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Dynamics and relaxation, or decoherence, of multiple quantum (MQ) coherences are investigated exper-
imentally and theoretically for different orientations of a single crystal of fluorapatite with respect to the
external magnetic field. Dynamics of MQ coherences is studied as a function of the preparation period of
the MQ NMR experiment. Their relaxation, or decoherence, during the evolution period is also investi-
gated. Universal curves for dynamics and relaxation are obtained and describe the experimental data
for different orientations of the investigated sample. Those curves prove the dipolar nature of the
observed relaxation process. The contribution of the heteronuclear interactions to the dipolar relaxation
is also investigated. The source of discrepancies between experimental data and theoretical results in the
experiments with a large angle between the nuclear spin chains and the external magnetic field are

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

The opportunities of exploitation of quantum mechanical sys-
tems for information processing have been studied extensively
over the recent years. Nuclear spins provide an attractive and
insightful model for qubits owing to good isolation from the envi-
ronment and wide opportunities to manipulate spin system by
radiofrequency electromagnetic fields [1-3]. In particular, spin-
1/2 nuclei exhibit a simple two-state structure of qubits and are
well isolated from the environment. The latter feature is expected
to ensure long coherence times and hence allow for a large number
of logic operations in a quantum device to be performed. Useful
implementations in quantum information processing require the
preparation and control of multi-qubit states on large quantum
registers consisting of thousands of highly correlated qubits [4,5].
Solid crystal devices hold promise for the scalable implementa-
tions [2,3]. The interactions of the system of qubits with the envi-
ronment degrade quantum correlations. This process, known as
decoherence, is usually considered the main obstacle in the imple-
mentation of quantum devices [4-6]. Thus, the understanding of
the decoherence process is of great importance. Multiple quantum
(MQ) NMR [7] is of special interest in the investigation of multi-
qubit coherent states since it allows the creation of such states
for a large number of I =1/2 spins, interacting through the
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magnetic dipole-dipole interaction (DDI), and the observation of
their relaxation due to the action of a correlated spin reservoir
[5,6,8-10]. It is also worth noting that MQ NMR is very helpful
for investigating main concepts of quantum information theory
such as concurrence, entanglement, and quantum discord [11].

Among different physical implementations of quantum devices,
spin chains have advantages from both practical and theoretical
perspectives. Some proposals exist in the literature [12,13] to use
spin-1/2 nuclei as qubits in relatively isolated atomic chains. The
interaction between the spins is the magnetic dipole-dipole cou-
pling. The regularity of the lattice creates identical local magnetic
fields for the nuclei throughout the crystal and allows addressing
the nuclei within each chain with a large magnetic field gradient.
One-dimensional spin systems are beneficial in the theoretical
studies of dynamics and relaxation in MQ NMR experiments since
they provide the means of obtaining exact solutions. At present, a
consistent quantum mechanical theory of MQ NMR dynamics had
been developed only for one-dimensional systems [14,15],
although many semi-phenomenological approaches in higher-
dimensional systems have been proposed (for example, [16]). A
well-known physical example of a one-dimensional chain of
nuclear spins is a crystal of fluorapatite Cas(PO4)sF (FAp).
Distinctive features of 'F NMR spectra lineshapes in a single-
crystal of fluorapatite (FAp) has been recognized in early NMR
experiments [17-19].

FAp is a hexagonal crystal with the space group P6s/m and the
lattice parameters a = 9.367(1)A and c (the hexagonal axis)
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=6.884(1) A with one formula unit of Ca;o(PO4)sF, per unit cell
[20]. The structure contains parallel chains of F ions along the c-
axis of the crystal. The distance between neighboring chains is
about three times greater than the distance between the nearest
ions in a chain. Such an arrangement of the '°F spins results in
40 times stronger dipolar coupling between the nearest spins in
the chain than the strongest interaction with the spins of the
neighboring chains. The calculated contribution to the second
moment from '°F spins within a chain is about 97% of the total sec-
ond moment [17,18]. It is also significant that the strength of the
dipolar interaction for a fixed angle 0 decreases with the inverse
cube of the distance and thus the dipole-dipole interaction of the
next nearest neighbors is eight times weaker than the interactions
of the nearest neighbors. The isolated spin chain with the nearest
neighbor interactions is the basis of the theory of MQ NMR dynam-
ics of one-dimensional systems [14,15,21]. The experimental stud-
ies of MQ NMR dynamics of one-dimensional systems were started
in [22-24]. Our experimental results (Sections 5 and 6) are well
described by the isolated chain model.

