PHYSICAL REVIEW APPLIED 13, 024080 (2020)

Hyperfine Structure and Coherent Dynamics of Rare-Earth Spins Explored with
Electron-Nuclear Double Resonance at Subkelvin Temperatures

Pei-Yun Li,!? Chao Liu,'? Zong-Quan Zhou,">" Xiao Liu,'? Tao Tu,'? Tian-Shu Yang,'?
Zong-Feng Li,'?> Yu Ma,"? Jun Hu,'? Peng-Jun Liang,"> Xue Li,"? Jian-Yin Huang, !~

Tian-Xiang Zhu,"? Chuan-Feng Li

,1%T and Guang-Can Guo'*

'c4s Key Laboratory of Quantum Information, University of Science and Technology of China, Chinese Academy
of Sciences, Hefei, 230026, China
*cas Center for Excellence in Quantum Information and Quantum Physics, University of Science and Technology
of China, Hefei, 230026, China

M (Received 13 January 2019; revised manuscript received 15 January 2020; accepted 22 January 2020;
published 28 February 2020)

An experimental platform for ultralow-temperature pulsed ENDOR spectroscopy is constructed for gen-
eral bulk materials. Coherent properties of the coupled electron and nuclear spins of rare-earth dopants in
a crystal (***Nd**:Y,SiOs) are investigated from 100 mK to 6 K. At the lowest working temperatures,
two-pulse-echo coherence times exceeding 2 and 40 ms are achieved for the electron and nuclear spins,
while the electronic Zeeman and hyperfine population lifetimes are more than 15 s and 10 min. With the
aid of the near-unity electron spin polarization at 100 mK, the complete hyperfine-level structure with
16 energy levels is measured by the ENDOR technique without the assistance of the reconstructed spin
Hamiltonian. These results demonstrate the suitability of deeply cooled paramagnetic rare-earth ions for
memory components aimed at quantum communication and quantum computation. The experimental plat-
form developed is expected to be a powerful tool for study of paramagnetic materials in various research

fields.
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I. INTRODUCTION

Electron-coupled nuclear spins in solids are promis-
ing candidates for the memory components in quantum
computation and quantum communication. The electron
spins can be dedicated to interface with superconduct-
ing circuits [1-3], while long-term storage is provided
by the nuclear spins to access much-longer coherence
lifetimes [4,5]. Arbitrary qubit states can be coherently
transferred between the electron and nuclear spins with
high fidelity [6,7]. Large storage bandwidth is promised
by the gigahertz-range electronic Zeeman and electron-
nuclear hyperfine interactions [4,8—10]. This is also an
appealing physical platform for the realization of optical
quantum memory at telecom wavelengths with sufficient
storage time and efficiency [4].

Although there is general interest in lowering work-
ing temperatures to decelerate the decoherence processes
[5,7,11], coherent properties of the electron-coupled-
nuclear-spin systems at subkelvin temperatures are still
not clear. As a basic tool, the coherent dynamics of
the coupled electron and nuclear spins can be investi-
gated with pulsed ENDOR spectroscopy [6,12,13], which
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has been conducted only at liquid-helium temperature for
bulk materials. In this work, we achieve a comprehen-
sive enhancement of the population and coherence life-
times of both the electron spins and the coupled nuclear
spins. The measurements are based on pulsed EPR and
ENDOR spectroscopy at temperatures down to 100 mK
when the electron spins are almost fully polarized. Rare-
earth-ion-doped solids, the model system studied herein,
are state-of-the-art candidate material for optical quan-
tum memory [14—19] with the potential for microwave
memory [7] and microwave-to-optical quantum transduc-
tion [20,21]. For rare-earth-ion-doped solids at subkelvin
temperatures, there have previous studies of the optical
coherence lifetimes [10,22,23], but reports on the coherent
spin dynamics are rare [24,25]. In this work, as the sample
temperature is reduced to the subkelvin region, the growth
of spin relaxation and coherence times is observed to
accelerate simultaneously. In addition, with the aid of the
near-unity polarization of the electron spins, the complete
hyperfine structure of the ground state of '**Nd**:Y,SiOs
is experimentally resolved via a series of alternative pulsed
ENDOR sequences.

