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Abstract—The rate of nuclear spin-lattice relaxation is determined by the efficiency of interaction between
thermal phonons and nuclear spins. The results on reducing the efficiency of spin—phonon coupling by sup-
pressing the contribution from paramagnetic centers to quadrupole nucleus relaxation are presented. The
suppression has been performed by continuous magnetic action at the Larmor frequency. It is shown that, as
in the presence of an acoustic field, the rate of spin-lattice relaxation of 2*Na nuclei in a sodium fluoride crys-
tal at magnetic saturation of the NMR signal does not change in the region of a negative average spin tem-
perature. In the region of positive spin temperature, the rate of relaxation of 2Na spins significantly decreases
and nuclear magnetization recovery with time is described by the sum of two exponentials. The contribution
from nuclear spins with a lower efficiency of spin—phonon coupling, corresponding to the exponential with
a long relaxation time, increases with increasing saturating field intensity. It is demonstrated that the effi-
ciency of spin—phonon coupling for '°F nuclei, which do not have the quadrupole moment, does not change
under the saturation conditions. The results obtained can be used for analyzing the structure of real crystals.
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INTRODUCTION

The efficiency of spin—phonon coupling deter-
mines the rate of nuclear spin-lattice relaxation

(SLR), characterized by the time le measured by
nuclear magnetic resonance (NMR) methods [1]. For
nuclei in real dielectric crystals, the total SLR rate is

() =@+ @) (1
where the term (Tllat )_1 is determined by spin—phonon
coupling in crystals with an ideal lattice and the
“impurity” contribution (7;"™)" is caused by the par-
ticipation of paramagnetic defects and impurities. For
nuclei with electrical quadrupole moment, the “lat-
tice” contribution is due to dynamic electric field gra-
dients induced by thermal phonons [2]. The lattice
mechanism of relaxation of quadrupole nuclei is dom-
inant in fairly pure samples; however, the role of
impurity relaxation increases in doped crystals, espe-
cially at temperatures below room temperature [3, 4].
At the same time, relaxation of nuclei with spin % is
determined almost completely by the addend in
Eq. (1). The efficiency of the impurity mechanism of

nuclear SLR and its significant contribution to the le
value even at a low concentration of paramagnetic

centers in the crystal bulk (e.g., in the presence of
unintentional impurities in specially purified samples)
are due to the strong coupling of paramagnetic centers
with lattice vibrations and with nearest nuclear spins
and to the participation of spin diffusion equalizing
the nuclear magnetization in the sample bulk [3].

Two methods are applied in magnetic quantum
acoustics to observe nuclear acoustic resonance
(NAR), at which transitions between nuclear Zeeman
levels are induced by either a traveling acoustic wave or
a diffusively scattered resonant-frequency acoustic
field [5, 6]. Resonance absorption of an acoustic
energy by the nuclear spin system is directly recorded
in the “direct” NAR method. In the method of acous-
tic saturation of NMR signals, a decrease in the differ-
ence between spin level populations is investigated
proceeding from the change in the NMR signal inten-
sity, which can be considered as a consequence of the
increase in the average spin temperature in a nuclear
ensemble [7]. The NMR saturation method is much
more popular in view of high sensitivity and universal-
ity. Investigations of acoustic saturation of an NMR
signal of quadrupole nuclei showed that the saturation
process is similar to a reverse process of nuclear SLR.
Inideal crystals, the saturation is due to acoustic mod-
ulation of crystalline electric fields. The presence of
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Fig. 1. Temperature dependence of specific magnetization
o of sodium fluoride crystal upon cooling in magnetic field
of 100 Oe.

paramagnetic centers of a different nature induces an
additional channel of acoustic saturation owing to the
local overheating of the spin system of nearest (to
these centers) nuclei and spin diffusion [8—10]. A local
increase in the spin nuclear temperature near a certain
paramagnetic center suppresses the contribution of
this center to the impurity relaxation, which reduces

the rate of the total SLR (le)fl. Thus, the use of
acoustic saturation of the NMR signal made it possi-
ble to separate the mechanisms of SLR of quadrupole

nuclei and measure the times (7;")"' and (Z;"™)™" in
some materials by observing the nuclear magnetiza-
tion recovery to the equilibrium value under the satu-
ration conditions [11—13]. It should be emphasized
that investigation of the mechanisms of spin—phonon
coupling in different materials is an issue of funda-
mental importance for many practical applications [6,
14]. The aim of this study is to analyze the possibility
of separation of the lattice and impurity contributions
to the spin—phonon coupling under magnetic satura-
tion of the NMR line for quadrupole sodium nuclei in
a NaF crystal and compare it with the case of fluorine
nuclei without the quadrupole moment.