According to theoretical predictions, only MQ NMR coherences
of orders 0 and +2 arise in a one-dimensional spin chain initially
prepared in the thermodynamic equilibrium state in the admit-
tedly unrealistic approximation of exclusively nearest neighbor
interactions [14,15,21]. Dynamics of those MQ coherences is usu-
ally investigated as a function of the duration of the preparation
period of the MQ NMR experiment [7] when the external magnetic
field is directed along the chain [25,26]. In this case, the interac-
tions of spins from different chains are weak. We note that
heteronuclear interactions are averaged by a pulse sequence irradi-
ating the spin system on the preparation period. The strength of
the dipolar coupling is responsible for the number of spins in the
correlated cluster created in the MQ experiment [5,6,27,28] and
affects the rate of their relaxation [5,9,27,28]. The specific arrange-
ment of the spins in a linear chain allows “tuning” the dipolar cou-
pling between the spins at will by the adjustment of the angle
between the external magnetic field and the chain.

The peculiarities of the decay of the MQ NMR coherences during
the evolution period of the MQ NMR experiment were discussed in
the literature [6,9,29-31]. This period follows immediately after
the evolution period. The DDI is responsible for the relaxation of
the MQ NMR coherences, as we will demonstrate. The effect of
inter-chain and heteronuclear interactions on the relaxation is
small when the external field is directed along the chain. On the
contrary, if the chain is at the “magic” angle with the external field
[32], then the effect of these interactions can be very significant.

It should be noted that the dipolar relaxation considered in this
article is a reversible process. The reversal can be achieved by using
magic-sandwich echo [33]. It is possible that the term “dephasing”
would be more suitable. We use the term “dipolar relaxation (or
decay) of MQ coherences”, as was done in the previous works
[6,30,31].

In [34], the MQ NMR dynamics of a quasi-1D chain in a fluora-
patite crystal was investigated in detail, both experimentally and
numerically. The authors investigated the influence of defects in
producing distributions of run lengths, and the contribution of
interactions of the next nearest neighbors (NNN) for MQ NMR
coherences. They showed that for durations of the preparation per-
iod of less than 0.5 ms the dynamics of the system is well described
by a model with NN interactions. In our work we do not use the
preparation period times more than 0.8 ms. The authors consid-
ered the so-called random cluster model [24] for an estimation
of chain length distribution. The results in [34] were obtained for
a single orientation only. A detailed analysis of the orientational
dependence of MQ NMR coherences was not performed. In [24],
MQ NMR coherences were investigated for two different crystal

orientations. It is worth noting that in [24,34] no investigations
of relaxation, or decoherence, of MQ NMR coherences were
performed.

The paper is organized as follows. In Section 2 the experimental
methods used for the investigation of the orientational dependen-
cies of the dynamics and relaxation of MQ NMR coherences are
described. The features of the crystal structure of FAp, relevant to
NMR experiments, are described in Section 3. In Section 4, the ori-
entation dependencies of °F NMR frequency and linewidth are
presented. In Section 5, we investigate experimentally and theoret-
ically the dynamics of the MQ coherences of order 0 and +2 on the
preparation period for different orientations of the sample relative
to the external magnetic field. The orientational dependence of the
relaxation time of the MQ NMR coherence of the second order on
the evolution period is studied in Section 6. A summary is given
in Section 7.

2. Experimental details

The experiments were performed on a Bruker Avance III spec-
trometer with the static magnetic field of 9.4 T (the corresponding
frequency on '°F nuclei is 376.6 MHz). A probe with a solenoid coil
for 2.5 mm o.d. NMR sample tubes was used. The orientation of the
sample with respect to the external magnetic field was achieved by
the rotation of the sample tube around the solenoid axis. The dura-
tion of the 7t/2 pulses was t, = 0.8 is. The accuracy of the rotation
was estimated to be 2°. The chemical shift values are reported rel-
ative to CFCl;. Hexafluorobenzene (CgFg) at —160 ppm was used as
an external reference.

MQ NMR experiments have been carried out using a conven-
tional phase incremented even-order selective pulse sequence
[7,35]. The scheme of the MQ NMR experiment includes four main
periods: preparation (7), free evolution (t), mixing (7), and detec-
tion as shown in Fig. 1. MQ coherences are created on the prepara-
tion period by a proper pulse sequence which produces an average
two-spin/two-quantum XY Hamiltonian. The basic cycle of the MQ
NMR experiment consists of eight /2 pulses of the duration t, sep-
arated by the delays A and A’ = 2A + t,,. The desired time of excita-
tion of the MQ NMR coherences is accomplished by m repetitions
of this cycle with the overall duration 7 = 12m(A + t,).

Different durations of the preparation period were achieved by
varying the delays A in the range of 0.8-2.5 us and the number of
basic cycles in the range of 1-22. The variation of these parameters
resulted in the duration of the basic cycles in the range of 19.2-
39.6 pus. The longest preparation time 7 ~ 0.8 ms. The intensities
of the MQ NMR coherences at different durations of the free evolu-
tion period t were obtained in separate experiments. The recycle
delay (RD) of 25s was chosen in order to satisfy the condition
RD > 5T, according to inversion-recovery measurements.

