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LETTER TO THE EDITOR

NMR investigation of mechanically milled nanostructured
GaF3; powders

B Bureau, H Gérault, G Silly J Y Buzaé and J M Greache

Laboratoire de Physique de I'Etat Condend PRES-A CNRS no 6087, Universidu Maine,
72085 Le Mans Cedex 9, France

Received 15 July 1997

Abstract. High-energy ball milling is suitable for the preparation of nanostructured powders.
First, high-resolution, solid-state nuclear magnetic resonance (NMR) investigatid?s, 6Ga
and’Ga in ball-milled ionic Gag are presented. The quadrupolar parameter and the isotropic
chemical shift distributions are determined for the three nuclei. The quadrupolar parameter
distributions give clear evidence of two main structurally different phases in mechanically milled
Gak;. Adiscussion based upon molecular dynamics simulations allows us to distinguish these two
phases according to the size of the distortion of thed3affahedral units: the lowest distortion is
related to crystalline grains and the highest one to grain boundaries. Itis thus concluded that NMR
is a technique well adapted to the quantification and characterization of these two phases.

1. Introduction

Due to their potential applications in various areas (new alloys and ceramics, catalysts, high
diffusivity materials,. . .) there is a great interest in developing nanocrystalline materials [1-
5]. These are polycrystalline powders with grain sizes of a few nanometres and a large
interface fraction compared to that of the crystal. The grinding or ball-milling process is
a well known method to reduce the size of the particles of various materials. Very often
this technique is concerned with metallic materials. Generally, the structural and micro-
structural properties of the ball-milled powders are studied by x-ray diffraction (XRD) and
transmission electron microscopy (TEM) [6]. These techniques characterize the grain size
and its distribution. Since grinding of materials is a complex process depending on many
factors, characterizations using all kinds of methods are needed for meaningful comparisons
of experimental results. Local probe techniques can provide fruitful structural information
because they are able to distinguish resonating species with different atomic environments.
Overrecentyears, bssbauer spectrometry [7—11] has shown its ability to estimate proportions
of grains and grain boundariesin the case of nanocrystalline alloys containing appropriate probe
nuclei.

The aim of this work is to demonstrate that solid-state nuclear magnetic resonance (NMR)
is also well suited to the characterization of the ball-milled powders and to the study of
the process of ball-milling. Because both crystalline and amorphous ionic fluoride phases
behave as excellent model systems, we now concentrate our investigations on ball-milled
ionic basic fluorides. Great attention has been focused on the compoung ligaBuse it
contains three NMR active nucléiF (I = 1/2) and®®"'Ga (I = 3/2). In addition, the
Gak; crystalline and amorphous related phases andFPhi—Gak; (PZG) glasses have
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been investigated recently BYF and®®71Ga solid-state NMR [12—15], which should allow
informative comparisons. In particular, it has been shown that magic angle spinning (MAS)
NMR of fluorine nuclei gives evidence for Gabctahedra connectivity [12, 13] and NMR of
quadrupolar Ga nuclei together with electric field gradient modelization are powerful tools to
quantify the octahedron distortions [12, 14, 15]. Moreover, the NMR results on ball-milled
Gak; have been compared to ddsbauer data obtained on the ball-milled ferric fluoride
FeFs; [16].

2. Experimental details

2.1. Materials

The mechanically milled Gafphase was prepared from the rhombohedral crystalline phase of
Gak; under an argon atmosphere in a commercial Fritsch Pulverisette 7 planetary ball-mill for
20 h at maximum power. Four zircon balls were used in each zircon vial with a powder-to-ball
weight ratio of typically ¥30. The NMR rotors were filled in a controlled atmosphere to
prevent the nanostructured powders from hydrolysis. An x-ray pattern was recorded to control
the ball-milled Gak structure. This enabled us to evidence the presence of crystalline grains,
the sizes of which were estimated to be about 12—14 nm [16].

2.2. NMR measurements

The experiments were carried out at room temperature on a Bruker MSL 300 spectrometer
(7.0 T). Acommercial double bearing 4 mm MAS probe was used for static and MAS (15 kHz)
spectra.