EXPERIMENTAL

Samples were cut from a sodium fluoride (NaF)
single crystal along the fourfold symmetry axis. The
composition of the crystal was analyzed for the pres-
ence of impurities in the bulk, incorporated into a lat-
tice during growth. Quantitative elemental analysis of
a specimen taken from the crystal bulk was carried out
on an ICPE-9000 optical inductively coupled plasma
emission spectrometer (Shimadzu). The analysis
revealed the following contents of impurity atoms in
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the NaF crystal under study: 310 for Ca, 10.5 for Mg,
7.9 for Fe, 6.1 for Zn, and 3.1 mg/kg for Sr.

Investigation of the NaF sample using an MPMS
SQUID VSM magnetometer (Quantum Design)
revealed weak paramagnetism due to unintentional
paramagnetic centers against the background of dia-
magnetic magnetization (Fig. 1).

NMR measurements were performed on a Bruker
Avance III 400 pulsed spectrometer, optimized for
studying solid samples, at temperatures of 296 and 155 K.
Magnetization recovery of 2*Na nuclei after inversion
by 180° pulse was observed under an additional reso-
nant magnetic saturating impact.

Nuclear magnetization under continuous satura-
tion was characterized by the saturation factor

AW / Ay, where A” and 4, are the integral inten-
sities of the Na NMR lines in the presence and
absence of the additional action, respectively [15—17].
To measure the relaxation rate under the saturation
conditions, we developed a pulse sequence, the sche-
matic of which is shown in Fig. 2a. The rf pulse P, with
the Larmor filling frequency and width A7 no less than

IOTlz was applied before the 180° pulse. The intensity
of'the pulse P, varies in different measurements to pro-
vide continuous saturation of different extent. In the
interval between the 180° and 90° pulses, the rf pulse
P, with the same intensity as P, was applied. The width
of the pulse P, depended on the delay time between
the 180° and 90° pulses, set to measure the nuclear
magnetization recovery rate. After the 90° pulse, a
free-precession signal is recorded, the Fourier trans-
formation of which yields the NMR line. The depen-
dence of the integral intensity of the NMR line 4 on
the delay time ¢ between the inverting and probe pulses
makes it possible to plot the curve of nuclear magneti-

zation recovery Z(t) = A(t)/ A, to the stationary value
(asshown in Fig. 2b) and calculate the recovery time T.

In the case of the presence of paramagnetic centers
leading to inhomogeneity of the nuclear magnetiza-
tion, the volume-averaged spin temperature (7;) is
introduced [7]. Parameter Z can be expressed in this
case in terms of the ratio of the inverse spin tempera-

ture <0L ,) =_" to the inverse lattice temperature
ke (T))
o, =_h (7, is the lattice temperature): Z = M.
oy

B/
Thus, the nuclear magnetization recovery occurs in
the range of negative spin temperatures in the initial
stage (up to the instant 7)) (Fig. 2b) and in the range of

positive spin temperatures at ¢ > #,. When the impurity
contribution to the SLR is not suppressed, for each

value of the saturation factor Z*, the total relaxation
time le is related to the time T of nuclear magnetiza-
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Fig. 2. (a) Pulse sequence for observing nuclear magnetization recovery under magnetic saturation of NMR line. Additional res-

onance rf pulses P; and P, provide continuous magnetic saturation with factor Z st (b) Nuclear magnetization recovery after 180°

pulse to Z ST Tis recovery time, £, is time at which nuclear magnetization is zero, and <oc 1) is volume-averaged inverse spin tem-

perature.

tion recovery under continuous saturation (Fig. 2b) by
the expression

T =1/7". )
Relation (2) is a consequence of the known equa-

tion for the change in the inverse spin temperature
under resonance excitation and SLR [7]:

(o) _ oy —(oy) o, (o)
= —Wia,) =L - K
ot le < 1> le Zstle ( )

where W'is the probability of induced transitions and

zZ" = 1/ (1+WT"). The solution to Eq. (3) demon-
strates the exponential recovery of the inverse spin
temperature to the equilibrium value with time T obey-
ing relation (2).