3. Sample description

The sample of natural FAp used in the investigation was from
Irkutsk Oblast (Russia) and was translucent pale green. The initial
crystal was a well-shaped hexagonal prism elongated along the c-
axis. The crystal was cut to fit the dimensions of the 2.5 mm o.d.
NMR tube. The dimensions of the crystal were approximately
3.8 x 1.5 x 1.5 mm. The orientation of the c-axis was perpendicu-
lar to larger faces of the sample. The '°F NMR chemical shift, MQ
coherence intensities, and relaxation were measured as functions
of the crystal orientation. The rotation of the crystal was performed
about an axis perpendicular to the c-axis of the crystal which was
initially oriented along the external magnetic field (an arbitrary
axis in the ab-plane of the crystal).
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Fig. 1. Schematic representation of the pulse sequence of the MQ NMR experiment.
MQ NMR coherences are created during the preparation period under the action of a
series of m 8-pulse subcycles during the time 7 and then converted back to
observable magnetization after an identical (except for the 90 degree phase shift)
mixing period [7,35]. The magnetization is then detected by the m/2 pulse. To
separate the multiple-quantum orders, the relative phase ¢ between the prepara-
tion and mixing periods is incremented. The Fourier transform with respect to ¢
yields the MQ NMR spectrum. The intensities of the MQ NMR coherences at
different times t of free evolution were obtained in separate experiments.

The structure of calcium fluorapatite is known from the single-
crystal X-ray diffraction studies[20] and is shown in Fig. 2 (images
were prepared using VESTA software|[36]). FAp is a hexagonal crys-
tal with the space group P63/m and the lattice parameters
a=9.367(1)A and c = 6.884(1) A (the hexagonal axis) with one
formula unit of Ca;o(PO4)sF, per unit cell. There are seven

crystallographically inequivalent atomic sites in a unit cell
(Fig. 2a). The F nuclei are arranged in linear chains along the c axis
on the edges of the unit cells (Fig. 2). These nuclei are separated by
the 1/2 of a c lattice spacing (3.44 A) at the positions z=1/4 and
3/4. Sixfold rotation axes passing through the corners of the unit
cells result in the six nearest F~ ions at the distance of 9.37 A in
the plane perpendicular to the c-axis. It is known that there are
two types of calcium ions in the structure, four Cal and six Call.
There are columns of Ca®" ions which are parallel to the F nuclei
chains and are separated from those chains by one half of the c-
axis parameter. This accounts for two fifths of the Ca®* ions in
the crystal. These ions are given the designation Cal. The remaining
Ca?* sites, designated as Call, form vertices of equilateral triangles
in the plane perpendicular to the c-axis. The centers of the trian-
gles are occupied by F~ ions. The distance between Call and F~ ions
is 2.34 A. There are two triangles rotated by 60° from each other
about the c axis. This constrains the c axis to threefold rotation
symmetry. POi’ tetrahedra are slightly distorted. This results in
3 inequivalent oxygen sites. The arrangement of P can also be
described as equilateral triangles, staggered along the c-axis, in
the plane perpendicular to the c-axis at the z=1/4 and 3/4 posi-
tions with F~ ions in the center (Fig. 2a). The distance between F
and the nearest P nuclei is 3.67 A.

4. The orientation dependence of 1°F NMR chemical shift and
lineshape in fluorapatite

The '°F NMR absorption line of the FAp is known to be strongly
anisotropic [17,18,37]. The variation of the angle between the c
axis of the crystal and the external magnetic field results in
changes of the position as well as the width of the line. The spectra
recorded after a single 7t/2 pulse at different orientations of the
sample with respect to the external magnetic field are shown in
Fig. 3. The angle 0 is defined as the angle between the external
magnetic field and the crystal axis c. The °F chemical shift of the
fluoride anion is very sensitive to the cations to which it is bound
[37-39]. The orientation with respect to the external magnetic
field of the Call triangles around F~ ions strongly affects the '°F
chemical shift. The parallel orientation of the 'F spin chains
results in the most deshielded position of the line while the

Fig. 2. (a) Fluorapatite structure viewed down the c-axis. One unit cell is highlighted. Every chain of '°F nuclei running down the c-axis is surrounded by six identical chains
at the distance of a lattice spacing a = 9.37 A. (b) Part of the crystal structure of FAp showing the surroundings of the fluorine atoms. Oxygen atoms have been removed for
clarity. Fluorine atoms are equally spaced (rg = 3.44 A) and arranged in columns along the c-axis of the crystal. Every fluorine atom is surrounded by three equidistant
phosphorus atoms at e = 3.67 A situated in the vertexes of equilateral triangles in the planes perpendicular to the c-axis as well as by three Call ions at the distance of