This paper is organized as follows. Section II describes
the construction of the experimental platform and the
verification of the sample temperature. Section III
describes the experimental process to directly measure
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the ground-state hyperfine-level structure by a modified
pulsed ENDOR technique. Section IV describes the recon-
struction of the spin Hamiltonian. Section V discusses
the coherent electron and nuclear spin dynamics of
3Nd3*+:Y,Si0s over a large temperature range from 100
mK to 6 K.

II. EXPERIMENTAL SETUP AND TEMPERATURE
VERIFICATION

The sample, an Y,SiOs crystal doped with isotopi-
cally purified '*Nd** ions of 20 ppm (Laser Crylink), is
mounted inside a modified cylindrical dielectric resonator
(Bruker EN4118X-MD4) with a copper head integrated
with its shell above the sample space. The crystal is cut
along its Dy, D;, and b axes with dimensions of 1.2 x
1.0 x 1.4 mm?>. There are some even Nd isotopes remain-
ing in the crystal since the enrichment of '*3Nd is greater
than 91% in the starting material. Thermal conduction to
the crystal is provided by two rods made of high-purity
single-crystal silicon [26]; see Fig. 1(a).

The EPR resonance frequency f,. = 9.56 GHz. Cooling
of the sample and the ENDOR resonator is provided by
a cryogen-free dilution refrigerator (Triton 400, Oxford
Instruments). The electromagnet is installed separately
from the dilution refrigerator on a rotary table that is
portable along a guided rail. Unless otherwise stated, the
orientation of the magnetic field By is close to the D,
optical extinction axis of the crystal (within an error of
approximately 2°). Microwave and radio-frequency (rf)
pulses with peak powers of 20 and 100 W, respectively,
are used to coherently drive the electron and nuclear spin
ensembles, respectively. To eliminate heating induced by
the background noise of the microwave and rf amplifiers,
transistor-transistor logic circuits are used to invalidate

the amplifiers unless there are pulses injected into them.
To avoid excessive Ohm heating in the coaxial cables,
superconducting coaxial cables (NbTiNbTi085 and NbT-
iNbTi047, Keycom) are used below the 4-K stage. In
addition, 0-dB attenuators are inserted to heat-sink the
inner and outer conductors.

The need for high power is thought to be a major chal-
lenge when one is performing pulsed EPR and ENDOR
experiments at subkelvin temperatures [27]. Therefore,
verification of the sample temperature is indispensable.
Preliminarily, the integrated area of the electron spin echo
(ESE), which is proportional to the electron spin polariza-
tion P, = tanh(hf,/2kpT), is used to calibrate the sample
temperature. Here /4 is the Planck constant, k3 is the Boltz-
mann constant, and 7 represents the sample temperature.
To take advantage of the simple level structure of a stan-
dard spin-1/2 system, By is set to 458.2 mT. The remaining
even isotopes of Nd®>* with 7 =0 are addressed [see
Fig. 3(a)]. ESE is produced by conventional two-pulse-
echo sequences. The 7 pulses are 48 ns in length, and 7 is
set to 1 us, much shorter than the electron spin coherence
time. It can be observed from Fig. 1(b) that the integrated
area of ESE at various temperatures agrees very well with
the fitted line. At 100 mK, an electron spin polarization of
98% is achieved. In this regime the cross relaxation among
the electron spins can be negligible [28,29].