The uniquel®F isotope (abundance 100%) has a nuclear gpie 1/2 and a good
sensitivity (0.83). Its Larmor frequency is 282.282 MHz. THE spectrum processing and
acquisition parameters were identical to those used intYReexperiments in PZG glasses
[13]: 15 kHz MAS, 7us singler /2 pulse duration for a uniform irradiation over a 100 kHz
bandwidth, 1 s recycle time>(5T3), spectral width 300 kHz, time domain 1024 points and
200 scans per spectrum. The measured isotropic chemicalghitdefined ag;; = o,..r—oii,
whereo;; (i = x, y, z) are the principal components of the shielding tensey,is the shielding
tensor of the external referencgfg andsé;,, = % (8xx +8yy +6822).

Both °Ga and’'Ga isotopes havé = 3/2, their Larmor frequencies are 72.003
and 91.491 MHz and their quadrupole moments @é°Ga) = 0.17 x 1028 m? and
0("'Ga) = 0.11 x 10728 m?, respectively. The definitions of the measured quadrupolar
parameters are as follow¥y x, Vyy andV;; are the principal components of the electric field
gradient tensor, with the conditidizz| > |Vyy| > |Vxx| andVzz = eq, the quadrupolar
frequency is written as, = 3¢%q /21 (21 — 1)h where(Q is the quadrupolar moment and
the asymmetry parameter is given y = (Vxx — Vyy)/Vzz. The Ga isotropic chemical
shift &;,, is defined as above f8PF. K,NaGafg, in which the Ga atoms stand at the centre of
regular octahedra [17], is used as an external reference. For six-fold coordinated Ga, it was
previously shown that,.;,, is negligible in comparison with, [18—-20].

As in PZG glasses [14] and amorphous G4F5], the °Ga and’'Ga static spectra
in mechanically milled Gafextend over more than 1 MHz due to the large quadrupolar
interaction and it is thus impossible to irradiate uniformly the whole frequency range. The
Ga spectra processing and acquisition parameters were similar to those used in previous
experiments [14, 15]. Only the variable offset cumulative spectrum (VOCS [21]) technique
together with full-echo acquisitions allowed us to acquire undistorted complete spectra. About
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20000 scans were necessary for each echo spectrum with a recycle delay of 250 ms. The
radiofrequency field strength (100 kHz) was measured on a liquid containiig iGas

(2.5 us for t, 5 liquid). The pulse lengths,,;., was chosen to be much smaller thap

(tz/2 ~ 3.5¢,us5.) to ensure a linear irradiation regime in order to avoid the distortion of the
central transition [22, 23].

3. Results

3.1.1F MAS NMR

The ball-milled Gak °F spectrum is compared in figure 1 with those obtained in crystalline
and amorphous Gaff12, 13]. The'°F MAS NMR spectra were recorded at 15 kHz spinning
speed; then the chemical shift was averaged and the strong dipolar interaction b&fveen
nuclei was reduced. Due to the MAS rotation, some spinning side bands appear (labelled
in figure 1) at 15 kHz around the actual central fluorine line. ¥eisotropic chemical shift

in the two disordered GaFphases is equal to the value measured in the crystalling:GaF
3iso = —3 ppm [12, 13]. The structural disorder affects only the linewidths: the isotropic line
is larger in the ball-milled Gaj«(4.8 kHz) than in the crystalline phase (3.3 kHz), but thinner
than in the amorphous one (8.6 kHz).

200 0 -200 (ppm)

Figure 1. 19F MAS NMR spectra of amorphous (a), ball-milled (b) and crystalline (c) {3aF
recorded at 15 kHz. The lines labellé@re spinning side bands.

3.2.6971G3 static NMR

As previously observed in amorphous GaRd PZG glasses [12, 14, 15], tf#6&a spectra are
simply deduced from th€'Ga corresponding ones by a multiplication of the frequency scale
by a factor 3.2. Therefore, in the following, onfyGa spectra will be shown and discussed.
In figure 2, the ball-milled’*Ga static NMR spectrum is compared with those obtained in
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Figure 2. "?Ga NMR spectra of amorphous (a), ball-milled (b) and crystalline (c):GaF

crystalline and amorphous GaFAs for 1°F, at first sight, the structural disorder induced by
the ball-milling process only affects the linewidth and its value is intermediate between those
observed in crystalline and amorphous GaEspectively.

