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Mixed iron-gallium borate crystals Ga; _yFeyBO3; have been studied by Magic Angle Spinning (MAS) NMR
of "B isotope. Experimental MAS NMR spectra have been computer simulated using a laboratory-de-
veloped code. The quadrupole parameters and isotropic chemical shift for "'B are consistent with
threefold-coordination of boron atoms. A detailed fitting to the experimental NMR spectra reveals the
existence of a certain local disorder in Ga;_,Fe,BO3 crystals.

1. Introduction

Crystals of borate family with chemical formula M3*BOs,
where M3+ =Ti, V, Cr, Fe, Ga, etc., are crystallized in D, space
group and have a calcite structure with two formula units per unit
cell. For different M3+ ions, these crystals possess very different
electronic, magnetic and optical properties [1]. For instance, va-
nadium borate, VBOs is semiconducting and ferromagnetic with
Tc=32.5K [1] while iron borate, FeBOs is insulating and canted
antiferromagnetic below Ty=348 K [2]. Besides, iron borate com-
bines room-temperature magnetic ordering with considerable
transparency in visible spectral range; therefore, it is a good can-
didate for magneto-optical applications [3-5]. FeBOs single crys-
tals are also known for their extraordinary magnetic and acoustic
resonance properties [6].

Solid solutions of M>*BO; crystals with different M>* ions are
promising materials for solid-state lasers and acousto-optic de-
vices due to their extraordinary optical, mechanical and thermal
properties [1-5]. These properties substantially depend on che-
mical composition and structural and compositional ordering of
the crystals. A certain degree of disorder, expected to be present in
such crystals, manifests itself in inhomogeneous distribution of
local electric fields and can be suitably studied by NMR [7]. In the
case of NMR of quadrupolar nuclei, structural information is con-
tained in the chemical shift 5§ and quadrupole coupling parameters
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[8,9] which can be extracted from experimental spectra by com-
puter simulations. Several NMR simulation programs are available,
e.g., GAMMA, SIMPSON, Winfit, STARS, Wsolids, QUASAR, QuadFit
and DMFit [10-18]. Unfortunately, most of these programs either
do not take into account distributions of NMR parameters caused
by local disorder, or, in the best case, employ insufficiently general
distribution forms [19].

In the present work, the Magic Angle Spinning (MAS) NMR of
B has been used for the first time to study iron-doped gallium
borates, Ga,_,Fe,BO3 (x=0, 0.01, 0.02). Experimental MAS NMR
spectra have been computer simulated using a laboratory-devel-
oped code explicitly taking into account the distribution of the
quadrupole parameters in the most general form, the so-called
Maurer’s distribution [20]. The results of our EPR study of these
crystals have been published elsewhere [21].

2. Experimental details
2.1. Sample preparation

Ga, _xFe,BO5 single crystals were synthesized by solution-in-melt
crystallization [22] carried out in Ga,03-Fe;03-B;03-PbO-PbF; sys-
tem. Previous probe method and differential thermal analysis have
allowed determining charge component ratios and corresponding
temperature modes optimal for the crystal synthesis. In particular,
significant adjustment of the temperature mode was necessary in
order to achieve good crystallization results for different x values.



The contents of various chemical elements in the synthesized
crystals were determined by X-ray fluorescence analysis (XRF) and
energy-dispersive spectroscopy [22]. XRF showed significant dif-
ferences between gallium and iron concentrations in the charge
and in the synthesized crystals. Besides, considerable concentra-
tion variations were observed for crystals grown in the same
crucible; for instance, with an initial iron concentration of 1% in
the charge, the spread of iron concentrations in the crystals was
from 0.2% to 4.0%.

2.2. Experimental techniques and equipment

The "B MAS NMR spectra of Ga,_Fe,BO5 ground to powders
sufficiently fine to avoid preferential crystallite orientations, were
measured at 128.384 MHz frequency in 9.4 T magnetic field using
a Bruker Avance-400 NMR spectrometer. A 4 mm in diameter
zirconia (ZrO,) rotor cell equipped with BN stator filled with
powdered sample was spinning under magic angle at 10 kHz fre-
quency. A 90° — z — 180° — r—Acq Hahn two pulse echo sequence
with echo delay = has been used to record NMR signals from ''B
nuclei [23-26]. "B nucleus has I=3/2 nuclear spin, and for se-
lective excitation of the central transition +1/2 < x 1/2 the opti-
mal pulse duration equals to that of a non-selective /2 pulse di-
vided by I +1/2=2 [8,9]. In our experiments, the duration of the
first radiofrequency (RF) pulse in the Hahn two pulse echo se-
quence was tj=1.75 ps. The recycle delay between acquisitions
was 0.5 s, and a total of 1024 acquisitions was sufficient enough to
resolve the characteristic borate spectral features for the poly-
crystalline samples.