The sample temperature is also verified by means of the
dynamical process of the electron spins. The electron spin
relaxation time 7, is measured with inversion-recovery
sequences. Its temperature dependence can be modeled
with the well-established spin lattice relaxation (SLR)
mechanism that is detailed in Sec. IV. We use the T, data
at higher temperatures from 2 to 6.5 K to generate the
fitted curve in Fig. 1(c), and extrapolate it down to 100
mK. Ty, recorded at lower temperatures perfectly follows
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(a) Thermal-conduction components around and inside the ENDOR resonator. Stress can be applied to the sample by the

screw for better thermal contact. (b) Temperature dependence of the integrated area of ESE. The red line is the fit to a Boltzmann
distribution. Profiles of the echoes recorded at various temperatures are shown in the inset. (¢) Temperature dependence of T, for even
isotopes of Nd** with 7 = 0. The solid red line is the fitted curve based on the spin-lattice relaxation model and the T}, data above 2 K.
The cyan stars represent 7, measured below 2 K. The contributions from the direct, Raman, and Orbach processes are also displayed
independently with dashed curves colored blue, purple, and orange, respectively.
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this predicted curve. The longest 7}, of 17 s is obtained
at 100 mK, which has reached the limit imposed by the
spontaneous emission of phonons [30,31].

ITII. DIRECT MEASUREMENT OF
HYPERFINE-LEVEL STRUCTURE

Taking advantage of the ultralow sample temperature,
here we develop a series of ENDOR sequences to directly
measure the complete ground-state hyperfine-level struc-
ture of "*Nd**:Y,SiOs. The method is free from addi-
tional optical transitions [4,8] or the reconstructed spin
Hamiltonians [33,34], as required in previous studies. A
guideline is given in Fig. 2.

The field-swept ESE spectrum is given in Fig. 3(a). It
is recorded at 6.0 K with By close to the D; axis. The 18
resonance lines come from Nd** located in two magneti-
cally inequivalent classes that are related by C, symmetry
along the crystal’s b axis [7]. Each of the classes contains
eight lines corresponding to '*Nd** with a nuclear spin
of I = 7/2, and one other line corresponding to even iso-
topes with / = 0. In this study we try to characterize the
hyperfine-level structure at By = 402.7 mT, when one of
the EPR transitions is at resonance.

For a selected EPR transition, the “allowed” NMR tran-
sitions with Amg =0 and Am; = 1 can be detected by

Assign the selected

EPRline to a certain m,
see Fig.3.

J

Decide on the assignment of the four

"allowed” NMR transitions with Am,=1
for a certain m, see Fig. 3.

J

Decide on the assignment of the four

"allowed” NMR transitions with Am,=1
for acertain m at 100 mK, see Fig. 4.

y

Measure the resonance frequency
of other NMR transitions with A m;=1

with the generalized Davies ENDOR technique
step by step, see Figs. 5 and 8."

y

|: Level structure deduced :|

FIG. 2. The procedures for the determination of the ground-
state hyperfine-level structure of 3Nd3+:Y,Si0s.

Davies ENDOR sequences [35]. Here we use the ket
|mg, my) to denote the electron and nuclear spin projec-
tions. The ENDOR spectra measured at 402.7 and 358.2
mT are shown in Figs. 3(b) and 3(c), respectively. It can be
seen that the two resonance peaks located at approximately
165 and 172 MHz coexist in the two spectra, indicating
that these two lines correspond to the '*Nd>* ions located
in the same magnetically inequivalent class. By compari-
son of Davies ENDOR results acquired at various resonant
magnetic fields, all eight EPR lines corresponding to the
same magnetically inequivalent class can be accordingly
discriminated, as marked in Fig. 3(a). Consequently, it
can be deduced that the 402.7-mT line corresponds to the
EPR transition of | — 1/2,+3/2) — |+ 1/2,43/2). The
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FIG. 3. (a) Results from the field-swept ESE experiment. The

resonance line with By = 458.2 mT used for temperature verifi-
cation is marked with a green arrow. The hyperfine-level struc-
ture is determined at the EPR line with By = 402.7 mT, which
is shaded in red. The EPR line at 358.2 mT is shaded in purple.
(b),(c) Davies ENDOR spectra recorded at By = 402.7 mT and
358.2 mT, respectively.
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two ENDOR lines located at 212.4 and 219.7 MHz, as
shown in Fig. 2(b), correspond to the NMR transitions of
|ms, +1/2) — |mg,+3/2), in which mg can be +1/2 or
—1/2.