2.34A.
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Fig. 3. The changes of the 'F NMR spectra of FAp due to the rotation of the crystal
c-axis about an axis perpendicular to the external magnetic field.

perpendicular orientation shows the biggest upfield shift. The
chemical shift of the FAp is known to be axially symmetric
[23,37-39]. This is well supported by our experiments. The follow-
ing convention for the chemical shift tensor components is used
[32]:

|511 - 51‘50‘ g |522 - 61‘50‘ g ‘533 - 5iso‘ (1)

where §; (i=1, 2 or 3) are the components of the tensor in the
direction of the principal axes in the molecular framework,
Siso = %(5” + 822 + 033) is the isotropic chemical shift. For the case
of an axially symmetric chemical shift tensor one expects the fol-
lowing dependence on the angle 6 [37,40]:

5 =25, sin” 0+ 8, cos? 0 = &, + Adcos® 0, (2)

where ¢ is the effective chemical shift, 6, = 611 = 62, and J; = 933
are components of the tensor, and Ad = (3, — §.) is the chemical
shift anisotropy.

The evolution of the '°F NMR spectra with the rotation of the
FAp crystal about an axis perpendicular to the external magnetic
field is shown in Fig. 3. The chemical shift anisotropy parameters
were determined using Eq. (2). The obtained parameters
diso = —97 &1 ppm and Aé = 87 & 1.5 ppm are in close agreement
with the data reported for mineral FAp in the literature [37-39,41].
The chemical shift dependence was used as the reference for the
determination of the angle between the spin chains and the exter-
nal magnetic field. In the consideration of the dipolar interactions,
the most relevant nuclei in FAp are '°F and 3'P. These nuclei are
spin-1/2 isotopes with high gyromagnetic ratio and 100% natural
abundance. The remaining nuclei in the structure could be safely
ignored due to low content of NMR active isotopes and their low
gyromagnetic ratios, namely “*Ca (I =7/2, natural abundance
0.045%) and 70 (I = 5/2, natural abundance 0.037%).

The secular Hamiltonian of the dipole-dipole interaction can be
written as

He: = Dy (31,?1; ~ - 1,-) =D [2151; - % (1;1; + 1;1;)} . 3)
i<j i<j

where I7 is the a-projection (o = x;y; z) of the spin angular momen-

tum operator, [}, and I, are the raising and lowering operators of

spin m, respectively, I - I = I['I} + II{ +- I/}, and Dy is the dipolar

coupling constant between spins i and j:

2
D; = érzl (1 —3cos”6) = b;(1 — 3 cos®0) @
ij

When the orientation of the chains is parallel to the orientation of
the external magnetic field the resonance is symmetrically split
up into three lines. The line shape could be roughly interpreted as
the splitting of the resonance due to the two nearest neighboring
spins. The splitting due to a single nearby spin amounts to 6b. This
value is equal to the highest possible splitting for the dipolar pair
[42]. Taking into account the identical interaction with another
neighboring spin we obtain the triplet with the spacing of the outer
pair of lines of 12b and the relative intensities of the components
1:2:1 [17]. More accurate calculations for the infinite evenly spaced
spins arranged in a linear chain take into account all nearest and the
next nearest neighbor interactions and lead to a complex multiplet
pattern [18]. A detailed fine-structure of the splitting is masked by
other line-broadening interactions such as interactions between
spin chains, interactions with far neighbors along a spin chain,
and heteronuclear interactions, but the distinctive triplet structure
is conserved [17,18]. This pattern could be roughly described as the
triplet with the splitting of the adjacent lines of about 6b and more
even intensity distribution among the lines.

The experimentally observed pattern could be almost equally
well approximated by 3 equal Gaussian peaks (intensities 1:1:1)
or by a broader resonance at the center and two identical satellites
with smaller intensities and widths (intensities 1:2:1). For the dis-
tance between the nearest fluorine spins of 344 pm, the value of
b=8217 x 10® s~ = 27 x 1.308 kHz. The experimentally
observed splitting of the outer lines of the triplet (15.7 4 0.4 kHz)
is in excellent agreement with value calculated from the structural
data (12b = 15.7 kHz). The effect of the FAp crystal rotation about
an axis perpendicular to the c axis on the chemical shift and the
line width in F NMR spectra is summarized in Fig. 4. The line
width measured at the half maxima in '°F spectra of FAp has the
same angular dependence as that for a rigid pair of identical nuclei
[42].