The "B NMR spectra were computer simulated using a la-
boratory-developed code. For the sake of comparison, the DMFit
program [18] was also used in some simulations.

3. Results and discussion
3.1. Experimental results and “standard” computer treatment

Figure 1 shows "B MAS NMR spectra for Ga;_Fe,BO; powders
with x=0, 0.01 and 0.02. These spectra reveal a characteristic MAS
quadrupolar powder pattern, cf. refs. [8,9]. For !B nuclei the shape
of MAS NMR spectra is determined by interactions between the
nuclear magnetic moments and the applied magnetic field as well
as by coupling between the nuclear electric quadrupole moment Q
and the electric field gradient (EFG) produced by the surroundings
[8,9]. The EFG is described by a second rank tensor V with prin-
cipal components Vj; (i=x, y and z) [8, 9]. The symmetry of the EFG
is expressed by the parameter n = (Vxx - Vyy)/sz; in particular, in
axial symmetry Vix = Vjy and n = 0.

At first, we have simulated MAS NMR spectra with the help of
the DMFit program [ 18]. The best-fit NMR parameters &, Cg, 7 and
the (Lorentzian) linewidth ¢, for 'B isotope are given in Table 1.
The corresponding computer-generated MAS NMR spectra are
shown in Fig. 1.

In the experimental conditions of the present work, the
quadrupole interaction for !'B isotope is small with respect to the

Table 1
NMR Parameters for ''B isotope in Ga; _xFe,BO5 obtained with the DMFit program.

X 0.00 0.01 0.02

Siso, PPM 24.5+0.1 249+041 276 +£0.1
Co, MHz 2.84+0.02 2.86 +0.02 3.16 + 0.02
oy, kHz 0.118 £ 0.01 0.133 £ 0.01 0.564 + 0.01
n 0

|
40 20 0 -20
ppm

Fig. 1. Experimental (black lines) and computer-generated with the DMFit program
(dashed red lines) MAS NMR spectra of ''B in Ga; _Fe,BO3; with x=0.00 (a), 0.01
(b) and 0.02 (c).

Zeeman interaction; therefore, its contribution can be calculated
as a perturbation. In the first order, the quadrupole interaction has
no effect on the central NMR transition (+1/2 < x 1/2); only the
satellite transitions (+1/2 < ¥ 3/2) are affected [8,9]. Besides, MAS
has no “magic” properties on the second order quadrupole inter-
action, so, the NMR lines belonging to the central NMR transition
will not be averaged. Therefore, in the MAS experiments on
powdered samples only the spectrum of the central transition is
usually observed [8,9]. In the calcite structure of M>*B0s, the BOs
groups are located in the plane perpendicular to Cs axis, so, boron
sites have Cs local symmetry. The simulation results are consistent
with threefold-coordination of boron in Ga;_,Fe,BOs3 structure
[27].

One can see that the DMFit program allows reproducing the
main spectra characteristics; however, relative amplitudes and
widths of the spectra features cannot be satisfactorily reproduced.

Most obvious mechanisms of broadening of the MAS NMR
spectra of "B in Ga;_cFe,BO3 with increasing x are the following
ones: (i) dipole-dipole coupling between the electron spins of
Fe>* jons and the nuclear spins of the !'B isotope and (ii) local
disorder (statistical site-to-site distribution of atomic positions)
caused by iron doping and manifesting itself in distributions of the
NMR parameters.

The NMR spectra broadening caused by dipole-dipole inter-
actions would have roughly similar impact on all spectral features.
In Fig. 2 we show a series of spectra calculated with different
linewidths. One can see that these simulations do not satisfactorily
reproduce the shape of the experimental spectra. Therefore, di-
pole-dipole coupling between paramagnetic nuclei and Fe>* ions
cannot be the leading mechanism of the observed NMR spectra
broadening with increasing iron contents.