RESULTS AND DISCUSSION

Recovery of ?*Na nuclear magnetization after
inversion by the 180° pulse was measured at tempera-
tures of 296 and 155 K in the ranges of magnetic-satu-
ration factor from 1 to 0.07 and from 1 to 0.06, respec-

tively. The relaxation times le obtained in the absence

of saturation (Z* = 1) were 12.4 and 54.6 s at 296 and
155 K, respectively. It was shown that the behavior of
the recovery curves Z(¢) at both temperatures in the
initial stage in the range of negative spin temperatures
was exponential and characterized by the times

T = TIZZ * in accordance with expression (2) at all val-
ues of the saturation factor. With allowance for the
incomplete inversion of the nuclear magnetization

after the inverting pulse, the curves Z(¢f) were
described by the expression

Z(ty=Z"[1 - bexp(—t/1))], 4)

where b is a numerical coefficient (1 < b < 2). Thus,
the additional magnetic saturation did not affect the
efficiency of spin—phonon coupling of sodium nuclei
in the region of negative average spin temperatures at
any saturation level.

The single-exponential process of nuclear magne-

tization recovery with the times 1, = leZ * was also
observed in the region of positive average spin tem-

peratures but at limited saturation factors Z* > 0.4

and Z* > 0.7 for the temperatures of 296 and 155 K,
respectively. At stronger saturation, the dependence
Z(t) in the range (o, ) > 0 (7 > £,) was described by the
sum of two exponentials with the magnetization
recovery times T, and T, > T,

Z(t) 5
=Z"{l-b[pexp(-1/1,) + (1 —p)exp(—1/1,)]}, (

where p is the weighting coefficient characterizing the
relative contribution from the lattice relaxation mech-
anism. The occurrence of the second exponential with
a long time of nuclear magnetization recovery demon-
strates a decrease in the efficiency of spin—phonon
coupling for a part of nuclei and corresponds to a
decrease in the 2?Na SLR rate. As an example, Fig. 3
shows the behavior of nuclear magnetization recovery

)

at 296 K for the continuous saturation factor Z* =
0.11. It should be noted that the possibility of calculat-
ing the nuclear magnetization recovery curve as the
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Fig. 3. Nuclear magnetization recovery after 180° pulse at

continuous saturation Z* = 0.11 for 7= 296 K. Dashed
and solid lines plotted using formula (5) with p = 1 and
p <1att> f, respectively.

sum of two exponentials at sufficiently strong satura-
tion is due to high measurement accuracy, which was
unattainable in earlier studies on suppression of the
impurity relaxation mechanism.

Expression (5) can be extended to the region of
negative spin temperatures, assuming that p = 1 at

t<t,.
Figure 4 shows values of the weighting coefficient p
for the “fast” SLR with the recovery time T, calculated

from (5) using the experimental dependences of 2*Na
nuclear magnetization recovery for different continu-
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ous magnetic saturation factors Z* at two tempera-
tures.

Figure 5 shows the dependence of the nuclear mag-
netization recovery times T, and T, on the continuous

saturation factor Z* . The linear dependences between
time T, and factor Z* at two temperatures are in agree-

ment with Eq. (2) and the values of times le measured
in the absence of magnetic saturation. A contribution
from the slower relaxation process, which is character-
ized by the recovery times 1, > T,, occurs at the
threshold values of the continuous saturation factor at
times ¢ > ¢,. A fraction of this contribution increases
with decreasing saturation factor.