AV ~ Dj| ~ A|1 — 3 cos? 0], (5)
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Fig. 4. The dependence of the line width (top) and the chemical shift (bottom; the
data are identical to those of Fig. 3) on the angle 0 for single-crystal FAp. The
experimental data are shown by squares and the relevant analytical curves by solid
lines. The dashed line corresponds to the expected splitting of the outer lines in the
triplet.
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where A is a constant. The approximation of the experimental data
with A =10.7 kHz in Eq. (5) is shown in Fig. 4 with the solid line.
The expected splitting of the outer lines in the triplet which have
the functional form of Eq. (5) with A = 6b = 7.86 kHz is represented
by the dashed line. When the c-axis of the crystal is rotated away
from the direction of the magnetic field, the fine structure gradually
disappears (Fig. 3). The satellites become unresolved for the angles
above approximately 30 degrees off the magnetic field.

5. Orientational dependencies of intensities of MQ NMR
coherences in one-dimensional chains

The developed theory of MQ NMR dynamics of one-dimensional
chains [14,15,21] allows us to calculate the intensities of MQ
coherences of orders 0 and 42 on the preparation period of the
MQ NMR experiment [7]. The theory gives an exact solution in
the approximation of the nearest-neighbor interactions between
spins. The solution is valid for relatively small preparation times.
In particular, there exist very simple expressions for the intensities
of MQ coherences [14,15,21] in the case of long linear spin chains
(with the number of spins N > 1):

Go(1) = 5 + 3 Jo(4DT). )
Goal®) = 4 ~ 3ho(4DT), )

where 1 is the length of the preparation period, D = D;;,; is the
dipolar coupling constant of the nearest neighbors, and J, is the Bes-
sel function of the first kind of order 0.

Taking into account that the only argument affecting the evolu-
tion of MQ NMR coherences in Eqs. (6 and 7) is 4Dz, the depen-
dence of MQ NMR coherence intensities on the preparation
period for different orientation of the spin chain can be generalized
in a simple way by introducing the dimensionless scale factor
|D(0)/D(0)| for the preparation time 7. In other words, we intro-
duce the scaled preparation time axis:

7 2
f:|1 32cos 0|17 (8)

for which MQ NMR coherence intensities of zero- and 42 orders
obtained at different orientations collapse onto a single master
curve Go(T) and G.,(T) correspondingly. The absolute value in the
expression accounts for the fact that MQ coherence intensities are
insensitive to the sign of the dipolar coupling constant, according
to Egs. (6 and 7).

In Fig. 5 the dependences of the intensities of the MQ coher-
ences of orders O (upper part) and 42 (lower part) on the scaled
preparation time for different sample orientations are shown.
Experimental values are shown as dots and the corresponding the-
oretical expressions (Egs. (6 and 7)) are given by the solid lines.
Theoretical curves were calculated for the parallel orientation of
the crystal using the D = 16.0 x 10° s~ as in our previous publica-
tions [9,26-28]. This value is slightly less than the value expected
from the structural data D = 2b = 16.4 x 10% s~! but falls within
the margin of error.

The dipolar interaction constant determines the local fields due
to the neighboring spins. For most of the experiments the cycle
times of 19.2, 20.4 and 21.6 ps were used. Longer times were used
only for the orientations close to the magic angle. One should
emphasize that even one-quarter (two pulses) of the Baum-Pines
pulse sequence, in principle, gives the DQ average Hamiltonian.
For such a two-pulse part of the sequence (of length t. < 5 ps),
the condition ypct, < % holds in all our experiments

(wie ~ 1.6 x 10* s71). The full sequence is necessary for averaging

1,0
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2

Fig. 5. The dependencies of the intensities of the MQ NMR coherences of orders 0
(top) and +2 (bottom) on the scaled preparation time for different sample
orientations.

other imperfections (for example, the effects of finite duration of
the pulses).

Experimentally observed MQ NMR coherence intensities follow
the theoretical predictions quite well in the considered range of the
preparation times. Obvious deviations are observed only for the
orientations close to the magic angles (56° and 118° in Fig. 5),
where the dipolar coupling between the spins in the same chain
becomes too small. For the orientation 56°, the emergence of the
coherences of the +2 orders was not observed. The MQ coherences
for the orientation 118° are apparently due to the interactions of
the spins in different chains and hence do not follow the common
trend. Some small deviations are observed for the angles of 44° and
135° which are still close to the magic angle. The latter deviations
could be ascribed to a larger influence of the angle setting error.
The changes of the dipolar constant in this range are the biggest
which result in a greater error in the determination of the correc-
tion factor for the preparation time. Orientations of the chain close
to the perpendicular to the external magnetic field do not show
significant deviations of the MQ intensities despite the fact that
the intrachain dipolar coupling is reduced twice while the inter-
chain coupling is maximal. Taking into account that the only adjus-
table parameter in the theory is the dipolar coupling constant
between nearest neighbors in the chain, the data match the curve
very well.