3.2. Local disorder and distributions of NMR parameters

In order to improve the quality of fitting to the experimental
MAS NMR spectra, we have assumed the presence of a certain
local disorder in the crystals resulting in distributions of the
quadrupole parameters for ''B nuclei in Ga; _xFe,BOs. In this case,
different features are expected to broaden to a different extent
because of complex and, generally, non-linear relations between
the NMR parameters and the resonance frequencies. To handle this
situation, we have put forward a simulation code taking into ac-
count the quadrupole parameter distribution described by the
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Fig. 2. Series of computer-generated MAS NMR spectra of "B with fixed para-
meters diso = 24.5ppm, n =0 and Cqo = 2.86 MHz for all spectra and different
linewidths: ¢, = 0.04 (a), 0.08 (b), 0.12 (c), 0.16 (d) and 0.20 kHz (e).

Maurer’s joint distribution density (JDD) [20] appropriate in the
case of randomly disordered structure possessing an intrinsic non-
cubic local symmetry.

The resonance frequency of the central transition in the MAS
experiment up to the second order of the perturbation can be
written as [8,9,28]

2
vr =i (1 + 8iso) — STQ[I(I +1) - %]
L

2
1 1+ +Acos*9 +Bcos?§ + C
5 3 M

In Eq. (1), vqg = 3Co/2I (2] — 1), and A, B and C are functions of
and ¢ given in [9, 28]. In our case the polar angle § is defined with
respect to the Cs axis and the azimuthal angle ¢ is defined with
respect to the C, axis (see ref. [2] for the axes definition).

Slightly transforming and amending for a clerical error eq. (10)
of ref. [20], the JDD of variables 4 and y, related to Cy and 5 as

Co = A cos(z[6 — yy and 5 = 3 tan(x/6 — y), becomes:
A
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Here Ag and yq are mean values, ¢, and ¢, are distribution widths
of the corresponding parameters, and p,, is a correlation coeffi-
cient between 4 and .

The NMR spectra are computed by integrating over distributed
values of 4 and y, and over different orientations:

27 T /6 © .
A(l/)ocfo fo /O /0 P yF@ - v, o)sin Sdadydsdy

In Eq. (4) Fw - v, ¢,) is an intrinsic lineshape with a linewidth
o,. In the case of line broadening due to distributions of the Ha-
miltonian parameters, one gets [29]:

v\ o ¥ aur 0
{,yz:(ﬂ) 2+ (%) 2422 % 56,
oA oy A oy (5)

Our computer simulation code' is organized in the following
stages.

1. The resonance frequencies, Eq. (1) are calculated by Monte
Carlo technique for different orientations of 'B nuclear spins
and different values of the distributed spectroscopic
parameters.

2. Each individual resonance is represented by a normalized
lineshape function (Lorentzian, Gaussian or other) with a
linewidth given in Eq. (5).

3. A MAS NMR spectrum is generated by summing up all in-
dividual resonances weighted by the Maurer distribution den-
sity, Egs. (2) and (3), and the sin § factor.

The determination of the mean spectroscopic parameters 4g
and yy is straightforward, as far as changing these parameters
directly affects the resonance frequencies. On the other hand,
distributions of 4 and y mainly affect the NMR spectra shape. The
impact of these distributions is illustrated by series of computer-
generated spectra shown in Figs. 3-5. As one can see from Fig. 3,
increasing of ¢, leads to a significant broadening of the spectral
feature at ca. 5 ppm, at the same time, the feature at ca. 20 ppm is
much less affected. On the other hand, increasing ¢, results in a
significant broadening of the spectra feature at ca. 20 ppm, see
Fig. 4. Fig. 5 shows the transformation of the computer-generated
spectra with varying the correlation coefficient p,,,; this parameter
particularly affects the shape of the line at ca. 20 ppm.

As one can see from Figures 3 to 5, the spectra features are very
sensitive to the distribution widths of A4 and y as well as to the
correlation coefficient p,,; besides, these characteristics affect the
spectra shape in a different manner and extent. Thus, a careful
choice of different sets of the fitting parameters allows fine-tuning
the shape of a computer-generated spectrum. As a result, very
close fittings to the experimental spectra can be obtained.

The best-fit NMR parameters for !'B nuclei, determined using
our laboratory-developed code, are given in Table 2, and the cor-
responding computer-generated spectra are shown in Fig. 6. Ob-
viously, with this code the quality of fitting to the experimental
spectra is considerably improved.

This result provides a strong evidence in support of the idea
that the observed NMR spectra broadening in Ga;_.Fe,BO3 crys-
tals with increasing iron contents is an increase in local disorder.

