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Relaxation of electron spins of nitrogen centers in structural channels

of beryl crystal
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The electron spin-spin and spin-lattice relaxation times of two types of nitrogen centers localized in structural
channels of a beryl crystal are measured. The measurements are performed using the electron spin echo method
at different orientations of the crystalline sample relative to a constant magnetic field and in a wide temperature
range. It is shown that the spin-spin relaxation time of both centers is practically the same and does not depend
on orientation. In the temperature range from 300 to 5K, it varies non-monotonically within the limits from 5100

to 2400 nanoseconds.
temperature range from 300 to 5K.

The spin-lattice relaxation time varies from 0.15 milliseconds to 2 milliseconds in the
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1. Introduction

An electron spin is a good candidate for the role of a
quantum bit (qubit). One of the concepts of building a
quantum computer on electron spins is building chains of
electron spins placed into insulating matrices. The role of
the insulating matrix is to reduce the negative effect of the
environment at the coherence of electron states. A good
container in this case is a carbon frame of fullerene [1-4].
Qubits in this case were electron-nucleus spin systems of
nitrogen and phosphorus atoms enclosed in fullerene [5].
However, creation of such a chain is accompanied with
significant technical problems. Several years ago it was
reported that beryl crystal may also be used as a matrix
for qubits. It is related to the fact that it contains
structural channels in the form of a chain made of cavities
with size of around 5A, separated with convergences of
2.8 A diameter [6]. These cavities may enclose atoms of
hydrogen, nitrogen and silver. It is known that atomic
hydrogen is stabilized in structural channels of beryl at room
temperature [7]. Nitrogen and silver atoms maintain their
paramagnetic properties up to the temperature of around
250°C [8]. Structural channels of beryl crystal investigated
in the paper contain nitrogen atoms in two magnetic-
nonequivalent positions. This manifests in the spectra of
stationary electron paramagnetic resonance (EPR) in the
form of a superposition of triplets of isotropic hyperfine
structure from nitrogen nuclei N with two different
constants of fine structure.

One of the important characteristics of using the spin
system as elements of quantum informatics are the decoher-
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ence processes. Phase relaxation time 7 is specific time,
when the spin qubit remains coherent. This time must be
rather long compared to the time of manipulations with
the spins. Currently the requirements to the real scaled
systems are much stricter: modern methods of quantum
correction of errors require around 10 000 operations to be
performed within the decoherence time [9]. The spin-lattice
relaxation time 77 is a time interval, when the qubit must be
measured at the end of the quantum computation. Time 7
may be considered as the specific time to store the quantum
information, and time 77 may be considered as the specific
time to store the classic information.

2. Spectrum of beryl crystal electron
spin echo signals

This paper measured the relaxation times at nitrogen
atoms in structural channels of beryl using electron spin
echo (ESE) spectroscopy. Beryl has hexagonal crystal
system, space group P6/mcc(D2,). Synthetic crystals of
beryl were grown at 600 °C and pressure of 1kbar from
solution NH4Cl, and then exposed to annealing.

Measurements were carried out using spectrometer
Elexsys E580 (Bruker) in X frequency range (9.8 GHz).
The spectrometer is equipped with a commercial dielectric
resonant cavity ER4118MD5W1 (Bruker), placed in a cryo-
stat CF935 (Oxford), a programmable uniaxial goniome-
ter ER218PG1 (angle variation range 0—360°, positional
accuracy is equal to 0.5°) (Bruker). The measurements
were made in the wide temperature interval 5—300K.
Temperature was monitored with a temperature controller
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Figure 1. The spectrum of ESE signals from nitrogen centers N1
and N2 at 300K with structural axis ¢ of beryl equal to 30°
relative to permanent magnetic field. Dashed line — modeling of
spectrum N1, dotted line — of spectrum from center N2.