The first investigation of the MQ NMR dynamics in oriented
crystals of fluorapatite was presented in [24]. Only two different
orientations of the chains with respect to the external magnetic
field were considered (62 and 90 degrees). It was revealed that
the intensities of the zero- and two-quantum coherence orders
plotted versus preparation time show oscillatory behavior. These
data can be explicitly compared with the theory for the MQ
dynamics of linear spin chains with nearest neighbor interactions
[14] using the scaled time axes proposed in the present article.
For this purpose, the original data of fig. 4 in [24] should be
squeezed along the preparation time axis by a factor of 5.9 and 2
for the orientations of 62 and 90 degrees, respectively, according
to Eq. 8. The data for 62° orientation showing the first minimum
and maximum well correspond to the universal curve represented
by the solid line in Fig. 5. The curves for 90° orientation were mea-
sured less accurate with respect to the “frequency” of the oscilla-
tions, however the positions of the maxima and minima appear
to be reproduced by the universal curve. The intensities of the
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two-quantum coherence orders are smaller than that obtained in
our studies. This can be the consequence of the adverse effects of
the higher-order terms in the average Hamiltonian of the pulse
sequence since the durations of the pulses (4.6 ps) and the basic
cycle of the sequence (78 ps) used in [24] were much longer than
that used in the present investigation (0.8 and 20 pis, respectively).

The apatite structure is known to be very prone to a variety of
anionic and cationic substitutions [20]. Natural fluorapatites could
contain defects such as OH™ or Cl™ ions or vacancies replacing F~
ions in the columns. Even in pure single crystals, some defects
interrupting the spin chain are expected to be present [43]. This
results in finite-length segments of F spins in the structure rather
than infinite spin chains. The effect of the finite lengths of the
chains on the '"H MQ NMR dynamics was investigated by Yesi-
nowski and coauthors [22,24] on powdered samples of hydroxya-
patites (OHAp) and fluorohydroxyapatites (FOHAp). Oscillatory
behavior, typical for oriented linear chains [14,15,24], is not
observed for the polycrystalline samples of apatites. Instead, a
steady growth of the higher order MQ coherence orders is observed
with the increasing preparation time. The dimensionality of spin
distributions in solids has a strong influence on the growths of
higher order coherences. 1D systems show much slower MQ
growth compared to 2D systems which is in turn slower than that
of 3D systems [44]. The growth rate of MQ NMR coherences is typ-
ically characterized by the growth exponent « in the power law
dependence of the type N ~ 7% where N is the number of the cor-
related spins. The “effective size” N is extracted from the distribu-
tion of the intensities of MQ NMR coherences at a given
preparation time according to the “Gaussian model” [7] by fitting
the intensities I(n) to a Gaussian function exp(—n?/N), where n is
the coherence order. It was found [22,24] that the growth expo-
nent for a highly stoichiometric sample of OHAp is close to 1
(oe = 0.98), while a slight deficiency of hydroxyl groups in another
sample of OHAp leads to a marked decrease in the growth expo-
nent (#=0.83). Even smaller values were observed for FOHAp with
the composition Cas(PO,4)sFy(OH);_,x with x = 0.24 (¢« = 0.57) and
x = 0.41 (o = 0.50). In [45], the growth of the second moment of
the MQ NMR intensity distribution was investigated, using the
same experimental data.

To examine the possible influence of the non-ideal composition
of the mineral crystal used in our study on the experimental results
we have performed measurements of the growth rate. For the sake
of comparison the sample was powdered. The usage of the same
8-pulse Baum-Pines MQ sequence [7,46] was inefficient (line-
shape distortions and reduced amplitude) due to a considerable
chemical shift range [23,47]. The performance of the sequence
was substantially improved by addition of four 180° pulses for
the offset compensation as proposed in [48]. We observed the
MQ coherences up to the eighth order. The MQ coherences of the
orders higher than 2 appear at later preparation times in compar-
ison with polycrystalline OHAp. This agrees with the literature
[23,43]. The number N of the correlated spins was obtained by
least-squares fitting of the orders of coherence (excluding the
zero-quantum coherence) to a Gaussian function [7,22,24] as
discussed above. The results are shown in Fig. 6. Alternatively
the problems arising due to the wide chemical shift range can be
resolved using the chemical-shift-selective MQ NMR pulse
sequence [23]. In that case the carrier frequency is placed at the
desired position in the powder spectrum while the homogeneously
broadened peaks at all the other chemical shifts are saturated prior
to the application of the MQ NMR pulse sequence.

The growth exponent is equal to 0.94 + 0.05. This value is close
to 1.0 which is expected for fluorapatite with high '°F content.
Additionally, we have performed a quantitative °F NMR analysis
by comparing signals from known amounts of CaF, and FAp (both
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Fig. 6. The dependence of the effective number N of the correlated spins on the
duration of preparation period of MQ NMR experiment 7 for polycrystalline sample.

polycrystalline samples). The '°F content in FAp was determined to
be approximately 87 + 10% of the stoichiometric ratio. We could
not accurately determine the 'H signal from our sample because
it was of the same order of magnitude as the background though
we avoided the proton-containing materials in the probe construc-
tion and the background is not a problem for other samples.