In PZG glasses [14], as in amorphous G&F5], the strongly asymmetric broad line
without any resolved structure was simulated using a unique quadrupolar parameter distribution
P(vg, ng) established by Czjzedt al in the case of a dense random packing of hard spheres
[24,25]. TheP(vp, ng) expression may be written as

Vé(l + 772Q/3)
202

1 _
P(ng.ng) = mvé - 772Q/9) eXp{‘

wheres andd are two adjustable parameters.

Simulations of botl$°Ga and''Ga NMR spectra were performed using a modified version
of the WINFIT Bruker software package developed by Massioal [26] who introduced
Czjzek’s distribution in the program: details about simulations applied to disordered fluorides
using theP (vg, 1) distribution can be found in [14].

In contrast to amorphous Gaer PZG glass, an unique Czjzek’s distribution did not
allow us to reconstruct tf€Ga and’*Ga static spectra of ball-milled GaFt was necessary
to introduce a second distribution. The best fit obtained by using two distributions with
400 pairs of quadrupolar parameters, (1) is presented in figure 3. The corresponding
’1Ga parameters are as follows: for the broad contribution, the relative intensity i59.3,

o = 4900+100 kHz; for the sharp one the relative intensity is @.3; 3,0 = 1100+100 kHz;
the isotropic chemical shift i§;,, = —60+ 10 ppm for both contributions. F&PGa, the
chemical shifts are identical and thevalues have to be multiplied by 1.55 (the ratio of the
quadrupole moments).
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Figure 3. Experimental and simulatédGa NMR spectra (a), the calculated spectra is the weighted
sum of the two spectra obtained from Czjzek’s distributions. Czjzek’s distributions used to calculate
the simulated spectra: (B)= 3,0 = 1100 kHz; (c)d = 3,0 = 4900 kHz. (d) Total quadrupolar
parameter distributions with 30% of the thin Czjzek’s distribution plus 70% of the broader one.

4. Discussion

In such mechanically milled powders, two contributions called grains and grain boundaries are
generally expected [27]: the grain structure is not far from the structure of the starting material
(crystalline Gak), whereas the grain boundary is much more affected by the ball-milling and
its structure should be close that of amorphous £58fe Ga NMR spectra are in agreement
with this model. Thes parameter of the broad Czjzek’s distribution (4900 kHz) is larger
than the one found for the amorphous G#B500 kHz [12, 15]). So, on average, the related
fluorine octahedra are somewhat more strongly distorted than in the amorphous phase and so
are attributed to the grain boundaries. On the other hand, the srpallameter of the sharp
Czjzek’s distribution (1100 kHz) is related to octahedra which are somewhat slightly more
distorted than that obtained in crystalline GgF, = 500 kHz [12, 15]): these octahedra are
expected to belong to the crystalline grains.
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Figure 4. Quadrupolar parameter distributions and related simulated NMR spectra calculated
from molecular dynamics data at (a) ‘10 K’ and (b) ‘300 K’ with(F~) = 1.75 A3. (c) The
experimental spectrum (thick full curve) is compared to the calculated one (thin full curve).

The chemical shift value of both contributiorfs,f = —604 10 ppm) is typical of a six-
fold fluorine coordinated gallium [14, 15]. This result proves that the ball-milling process does
not break the octahedral entities. Furthermore, the crystalline rhombohedral and amorphous
GaF; networks are built up from corner-shari(@aFs)~ octahedra[15, 27]. THEF isotropic
chemical shift 3 ppm) measured in these compounds is typical ofdhs shared between
two fluorine octahedra centred on%éons [13]. In contrast to PZG glasses, neither unshared
nor free fluorines whose chemical shifts would be about 70 ppm and 150 ppm, respectively, in
such fluorine compounds [13] are observed. Finally, we may infer that the ball-millegd GaF
network is built up from corner-sharingaks)®~ octahedra.

In a previous work [12, 15], we have shown that it is possible to quantify the radial and
angular octahedron distortions in amorphous &afperforming electric field gradient (EFG)
calculations. The results were found to be strongly dependent onthenFpolarizability
denoted ag.(F): the largera, (F7) is, the higher the calculated quadrupolar frequencies
and the broader the related calculated NMR spectra.
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Figure 5. Ga—F distance and F-Ga—F angle distributiongGaFs)3~ octahedra obtained by
molecular dynamics calculations at ‘10 K’, ‘120 K’ and ‘300 K’ starting from the rhombohedral
GaF; phase.