In order to further check the consistency of the spectroscopic
parameters determined, we have tried to computer simulate a static
(measured without rotating the sample) "B NMR spectrum in
Ga, _xFe,BO3 with x = 0.00 crystal. The static spectrum corre-
sponding to the central transition has been calculated using Eq. (1)
with anisotropic chemical shift added and the A, B and C functions
corresponding to the static NMR case, e.g., see ref. [28]. Fig. 7 shows
the experimental and computer-generated spectra with the
parameters given for this crystal in Table 2. In addition, we were
bound to assume an anisotropy of the chemical shift:
S5x=08y=>5, §;,=—10ppm (this anisotropy is averaged in a MAS
NMR [8]). In order to account for the severe broadening of the

1 Available on request from the authors.
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Fig. 3. Series of computer-generated MAS NMR spectra of "B with yg = 0.523,
oy = 0.015 and py, = 0.2 and different distribution widths of A: o4 = 0.01 (a),
0.02(b) 0.04(c, best-fit for Ga;,Fe,BO; with x=0.01), 0.08 (d) and 0.16 MHz (c).
Ao = 2.86 MHz for all spectra.
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Fig. 4. Computer-generated MAS NMR spectra of ''B with parameters A9 = 2.86 MHz,
oa=0.04 and p,, = 0.2 and different distribution widths of y. ¢, = 0.005 (a), 0.015
((b), best-fit for Ga;_FeyBO3; with x=0.01) 0.025 (c), 0.035 (d) and 0.045 (c). yy = 0.523
for all spectra.

static NMR spectrum with respect to the MAS one, a much larger
linewidth, ¢, = 3.8 kHz had to be chosen. One can see that, in spite
of a somewhat poor signal-to-noise ratio in the experimental
spectrum, its main features are convincingly reproduced. This evi-
dence confirms the trustworthiness of the spectroscopic parameters
obtained by computer simulating the MAS NMR spectra.

Further experimental work as well as computer simulations of
the static NMR spectra in Ga, _xFe,BOs crystals are in progress.

4. Conclusions

The MAS NMR spectroscopy of the 'B nuclei allows identifying
local symmetry and determining local structure for these atoms in
Ga; _,Fe,BOs crystals. The simulation parameters obtained for 'B
are consistent with threefold-coordination and Cs intrinsic sym-
metry for the ''B nuclei. The behavior of the MAS NMR spectra with
the increase in iron contents has been related to variations of
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Fig. 5. Computer-generated MAS NMR spectra of '"B with 4¢ = 2.86 MHz,
oa=0.04, yp=0.523 and ¢, =0.015 and different correlation coefficients
pay: — 08 (a), =03 (b), +0.2 ((c), best-fit for Ga;.«<Fe,BO; with x=0.01), +0.5
(d) and +0.8 (e).

Table 2
NMR Parameters for ''B isotope in Ga;.xFe,BO5 obtained with our laboratory-de-
veloped code.

x 0.00 0.01 0.02
Siso, PPM 247 +0.1 245 +0.1 276+0.1

Ao, MHz 2.84 +0.02 2.86 +0.02 3.16 + 0.02
s, MHz 0.04 + 0.01 0.04 +0.01 0.08 + 0.01

wo 0.510 to 0.523

oy 0.011 + 0.005 0.015 + 0.005 0.027 + 0.005
Pay 0.1+0.1 0.2+0.1 ~03+01
Co, MHz 2.84+0.02 2.86 +0.02 3.16 + 0.02
ocg 0.04 + 0.01 0.04 + 0.01 0.08 + 0.01

o 0.0 to 0.023

o 0.019 + 0.009 0.026 + 0.009 0.047 +0.009
P 01401 ~02+0.1 0.3+0.1

ppm

Fig. 6. Experimental (black lines) and computer-generated with our laboratory-
developed code (dashed red line) MAS NMR spectra of 'B in Ga;_Fe,BO; with
x=0.00 (a), 0.01 (b) and 0.02 (c).
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Fig. 7. Experimental (black lines) and computer-generated with our laboratory-
developed code (dashed red line) static NMR spectrum of ''B in Ga, _,Fe,BO3 with
x=0.00. See text for the simulation parameters.
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quadrupole parameters and chemical shift caused by disorder in the
local environment This assumption is corroborated with accurate
computer simulations of Fe>* EPR spectra [21], showing the ex-
istence of a certain degree of local disorder in iron-doped gallium
borate crystals.
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