An additional confirmation of the absence of appreciable OH
content in the sample comes from the line-shape analysis. If the
external magnetic field is parallel to the c axis, the 1°F line shape
for FAp is a poorly resolved triplet as discussed in Section 4. For
protons, the line shape is practically the same as for the fluorine
except for a larger separation of the triplet due to a larger gyro-
magnetic ratio [17,49]. The presence of OH defects in FAp results
in the appearance of additional lines outside the triplet in °F spec-
tra as it was shown for the sample with OH:F ~ 1:5 [50]. For the
OHAp sample containing a small amount of fluorine (F:
OH ~ 1:12) the '®F spectrum consists of a triplet and a doublet
[49].

Other substitutions in the structure of FAp, such as substitu-
tions in Ca positions, can also affect the results of MQ experiments.
Such substitutions should affect the chemical shift anisotropy of
the neighboring '°F nuclei. This was not observed in our experi-
ments, as shown in Section 4. This result is confirmed by the
EDX (energy dispersive X-ray) analysis, which shows the absence
of the elements other than F, O, P, and Ca in the sample.

Relatively short T, values (3.8 s for parallel orientation and 5 s
for the orientation close to the magic angle) for our sample in com-
parison with chemically pure synthetic crystals (T; = 1100 s was
observed for the parallel orientation in [43] and 91 s for a pow-
dered sample in [23]) show the presence of sparse paramagnetic
impurities. This time scale is many orders of magnitude greater
than the time scales explored in MQ experiments. According to
the data presented above, the sample contains an acceptable
degree of non-ideality in the 1D chain and this does not strongly
affect the experimental results.

6. Orientational dependence of the relaxation time of the MQ
NMR coherence of order 2

Our calculations show that, when the °F chains are parallel to
the external magnetic field, the heteronuclear interactions do not
significantly contribute to the relaxation of the MQ NMR coher-
ences (their contribution to the second moment of the line shape
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of the MQ coherence of order 2 is about 5% of the total for small 7,
less for large 7), but for some other orientations their effect can be
significant.

The calculation of the relaxation time is performed numerically
for a chain of N =16 spins. The length of 16 spins was chosen
because it was the maximum for which calculations could be per-
formed on the computer used. The results for 12 spins are not sub-
stantially different (the difference in relaxation time is less than 2
us for the preparation period lengths shown in Figs. 5 and 7). This
shows that the presence of occasional defects splitting the spin
chain into fragments (discussed in the previous section) should
not have a significant effect on our results, given the time scales
in our experiments. We will denote the intensity of order-2 MQ
coherence after the preparation period of the length 7 and the evo-
lution period of the length t as F,(7,t). We take the exact solution
for the dynamics of a quasi-one-dimensional spin chain (with
nearest-neighbor couplings) on the preparation period [21] as
the initial condition. In the case of chains parallel to the external
magnetic field, the dipolar coupling constant between the nearest
neighbors in a chain is about 40 times greater than the dipolar cou-
pling constant between spins in different chains. Such an approach
is not applicable in the case of chains forming an angle close to the
magic angle (0 = arctan v2 ~ 54.74°) with respect to the external
magnetic field, because the chains can no longer be considered
as quasi-one-dimensional. We use the following criterion to deter-
mine the significance of the inter-chain interactions:

S D% <5- (2D,2VN), 9)
q

where g can be any spin from chains adjacent to the chain to which
the spin i belongs, Dyy is the nearest-neighbor dipolar interaction
constant, Dg; is the dipolar constant between spins q and i. This
means that the theory is inapplicable in the interval 47° < 0 < 64°
(and 116° < 0 < 133°). Otherwise, the inter-chain interaction on
the preparation period is neglected.

The pulse sequence [7,46] used to generate MQ NMR coher-
ences averages the heteronuclear dipolar couplings to zero during
the preparation period. However, these couplings are important on
the evolution period since they affect the relaxation rates of the 1°F
MQ NMR coherences.

The intensity of the MQ NMR coherence of the second order
decays faster than that of the zeroth-order [9]. Besides, it turned
out that the relaxation of the MQ NMR coherence of the second
order can be considered as a model of decoherence of a many-
qubit cluster in a one-dimensional spin chain [27]. Below we con-
sider the decay of that coherence.
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Fig. 7. The dependencies of the scaled relaxation times of the MQ NMR coherence
of order 2 on the scaled duration of the preparation period for different sample
orientations. The experimental results are shown with dots and the numerical
calculation for the chain consisting of 16 spins are shown with a solid line.