A critical step is to decide the electron spin projection
mg for these lines [7,11,31]. This can be experimentally
resolved at 100 mK when the electron spin is almost fully
polarized. As shown in Fig. 4(a), nuclear spin polarization
can then be established after the microwave and rf = pulses
and subsequent waiting time Ty = 60 s. If the radio fre-
quency is resonant with the NMR transition in the lower
electron spin state (ms = —1/2), nuclear spin coherence
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FIG. 4. (a) Pulse sequence applied to determine the correspon-
dence of the NMR lines to the electron spin projection mg. This
sequence can also be used to measure 7}, by varying Ty while
T < Tw < T, is satisfied. (b)—(e) Spin-echo signal recorded
at the end of the sequence presented in (a) when the radio
frequency (rf) is set to 219.7, 212.4, 165.9, and 172.8 MHz,
respectively. In (d),(e) The echo signals recorded with (shown
in blue) and without (shown in red) the initial nuclear spin polar-
ization and the difference between them (shown in gray). MW,
microwave.

can be created by a rf 7 /2 pulse and transferred to the elec-
tron spin [6]. Finally, an ESE signal can be observed. Oth-
erwise, operations starting at the emptied energy level with
mg = +1/2 are ineffective. An illustration of the pulse
sequence is given in Fig. S1 in Supplemental Material [31].
The experimental results are shown in Figs. 4(b)—4(e). The
experimental phenomena are less clear for the NMR tran-
sitions of | +1/2,+3/2) — | +1/2,+5/2) at 165.9 and
172.8 MHz, possibly due to the imperfect rf excitation or
the electron-nuclear cross relaxation. Nevertheless, the sig-
nal recorded without the initial nuclear spin polarization
can be subtracted from the signal recorded at the end of
the entire pulse sequence to acquire a standard echo pro-
file. The experimental results indicate that the 212.4- and
172.8-MHz NMR transitions are in the lower electron spin
level, corresponding to mg = —1/2, while the 219.7- and
165.9-MHz NMR transitions are in the upper electron spin
level, corresponding to mg = +1/2.

To acquire the complete hyperfine-level structure for
IBNE* with 7 =7/2, the NMR transitions that are
unreachable by standard pulsed ENDOR experiments are
further investigated with a generalized Davies ENDOR
technique. Single spin flips during the preparation and
mixing steps in a traditional Davies ENDOR sequence
[12,35] can be revised into successive multiple spin flips
to access NMR transitions that do not share a common
energy level with the selected EPR transition. These transi-
tions of |mg, m;) — |mg,m; + 1), with m; < +1/2 (m; >
+3/2), can be detected in a step-by-step manner once the
resonance frequencies of |mg,m}) — |mg,m; + 1), with
mp <my <+1/2 (m; > m; > +3/2), have been deter-
mined. Two sequences are given in Fig. 5 as examples.
A graphical illustration is given in Fig. S2 in Supplemen-
tal Material [31]. In the preparation step, the population is
pumped from | — 1/2,m}) to | + 1/2,m; — m) + 1/2) for
my =+3/2,—1/2,...,m; + 2, and m; + 1, successively.
In the mixing step, in which the radio frequency is swept,
the EPR transition is depolarized by the population trans-
fer from |mg, m;), in which mg can be deliberately chosen
to be either +1/2 or —1/2. In the detection step, the
spin-echo intensity is monitored to produce the ENDOR
spectra. The “Tidy” pulse can also be generalized to the
pulse sequence. By compulsively initializing the popula-
tion distribution among the hyperfine energy levels, the
reduction of the ENDOR-signal intensity due to the slow
nuclear spin relaxation can be effectively avoided [36].