ITC503 (Oxford). To rotate the crystal in the magnetic
field, an adjusted bar was used with the ability to rotate
in two planes. A crystal holder is a fluoroplastic cylinder,
where a specimen is placed. The outer diameter of the
cylinder is 44 mm, and the height — 2.8 mm. The cylinder
with the specimen is placed at the bottom end of the
rod and is installed inside the dielectric resonant cavity.
On the opposite side of the rod a rotation system with a
graduated arc was installed. Rotation from the upper part
to the lower part was transferred with the help of a silk
thread. The additional rotation system makes it possible
to rotate this cylinder with the specimen by 360° around
axis Z or Y of the laboratory coordinate system. The crystal
structural axis ¢ was produced using a 2D goniometer and
corresponded to 0 degrees in the experimental data. Spectra
of ESE signals and phase relaxation time were recorded
using the primary echo protocol with duration of s/2-pulse
equal to 8ns [10]. The time of spin-lattice relaxation was
measured by protocol ,inversion—recovery” with duration
of m/2-pulse 8ns [10]. When building the spectrum of
ESE signals and signal ,inversion—recovery” the integral
intensity of the echo was applied. When the time of phase
relaxation was measured, ESE signals were recorded for
each pulse-to-pulse interval 7. Then these signals were
exposed to Fourier transform. The droop amplitude of
each peak in the Fourier-spectrum depending on time 7
was modeled with exponential dependence.

Figure 1 shows the spectrum of ESE signals at room
temperature with the magnetic field 30° orientation relative
to the crystal structural axis c. The lines of triplets are
observed from two non-interacting paramagnetic center of
nitrogen N1 and N2 (see the red and blue lines in Figure 1)
with the intensity ratio of approximately 2 : 1. Note that the
atoms in the traps are observed in the states close to that of
a free atom with a spin equal to § = 3/2 [11,12].

Both paramagnetic centers N1 and N2 have the symmetry
that is axial relative to the structural axis and the same value
of hyperfine interaction (HFI) A =4.9G. For each center

there are three transitions of the fine structure corresponding
to spin 3/2. The EPR spectrum may be described with a
spin Hamiltonian:

H = gBBS, + D[S — 1/3S(S + 1)] +AS.I,, (1)

where S, and I, — operators of projections at axis z of the
electron spin and nitrogen nucleus spin, accordingly, D —
constant of fine structure, A — HFI value of electron with
nitrogen nucleus '“N, ¢ — g-factor,  — Bohr magneton,
B — permanent magnetic field value. The modeling results
match the data in paper [8], where the following values
of parameters were identified: g = 2.0021, A =4.9G,
D =15.9G and 134G for N1 and N2, accordingly.

It is not possible to effectively excite the entire spectrum
with width of around 50G in the experiment, since the
amplitude of microwave pulses has the value of not more
than 10 G. Therefore, the ESE measurements were made
in individual areas of the spectrum by changing the carrier
frequency of microwave pulses. Fourier transforms of the
measured ESE from the certain areas of the spectrum were
produced. These Fourier transforms quite well follow the
shape of the spectrum areas, which is shown in Figure 2.

The echo signal amplitude decreases with the increase
of the delay between the two microwave pulses 7 — first
of all, due to the process of spin-spin relaxation with the
characteristic time 7y. As a result, the amplitude of compo-
nents in the Fourier transforms decreases, which enables to
track the speed of relaxation in all spectrum components,
simultaneously excited by the microwave pulses.

3. Times of electronic paramagnetic
relaxation

Dependences of the spectrum component amplitudes on
the orientation and time of delay between the microwave
pulses made it possible to build a 2D dependence of spin-
spin relaxation time distribution on angle 0 for centers N1
and N2 (Figure 3).

By analysis of the times of spin-spin relaxation 7 for all
components in the wide range of angles one may conclude
on their relatively weak spread by absolute value (see
Figure 3). Values 7y are mostly within 4000—5400ns at
room temperature. Note that for canonic orientations the
values of phase relaxation times are slightly higher than for
interim orientations.

Measurements 7y were made in the same manner for the
three central components, which do not depend on angle 6
(see the parallel lines in the center in Figure 3) in the wide
temperature range from 5 to 300 K. From Figure 4,a you
can see that the produced values Ty in this range are within
2400 - 5100 ns, and the produced temperature dependence
is not monotonous.

Temperature dependence of longitudinal relaxation time
is expected — time 7 increases sharply when temperature
falls from 0.15us (at 300K) to 2ms (at 5K). Temperature
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Figure 2. ¢ — Spectrum of ESE signals of nitrogen centers N1 and N2 at 300 K with orientation of beryl structural axis at the angle 0°
relative to permanent magnetic field; b—d — ESE signals at 7 = 320ns from the areas of the spectrum, the centers of which are shown

by vertical lines in Figure 2, a: e—g — Fourier transforms of ESE signals shown in Figure 2, b—d.
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Figure 3. 2D dependence of spin-spin relaxation 7y time
distribution on magnetic field value B and orientation (6) of crystal
in the magnetic field. Values of times 7y are shown in color
according to the color palette on the right. White lines indicate
the theoretical positions of resonance transitions for centers N1
and N2. The data are shown at room temperature. For technical
reasons, the measurements of relaxation times in the area of
magnetic fields 3455—3470G and angles 6 from 70 to 90° were
not made.