Single-exponential relaxation in the region of neg-
ative spin temperatures at any intensity of the addi-
tional resonance field saturating the nuclear spin sys-
tem indicates that the impurity mechanism is not sup-
pressed. Within the thermodynamic approach [7] to
the description of the behavior of the sodium nuclear
spin system, the impurity contribution to the spin—
phonon coupling is efficient if the local inverse spin
temperature . is closer to the inverse lattice tem-
perature ¢, than the volume-averaged inverse spin
temperature (o) [18]. In the region of negative spin
temperatures, the condition

(6)

is always satisfied, even in the case of local overheating
of the nuclear spin system near paramagnetic centers

to values of o, = 0.

|aloc - u‘1| < |<al> - a‘1|

In the range 7 > #,, at (o) > 0, fairly strong addi-
tional continuous saturation leads to local overheating
of the spin system near certain paramagnetic centers
(to a decrease in the local inverse spin temperature)
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Fig. 4. Weighting coefficient p calculated from (5) using experimental curves of 23Na nuclear magnetization recovery for different

Z*" at temperatures of (a) 296 and (b) 155 K.
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Fig. 5. Nuclear magnetization recovery times T; and T, for 23Na as function of continuous magnetic saturation factor Z st

and to inversion of inequality (6). Thus, the impurity
relaxation is suppressed. Since the suppression occurs
at different continuous saturation levels for different
paramagnetic centers in the presence of unintentional
impurities and point defects in the crystal, one might
expect a gradual increase in the slow relaxation contri-

bution with an increase in Z* (as was observed exper-
imentally). The times T, correspond to the time of
nuclear magnetization recovery only due to the lattice
mechanism of spin—phonon coupling. Note that the
theoretical model of overheating of the nuclear spin
system under continuous magnetic saturation was pro-
posed in [19].
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Fig. 6. Magnetization recovery time T for YF nuclei as

function of continuous magnetic saturation factor Z* at
temperature of 296 K.

Figure 5 shows that the dependence of T, on the
continuous saturation factor is close to linear (as well
as the dependence for 1,). The straight lines plotted
using the calculated T, values and passing through the

origin should yield at Z* = 1 (by analogy with Eq. (2))
the times of SLR due to the lattice mechanism of

spin—phonon coupling: 7} = 40sat 296 Kand 7, =
140 s at 155 K. The estimates agree with the temperature
dependences of the time of spin-lattice relaxation in ideal
crystals due to two-phonon Raman processes [4, 20].

We also measured the nuclear magnetization
recovery under continuous magnetic saturation for °F
nuclei in the same NaF crystal. Nuclei of °F are char-
acterized by spin 1/2 and do not have quadrupole elec-
trical moment. For dipole nuclei, the main contribu-
tion to the SLR is from relaxation due to paramagnetic
centers and spin diffusion, whereas the lattice contri-
bution can be neglected [3, 21]. In addition, the satu-
ration for nuclei without quadrupole moment may be
implemented without participation of paramagnetic
centers. Figure 6 shows the dependence of the nuclear
magnetization recovery time T on the saturation factor

at room temperature. As can be seen, at any Z . values,
the process of nuclear magnetization recovery to the
stationary value is single exponential (4) with times T

corresponding to 7;" =7;™ = 131 s. The result
obtained confirms that there is no effect of impurity
relaxation suppression for F nuclei.

CONCLUSIONS

A method for suppressing the contribution from
paramagnetic centers to the spin—phonon coupling of
ZNa nuclei with a quadrupole electrical moment
under magnetic saturation of the nuclear spin system
was realized. It was found that the efficiency of the
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spin—phonon coupling of nuclei does not change at
negative volume-averaged spin temperatures for any
continuous magnetic saturation factor (as in the case
of acoustic saturation). In the region of positive spin
temperatures, the 2Na SLR rate decreases with an

increase in the stationary saturation Z* to certain val-
ues, which is accompanied by suppression of impurity
relaxation for a part of the nuclear spin system. The
times of the lattice contribution to relaxation at tem-
peratures of 296 and 155 K are estimated from the
dependence of the nuclear magnetization recovery
time on the saturation factor for this part of nuclei.
The proposed technique of separating the impurity
and lattice contributions to relaxation under magnetic
saturation provides fundamental possibility of study-
ing the impurity composition of dielectric crystals
using standard NMR equipment.
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