In Fig. 5(c), two ENDOR lines of the NMR transitions
|+1/2,—-1/2) — | £1/2,41/2) are given. In principle
the specific ENDOR line corresponding to mg = +1/2 or
mg = —1/2 should appear in only one of the two spec-
tra. One specific ENDOR sequence is designed for one
specific NMR transition. This is different from standard
Davies ENDOR experiments. The analysis of the corre-
spondence of a particular ENDOR line to a certain electron
spin projection my is therefore simplified.
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FIG. 5. (a) Pulse sequence used to search for the NMR
transitions |mg, —1/2) — |mg,+1/2). (b) Pulse sequence used
to search for the NMR transitions |mg, —3/2) — |mgs, —1/2).
Here mg can be either —1/2 (to choose “—” in the fig-
ures) or +1/2 (to choose “+” in the figures). Rf 1, rf 2,
rf 3, and rf 4 correspond to excitation frequencies of 212.4,
219.7, 172.8, and 1659 MHz, respectively, and rf repre-
sents the frequency to be swept. (¢) ENDOR signals corre-
sponding to | —1/2,—1/2) — | — 1/2,+1/2) (shown in red)
and |+ 1/2,—1/2) - |+ 1/2,4+1/2) (shown in blue). MW,
microwave.

The effect of the generalized “Tidy” sequence is shown
in Fig. 6. In addition, with the variation of the rf-pulse
length as illustrated in Fig. 7(a), the Rabi oscillation of an
NMR transition that is unreachable with the conventional
pulsed ENDOR technique can be observed. The result is
given in Fig. 7(b), demonstrating the ability to coherently
manipulate all of the NMR transitions with Am; = 1.

All other relevant ENDOR signals corresponding to
the transitions with Amg = 0 and Am; = 1 are shown in
Fig. S3 in Supplemental Material [31]. After gathering the
results from these ENDOR signals, we generate a complete
energy-level diagram, which is given in Fig. 8.
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FIG. 6. The ENDOR signal at 252.1 MHz measured with and
without the “Tidy” sequence. The ENDOR signal is acquired at
approximately 6 K. The experimental repetition time is 20 ms,
and the average number is set as 50.

IV. RECONSTRUCTION OF THE SPIN
HAMILTONIAN

To make a comparison, we reconstruct the spin Hamilto-
nian to predict the hyperfine-level structure. This Hamilto-
nian is also useful in the analysis of the decoherence mech-
anisms in Sec. V. The spin Hamiltonian takes the form

H=pBy-g-S+1-A-85, (1)
(a)
MW
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[ ] [ B
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FIG.7. (a) The pulse sequence applied to detect the Rabi oscil-

lation of the NMR transition | & 1/2, —1/2) — | &+ 1/2,+1/2),
with its experimental result given in (b). MW, microwave.
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where B is the Bohr magneton, g and A are the g and hyper-
fine tensors, respectively, and S (I) denotes the electron
(nuclear) spin operator.

Three pieces of crystals with dimensions of 13 x 2.1 x
2.1 mm? are used here. They are cut along the Dy, D,, and
b axes, while the 13-mm orientation is different for each of
the crystals. Field-swept ESE experiments are performed
when the crystals are rotated around the 13-mm orienta-
tion in increments of 5°. Nd** ions can substitute for Y3+
ions located at two of the crystallographic sites, referred to
as “site I’ and “site II” [37]. However, in most cases, only
the EPR lines from site I can be completely gathered, pos-
sibly because the Nd** dopants preferentially occupy site
I [7]. When By has an arbitrary orientation with respect
to the crystal (i.e., not parallel or perpendicular to the b
axis), each of the sites can be divided into two magnet-
ically inequivalent classes. This can lead to two sets of
EPR signals as displayed in each of the plots in Fig. 9.
Nevertheless, during the fitting process for each of the
crystal orientations, the resonant magnetic field positions
are recorded in order from small to large, regardless of the
different magnetic inequivalent sites.