The decay of the intensity of the MQ NMR coherences of the sec-
ond order on the evolution period can be approximated with the
Gaussian function [9]:

Fa(1,t) = Fy(1,0)e ™%, (10)

where Mf) is the second moment of the line shape of the MQ coher-
ence of the second order. This semi-phenomenological formula
agrees well with the experimental data. It is easy to see that accord-
ing to Eq. (10), the relaxation rate of the order-2 MQ coherence is
determined solely by the second moment, which determines the
characteristic time scale of relaxation. We define the relaxation
time as the time when the approximated intensity ?z(r, t) decreases
to 1/e of its value at the start of the evolution period. Thus, the
relaxation time of the order-2 MQ coherence is calculated from
the second moment as follows:

2

T (11)

Trelax =

As regards the order-0 MQ coherence, the definition of its relaxation
time is complicated by the fact that it does not decay to zero on the
evolution period, but reaches a stationary value (which can be lar-
ger than 1/e times the initial value) [9]. The formula (10) has to be
modified to account for that. Thus, studying the relaxation of the
order-2 coherence is methodically clearer.

The calculation of the second moments is similar to [51]: we
take the exact solution of the dynamics of the system on the prepa-
ration period, and calculate the second moment using the formula
[29]:

v - T2 (0 HI[H, p_, ()]} (12)
2 N2V=2F,(1,0) ’

where p, is the part of the density matrix of the system describing
the second-order MQ coherence at the end of the preparation per-
iod, and H is the Hamiltonian governing the system during the evo-
lution period. A numerical calculation for a chain with N = 16 spins
shows that the introduction of interactions between remote nuclear
spins on the same chain on the evolution period improves the
agreement with the experiment. Unfortunately, analytical calcula-
tions in that case are very cumbersome; therefore, we restrict our-
selves to numerical ones. This necessitates using the exact solution
for a finite chain (with nearest-neighbor couplings) from [21] rather
than for an infinite chain [14,15] as in [51].

In order to present the experimental and theoretical results for
the spin relaxation time for different sample orientations, we intro-
duce the scaled relaxation time, analogously to the scaled prepara-
tion time (Eq. (8)):

_ 1 —3cos?(0
Trelax(()) = ‘27()‘ Treax (13)

In Fig. 7 the dependencies of the scaled relaxation times of the
MQ NMR coherences of the second order on the scaled lengths of
the preparation period are given for different orientations of the
sample.

As might be expected, the theoretical predictions yield good
agreement with the experimental data when the orientation of
the chains is close to the orientation of the external magnetic field.
However, at the orientations which approach the limits of the the-
ory as defined by Eq. (9) the experimental relaxation rates are sig-
nificantly faster than the calculated values. The shortest relaxation
times are observed for the angles 44° and 135°. As was discussed in
the previous section, these orientations are located in the range
where the variation of the dipolar coupling constant with respect
to a change in the angle 0 is large. Nevertheless, such discrepancies
cannot be exclusively ascribed to the error in the angle settings.
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The relaxation rates measured at these two different orientations
show a similar trend. Moreover, the orientations at 73° and 95°
which lie between the magic angles and close to the perpendicular
orientation also show faster, though less pronounced, relaxation
rates. For this range of the orientations, the change of the dipolar
coupling with the angle is significantly smaller. Consequently,
these notable differences are not associated with the accuracy of
the angle setting.

The observed discrepancies can be attributed to the increasing
influence of the dipolar coupling between spins belonging to differ-
ent chains. Approaching the chain orientation close to perpendicu-
lar to the magnetic field direction results in the increase of both the
dipolar coupling between spins of different chains and surrounding
31P spins while the intrachain dipolar couplings are significantly
reduced.

In contrast to the dependences of the intensities, where the
experimental data are consistent with the theory in the whole
range of the angles except for the close vicinity of the magic angles,
the relaxation times conform to the theory’s predictions within a
narrower range of approximately 30° around the parallel orienta-
tion. This range roughly corresponds to the orientations where
the splitting due to the nearest neighbors is resolvable in the single
quantum spectra (see Fig. 3). The theory gives quite a good predic-
tion of the experimental data in spite of the fact that the intrachain
dipolar interactions decreases to 1.6 times the value for the parallel
orientation on the boundary of this range and the interchain and
heteronuclear dipolar interactions become more significant.

7. Conclusion

We investigated experimentally and theoretically the dynamics
and relaxation of the MQ NMR coherences for different sample ori-
entations relative to the external magnetic field on quasi-one-
dimensional system of fluorine spins in fluorapatite. We have
shown that the effect of inter-chain and heteronuclear interactions
on the relaxation time can be significant for some orientations of
the sample. The experimental data on the dynamics and relaxation
of the MQ NMR coherences are in agreement with theoretical
results. This means, in particular, that the relaxation of the MQ
NMR coherences on the evolution period is determined by DDI.
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