Physics of the Solid State, 2025, Vol. 67, No. 5

dependence of phase relaxation time 7y looks more inter-
esting. From Figure 4 you can see that as temperature
decreases from 300 to 20K, the relaxation times first
decrease, and then increase again. One of the options for
the potential behavior is the effect of spectral diffusion [13].
Previously it was shown [14] that structural channels of
beryl crystal contain no impurities. The most common
impurities — molecules of water and ammonia ions [15].
Dipole-dipole interaction between the electron spins of
paramagnetic centers and nuclear spins of these impurities
may widen the EPR signal lines. The value of dipole-dipole
interaction of A proton with nitrogen atom has the value of
around 0.4 G at distance 4 A. This distance is an approximate
size of the cavity in the structural channel. Such contribution
is quite noticeable on the background of the line width
of around 1 G. Dipole-dipole interaction with the ammonia
nitrogen nucleus in this case is by one order less than with
proton and it is negligible. The motion of the closest water
molecules also changes of the value of hyperfine interaction
with protons. This causes a random change in the value
of resonance frequency of EPR in paramagnetic centers N1
and N2. Such motion is an effective mechanism for phase
relaxation of ESE signal [16].
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Figure 4. a — Integral dependence of time of phase Ty (grey circles) and spin-lattice 77 (blue stars) relaxation upon excitation of the
central (Bo = 3444 G) component of the central triplet depending on temperature; b — Speed of relaxation of the central component
depending on temperature (black squares). Dotted line — theoretical dependence of relaxation speed in approximation of slow motion.
Dashed line — in approximation of fast motion. Crystal axis c is parallel to the direction of the magnetic field.

To assess the impact of nuclear spins at time behavior
of echo signals, the ESE signal decay rate calculations were
made in the approximations of fast and slow motion. The
echo signal amplitude E(27) in the case of fast motion, i.e.
under the condition 7,7! >> A, looks rather simple [13,17]

(2)

where A2, /2 is the signal decay rate, 7. — correlation time,
A — value of interaction in frequency units. Echo signal
amplitude E(27) in case of slow motion, i.e. provided that
7,71 < A signal of electronic spin echo looks as follows

E(21) ~ exp[—27 (A%1.)/2)],

E(27) ~ exp[—271 /1], (3)

where 1/7. is the signal decay rate. Figure 4,b shows
the approximations of the experimental dependence of
relaxation speed with two curves — for slow motion with
speed of 1/7. and for fast motion with speed Ar2/2.
Temperature dependence of the correlation time 7. was
applied as [18]

L L explB/(rT),

Tc Tc0

(4)

where 7.9 — time of correlation in high-temperature range,
B — activation energy, R — universal gas constant.
As a result of modeling, the following values of parame-
ters were receivede: 1/7.0=7-10°s"!, A=1.4-10°s"1,
B =550cal/mol. In such approximations the estimated
curves of echo signal droop amplitude are qualitatively
described as experimental.

4. Conclusion

For the first time the times of electron relaxation
of paramagnetic centers of nitrogen in the beryl crystal

structural channel were measured. The time of spin-spin
relaxation 7y at room temperature is within 4000—5400 ns.
It is practically the same for paramagnetic centers N1
and N2 and hardly depends on the orientation of the
structural axis relative to the permanent magnetic field.
Temperature dependence of time 7y is not monotonous,
reaching the maximum value of 2400ns at 20K. The
time of spin-lattice relaxation changes practically using the
exponential law, reaching the values of 0.15ms at room
temperature and 2 ms — at helium temperature.

Non-central lines of paramagnetic centers N1 and N2
are resolved well depending on the crystal orientation in
the magnetic field, which makes it possible to target their
spin states with microwave pulses. Besides, the system
of paramagnetic centers has the spin-spin relaxation time
that hardly varies with temperature and without anisotropic
properties, which may be useful as the material for quantum
memory.
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