A program based on the EasySpin software package [38]
is used for the fitting process. When a group of g and 4
matrices is generated by the program, the peak positions
are calculated and arranged also in order from small to
large. These calculated results are then compared with the
experimental data. Assignment of the peaks to the particu-
larly predicted lines is not needed. Ultimately, an average
deviation of 18.4 G for a single experimental data point
is achieved. The best-fit g matrix in the D,-b-D; crystal
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FIG. 9. Angular variations of the EPR peaks of
BNd**:Y,8i05. The magnetic field By varies on the b-D;
(a), D1-Dy (b), and b-D, (c) planes. The fitted results are
represented by solid lines.

frame is as follows:

—1.03 —248 0.44
g=| —249 —219 —0.14
044 —0.14 139

The principal values are g, = —4.16, g, = 0.68, and g. =
1.65. The corresponding Euler angles (Z-Y-Z convention)
are o = 87°, B = 149°, and 6 = 36°, which describe the
transformation from the principal axis frame to the D,-b-
D; crystal frame.
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The best-fit A matrix in the D,-b-D; frame (in mega-
hertz) is as follows:

4957 6874 —232.8
A= 687.4 751.8 165.8
—232.8 165.8 —3383

The principal values are 4, = 1323, 4, = —520,and 4, =
—137 MHz, and the corresponding Euler angles (Z-Y-Z
convention) are « = 91°, 8 = 122°, and 6 = —140°.

On the basis of the reconstructed spin Hamilto-
nian, simulation shows that when the EPR spectrum in
Fig. 3(a) is generated, using the language of the spher-
ical coordinate system, the orientation of By is (6,¢) =
(—2.24°, —66.35°) with respect to (D,, b, D).

The level structure simulated at By = 402.7 mT with the
spin Hamiltonian is coincident with our measured level
structure with deviations from approximately 1 MHz to
approximately 30 MHz. The advantage of the accuracy of
our modified ENDOR technique is shown.

V. COHERENT ELECTRON AND NUCLEAR SPIN
DYNAMICS

A comparison of T, and the nuclear spin relaxation
time 77y, recorded at By = 402.7 mT is given in Fig. 10.
T1. is measured by inversion-recovery experiments. 71, is
measured with the sequence presented in Fig. 4(a). The
microwave and rf 7 pulses are 52 ns and 1.08 s in length,
respectively. For a coupled electron-nuclear spin system,
the relaxation route can be more complicated compared
with a simple spin-1/2 system. After the -pulse excitation
at the beginning of the inversion-recovery sequence, the
population can, as usual, drop directly to the energy level
with the same nuclear spin projection my;, or it can drop

10°

Tieand T, (s)

1072

o

1 2 3 4 5
Temperature (K)

o

FIG. 10. Temperature dependence of the electron and nuclear
spin relaxation times recorded at By = 402.7 mT. The mea-
sured Tj, values are shown as blue stars. The NMR transition
|—1/2,+1/2) — | —1/2,4+3/2) (212.4 MHz) is investigated
here. The T}, data are shown as black squares. The solid lines
are the corresponding fitted curves.
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FIG. 11. Inversion-recovery curves measured  for

BN :Y,Si0s at temperatures lower than 500 mK. The
solid lines are single-exponential fits.

first to levels with different m;, and then take a long time
to come back via nuclear spin relaxation. It is observed
that when the sample temperature is lower than 500 mK,
single-exponential fits cannot work well; see Fig. 11.

However, when the temperature is higher than 500
mK, single-exponential fits are quite good. The signifi-
cant change that happens below the electronic Zeeman
temperature seems to be due to the rapid increase of the
ratio between the electron and nuclear spin relaxation rates,
but further investigation is required. For completeness, the
electron spin relaxation times displayed in Fig. 10 are the
results of single-exponential fits over the full temperature
range.

