [8].

The dependence of the spin polarization on both f; and
the magnetic field is shown in Fig. 3(a). The peaks at
different fields correspond to the set of different g factors.
At increased laser power (P =1 mW) the peaks at
B =12.2,3.3, and 5.5 mT become better resolved despite

the decrease in 7, (Fig. S3 in the Supplemental Material
[21]). They correspond to |g| = 2.5, 1.7, and 1.0. For an
electron at the 4f level of a Ce** ion the g tensor is highly
anisotropic. Ce** ions can occupy c sites in the YAG
matrix with six possible orientations of the g tensor.
Correspondingly, six different g factors ranging from 0.9
to 2.7 can be observed for a given orientation of the
magnetic field [11,24]. Note that peaks corresponding to
close values of the g factor are not resolved in the magnetic
field dependence at low fields. The elongated high-field
tails of the peaks characterized by increased values of T’
may be attributed to the buildup of the nuclear spin
polarization, which changes the effective magnetic field
acting upon an electron spin in analogy to Refs. [25-27].
The dependence of 7, on the magnetic field is shown in
Fig. 3(b). Note that here an increase in the magnetic field
corresponds to a decrease in the g factor, while the Larmor
frequency of the electrons for which 7', is determined stays
in the vicinity of f, =76.36 MHz. The dependence
features a number of sharp dropdowns, but generally 7'
increases by more than 1 order of magnitude as the field
increases from 2 to 6 mT and then saturates at about 5 ms.
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FIG. 3. (a) Spin polarization as a function of the magnetic field
and the rf field frequency offset with respect to the laser pulse
repetition frequency. (b) Magnetic field dependence of the spin
coherence time 7,. In (a) and (b), P = 0.5 mW, and T =5 K.
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B = 5.8 mT. (b) Temperature dependence of the spin coherence
time T, for different magnetic fields. The solid lines show fits to
the experimental data with Eq. (1). In (a) and (b), P = 0.5 mW.

The initial increase in 7, with B may be related to the
overcoming of the nuclear field fluctuations, having an
amplitude of few mT, by an external magnetic field
[11,23,28].

An increase in the temperature from 5 to 13 K expectedly
results in the broadening of the SRSA spectra [Fig. 4(a)].
The temperature dependencies of 7', are shown in Fig. 4(b)
for different magnetic fields. The observed decrease in T’
with T can be described by the two-phonon Raman process
(T°) modified by the presence of a longitudinal optical
(LO) phonon mode:

1/T»(T) = 1/T,(T = 0) + AT° + Cexp(—E,/kzT). (1)

All curves are fitted with the parameters A=
4x1077s7 'K, C=1.4x10"s"!, and E, = 125 cm™!,
corresponding to the energy of the LO phonon in YAG [29].
Similar parameters were used in Ref. [11] to fit the
temperature dependence of 7 in the same sample. This
confirms that the observed resonances with different g
factors have the same origin (4f state of the Ce** ion) and
at 7 2 10 K time T, is limited by inelastic spin relaxation
similar to 7.

We observe remarkably long times T, in Ce**:YAG,
which have the comparable millisecond-range values and a
similar temperature dependence to 7. It is much longer
than T3 =~ 25 ns measured with RSA or ESR. Moreover, it
is 3 orders of magnitude longer than 7, = 5 us measured in
this system with the spin echo technique [11]. The conven-
tional spin echo technique makes it possible to overcome
time-independent inhomogeneity, such as a spread in g
factors and frozen fluctuations of the nuclear field.
However, T, measured with the spin echo is limited by
the slow variation of the nuclear field between the echo
pulses. Thus, our method allows one not only to overcome
the inhomogeneity of the system, but also get rid of the
contributions from slowly varying nuclear spin fluctuations
thanks to continuous driving of the spin ensemble by the rf
field. This can be understood by considering the classical

Bloch-equation picture of spin precession in a magnetic
field [30].

The spin polarization S” created by the nth optical pulse
precesses about the permanent magnetic field B with the
Larmor frequency ®; = gupB/h (®; is assumed to be
fixed so far; averaging over the spin ensemble will be done
later) and decays exponentially with the characteristic time
T,. This follows from the Bloch equation with omitted
equilibrium spin polarization, which is small compared
with the optically created one. The additional oscillating
magnetic field b(z) applied by the rf coil can be represented
as a sum of the two fields with amplitude 5/2 rotating in the
vz plane in opposite directions with the frequencies ®,; and
—m,¢ directed parallel and antiparallel to ®;, respectively.
The counterrotating term is strongly out of resonance and
can be neglected [31]. The action of the corotating term
becomes evident in the reference frame rotating with the
frequency ®,s, where the field b/2 is constant [Fig. 2(d)].
Here, the spin precesses with the frequency Q = Qp+
®; — W, where Qr = gugb/2h is the Rabi frequency:

§"(1) = [{8"(0) = (8"(0)e) e} cos(€r)
+exS"(0)sin(Qr)+ (S"(0)e)e|exp(—1/T,), (2)

where e = Q/Q, Q = \/Q2 + (0, — wy)?. The first two
terms in Eq. (2) represent the precession of the spin
component perpendicular to €, while the third term
corresponds to the spin component along €. It is the third
term that represents stimulated precession with the fre-
quency @, in the laboratory reference frame, and it is
weakly sensitive to the variations in w; . Note, the experi-
ments are performed at the 1f field amplitude of about 1 mT,
corresponding to the Rabi frequency Qr/27z in the MHz
range. It is much higher than the expected rate of the
nuclear spin fluctuations variation allowing for their effi-
cient suppression. The experimental dependence of the
SRSA signal on the rf field amplitude is presented in
the Supplemental Material [21]. Averaging Eq. (2) over
the inhomogeneous distribution of w;, contributed by the
spread of g factors and frozen nuclear field fluctuations, as
well as over the slow variations of ®; along the x axis (on a
timescale larger than 1/Q), zeroes out the two first terms
and modifies the third term,

1
< S"(1) >= QpQy < ke AScos(8,)exp(=t/T,), (3)

where AS =[S"(0)|, 0, =6y + nwsT, is the angle
between Qy and S"(0), T, =1/f, is the optical pulse
repetition period, and we leave only the spin component in
the yz plane, which is measured in the experiment.
Summing up spin polarization created by all pulses that
already arrived at time moments ?, = nT, in the past,
taking the component along 8°(0), i.e., along the pump and
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probe beams, and averaging over 0, since the laser train and
rf field are not synchronized, we obtain

<S8, > QO

% sinh(7T,/T,)
AS 492

cosh(T,/T,) — cos(wyT,)]|

(4)

This formula resembles the classical RSA expression
(2,3,11] with T3 replaced with inhomogeneity-free 7’,.
In the vicinity of the RSA peak taking into account that
T,>T,, we get

Q2 T 1
<Sz>z<—R2>—2x 5 5. (5)
AS 20 T, 1+ T5(wf —mo,)

Therefore, the SRSA spectrum can be described by a
Lorentzian with a FWHM 6f ¢ = éw,¢/2x = 1/7T,. The
same expression can be obtained by taking advantage of the
theory of the combined RSA-ESR resonance for a homo-
geneous system developed in Ref. [17] by averaging the
spin polarization over the distribution of Larmor frequen-
cies. A more elaborate analysis is needed to show that the
measured 7', is robust with respect to the slowly varying
fluctuations of ®; in the direction transverse to ®,;.
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