The amorphous Gafoctahedron distortions were simulated by using molecular dynamics
calculations starting from the crystalline rhombohedral €42, 15]. The ‘temperatur®’ is
the relevant parameter of the calculation. It fixes the total energy of the system. The higher it
is, the faster the ions move and the larger the generated octahedron distortions [29]. A previous
EPR study has shown that the amorphous Zaffahedra were slightly distorted and that the
atomic position data files obtained at ‘120 K’ gives a good account for the EPR spectra [29].
The same conclusion was obtained in NMR usirighIA® for the F~ ion polarizability [12, 15].
This value is not far from B2 A2 recently calculated by Shannon [30]. So, in order to simulate
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Table 1. Mean values and standard deviations (st. dev.) of the radial and angular distributions
obtained by molecular dynamics simulations: ‘10 K’ corresponds to the grain, ‘120 K’ to the
amorphous Gag-and ‘300 K’ to the grain boundariesa) and(g8) stand for mean values of the

two kinds of F-Ga—F angles in GgBctahedra.

(dGa—F) Radial st. dev. (a) st. dev. (B) st. dev.

A A ©) from 90 (°) ©) from 180 (°)
‘10K’ 1.887 0.008 90.00 1.51 178.1 2.27
‘120K’ 1.888 0.026 89.99 3.00 175.7 4.84
‘300 K’ 1.893 0.042 89.98 4.83 173.0 7.89

the structure of the two ball-milled Gagphases, we also use this polarizability value. The
atomic position data files obtained at ‘10 K’ and ‘300 K’ enable us to reach a good agreement
with the thin and large contributions of the experimental spectrum, respectively. The calculated
quadrupolar parameter distributions are illustrated in figures 4(a) and 4(b) and the total simu-
lated spectrum is compared with the experimental one on figure 4(c). Figure 5 displays the octa-
hedron distortion distributions at ‘10 K’ (grain), ‘120 K’ (amorphous phase) and ‘300 K’ (grain
boundary): 80% of the angles F—-Ga—F (labedlextable 1) are distributed aroundénd 20%
of the angles F—-Ga—F (labellgdn table 1) near 180 Table 1 compares the mean values and
the standard deviations of the radial and angular distributions obtained for amorphayud®aF
grains and the grain boundaries of ball-milled Gathe octahedra of the grains are only slightly
distorted whereas those of the grain boundaries are more distorted than in amorphgus GaF

It is important to emphasize the high sensibility of NMR in studying quadrupolar
nanostructured systems, through short-range quadrupolar interaction (first neighbours). In
addition to an estimate ofthe crystalline fraction in these nanostructured fluorides, NMR reveals
the presence of slightly distorteaFs)®~ octahedra within crystalline grains. This weak
local disorder probably originates from the presence of microstresses mechanically introduced
during the ball-milling process, which is also pointed out by x-ray pattern analysis [16].
Such small effects might be evidenced by$sbauer spectrometry on quadrupolar systems.
Nevertheless, this technique is widely applied to iron-based magnetic systems, which prevents
the detection of local distortions because the magnetic interactions completely dominate the
quadrupolar effects in ferric or metallic systems. In other respects, diffraction techniques
average structural data over the coherent diffraction volume.

5. Conclusion

Using different acquisition technique¥F, %°Ga and’*Ga NMR spectra were recorded in
ball-milled Gak. From the relevant chemical shift values, it appears that the ball-milled GaF
network is built up from corner-sharin@aks;)®~ octahedra. To account for tAéGa and''Ga

NMR spectra in ball-milled Gad; two Czjzek’s distributions were necessary, which indicates
the existence of two phases: the narrow distribution was attributed to the grains whose structure
is not far from that of the starting crystalline Gakand the larger one was associated with
the grain boundaries which are more affected by the ball-milling. The relative intensities of
these two contributions allowed us to estimate the proportions of both the grains (30%) and
grain boundaries (70%). Finally, it was possible to quantify the octahedron distortions as
previously done in amorphous GaFIn the grain theGaFs)®~ octahedra are very slightly
distorted, whereas in the grain boundaries(tBaFs)*~ octahedron distortions are larger than
those observed in amorphous GaF
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