For *Nd**, nuclear spin relaxation is dominated by the
rapid relaxation of the electron spins at temperatures above
the electronic Zeeman temperature of Af,/kg ~ 460 mK.
This behavior manifests itself as a constant ratio o between
the two relaxation rates [30], which is obvious in Fig. 10.
However, as the temperature decreases, the electron spins
start to freeze out, and the much slower SLR of the nuclear
spins themselves starts to take over. The nuclear spin
relaxation can thus be modeled as follows [39,40]:

hfy
T, =o(l — PHT;! + yacoth Il + yT?
2kgT

.
raften (). @)

where f,, represents the NMR transition frequency of 212.4
MHz, and y,, yg, and yp are the coupling factors of the
direct, Raman, and Orbach processes, respectively. The
ratio o is fitted to be 0.126. The coupling factors for direct
and Orbach processes are fitted as y; = 7.3 x 107> s~ ! and
Yo = 1 x 10732 Hz2, while the impact of the Raman pro-
cess is found to be negligible. The T}, data show excellent
agreement with the fitted curve. Moreover, there is a strong
temperature dependence for 7j, even below 100 mK. 77,
of 13.8 &= 2.3 min is obtained at 75 mK, which is much
longer compared with the lifetime of the optically excited
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state of approximately 300 us [41]. This is highly prof-
itable for efficient optical pumping and long-term quantum
storage using '*Nd**:Y,SiOs [4,18].

The study of 75, is conducted during the second period
of cooling, with use of the same EPR transition. The tem-
perature dependence of T3, is given in Fig. 12 along with
the fitted curve based on the model discussed in detail
in Supplemental Material [31]. Spectral diffusion (SD)
caused by electronic SLR-induced random spin flips is the
main source of decoherence for the electron and nuclear
spins. The dipolar half-width of the electron spin can
be estimated to be approximately 5 kHz, which is much
smaller than the inhomogeneous broadening of approxi-
mately 25 MHz. Therefore, the decoherence induced by
electronic spin flip-flops can be omitted. The decay of spin
echoes therefore follows the Mims decay law [42], tak-
ing the form exp[—(27/73)"]. In Y,SiOs the Nd** ions
preferentially occupy one of the Y>* crystallographic sites
[7], but as shown in Fig. S4 in Supplemental Material
[31], the impact of the dopant ions located at the other
site should not be ignored. This can lead to inaccuracy in
the modeling. When the temperature is reduced, the SLR
rate will slow down, and the electron spins can eventu-
ally be frozen out. As a result, the electronic SLR-induced
decoherence effect can be gradually inhibited. To allevi-
ate the instantaneous-diffusion (ID) effect that results from
the compulsory electron spin flips following the refocus-
ing pulse in a two-pulse Hahn-echo sequence [43], here
soft pulses are used in the 75, measurements [44]. The
microwave peak power is set to 75 mW and the nominal

-
o

-

T,,and T,,(ms)

©
=

Temperature (K)

FIG. 12. Temperature dependence of the electron and nuclear
spin coherence times recorded at By = 402.7 mT. The measured
T, values are shown as red squares. The solid red line is the fit-
ted curve. T3, values measured with soft pulses and the nominal
flipping angles of = are shown as blue triangles. The solid blue
line is the fitted curve. The green stars respresent 7,, data mea-
sured with refocusing pulses of 200 ns. These measurements are
conducted below 1 K for a high single-to-noise ratio. The purple
hexagons represent the deduced 75, values, from which the ID
effect has been eliminated.

7 pulses are 700 ns. At 100 mK, 73, of 2.18 £ 0.09 ms
is obtained with a reduced refocusing pulse of 200 ns.
The stretch factor is m = 1.42 &£ 0.09. This is a remarkable
result obtained for rare-earth ions without the assistance
of a clock transition, and it is comparable to results for
other solid-state electron spin systems such as defects in
diamonds and in SiC.

The temperature dependence of 75, is also shown in
Fig. 12 along with the fitted curve based on Eq. (5) in
Supplemental Material [31]. T3, is measured by convert-
ing nuclear spin echoes into ESE [6]. 75, of 43 &7 ms
with a stretch factor of m = 1.65 £ 0.24 is obtained at 100
mK. Once the electron spins have been frozen out, 73,
is ultimately limited by the flip-flops of the host nuclear
spins. From the effective spin Hamiltonian (see Supple-
mental Material [31]), the gradient of the NMR transition
frequency with respect to the external magnetic field can be
calculated as 160 MHz/T. Considering the flip-flops among
the bulk %Y spins far from the central Nd** ions, 75,
can be accordingly estimated to be approximately 250 us.
However, the experimentally measured 75, is more than 2
orders of magnitude longer. This is caused by the frozen
core effect induced by the large magnetic moment of the
central Nd>* electron spins [4,45]. Strong hyperfine cou-
pling between the central electron spin and each of the
neighboring host nuclear spins can cause detuning among
the host nuclear spins. The resonant flip-flops can thus be
heavily suppressed.

To further extend the coherence lifetime of the electron
spin, besides the impacts of the host nuclear spins, at least
two limiting factors need to be considered. The first one is

11T, (kHz)

0.6

04

0.10 0.14 0.18 0.22
(sin® 612)

FIG. 13. Demonstration of the instantaneous-diffusion effect.
1/T,, is plotted as a function of the average spin-flip prob-
ability (sin’ 0/2). Ty, is measured at By = 402.7 mT with a
pulse sequence of m/2-t-0-t-echo, in which 6 represents the
effective rotation angle of the refocusing pulse. The value of
(sin?/2) is calculated with Eq. (4) in Supplemental Material
[31]. The microwave power is set to approximately 75 mW, and
the refocusing-pulse lengths are varied. Experiments are con-
ducted at five different temperatures below 1 K. The solid lines
are the linear fits.
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the remaining ID effect. With a reduced refocusing pulse of
200 ns, the ID effect can still account for 7. 1p of 5.1 ms
as indicated in Fig. 13.

Secondly, when T3, is being measured in an elec-
tron spin ensemble, all of the resonant electron spins are
excited, and these electron spins are no longer polarized.
At 100 mK this would result in 75, sp &~ 10.5 ms. These
two effects can be minimized in a low-doping sample,
or even better, in single-ion systems [23]. To overcome
the superhyperfine limit for both the dopant electron and
nuclear spins, in principle the most-efficient way is to
use a host material with much-lower nuclear-spin con-
centration [46,47]. Otherwise, the detrimental effect of
the host nuclear spins should be somehow inhibited. For
example, the zero-order Zeeman technique and dynamical
decoupling can be applied for the microwave and rf tran-
sitions [8,45]. Since the spin relaxation times are on the
minute scale, and currently the coherence time is limited
by nuclear spin flip-flops, with a high-quality dynamical
decoupling sequence, a coherence time on the second scale
should be achievable [48,49].

VI. SUMMARY AND CONCLUSION

In conclusion, comprehensive enhancement of the popu-
lation and coherence lifetimes is achieved in the subkelvin-
temperature regime for both electron and nuclear spins,
with compatibility of high-quality and fast manipulations
[31]. The pulsed ENDOR protocol used for hyperfine-
structure characterization can also be generalized to other
spin systems for which the spin Hamiltonians are hard
to be precisely determined [10,50] and those without an
auxiliary optical transition.

In addition, the compatibility of the subkelvin sam-
ple temperature with a conventional three-dimensional
ENDOR resonator makes the platform suitable for ordi-
nary EPR samples in various research fields. For example,
it is also promising to enhance the coherent properties
of molecular nanomagnets [51,52]. More intrinsically, the
duration of a pulsed EPR experiment should be less than
the spin relaxation time, which is typically highly depen-
dent on the sample temperature. Therefore, with a wider
working temperature range, broader options for the sam-
ples and the experimental pulse sequences can be expected.
For instance, a rapid increase of the nuclear spin relaxation
time at subkelvin temperatures, as observed in this study, is
possible to provide some previously inaccessible ENDOR
signals for [NiFe] hydrogenase [53], and for the Mn cluster
in photosystem II [54]. Besides, a high degree of electron
spin polarization at subkelvin temperatures can also lead
to an opportunity for investigation of the ground spin state
[55,56] and a complete characterization to the hyperfine
coupling constants [57].
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