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On single crystals of NaAlCl, the NMR- and NQR-spectra of 2*Na, 27Al, and 3°Cl were studied
at room temperature. The crystal structure of NaAlCl, has been refined. A comparison of the
NMR (NQR) data with the crystal structure data shows that the electric field gradients (EFG)
at the chlorine sites are mainly determined by the partial covalency of the Al:Cl bond, whereas the
EFG at the aluminum sites is determined by the small deviations of the AIC1,® ion from tetra-
hedral symmetry and by the influence of the lattice. | e* g Q/h |(23Na) proves the dominant ionic
character of sodium in the lattice. The experimental results for the crystal structure show minor

deviations from Baenziger’s data.

The NMR (NQR) data at T=22 °C are [atom (Je? ¢ Q/h|/MHz; )]: #Na (1.111710.0012;
0.2153 £0.0005) ; 27Al (1.4895%0.0012; 0.3375%0.0011) ; 35Cly (23.0330.030; 0.182+0.025) ;
35Clyp (22.520£0.010; 0.270+0.005) ; 3Clr (21.646+0.003; 0.315+0.007) ; 3Cliy (22.410*

0.016; 0.197£0.010).

I. Introduction

The nuclear quadrupole interaction of an atomic
nucleus in a solid depends on its nuclear electric
quadrupole moment e and on the electric field
gradient tensor V created by the electric charges
around the nucleus. Thus it is a function of the
electric charge distribution ¢ (2,¥,z) within the
solid. Studies of the nuclear quadrupole interactions
may therefore provide an understanding of the na-
ture of the chemical bond in solids. Single crystal
experiments are preferable because the nuclear
quadrupole interaction is a tensor property and
thereby complete information can be obtained.
NMR and NQR investigations are a convenient ex-
perimental basis to study nuclear quadrupole inter-
actions in solids.

The results of single crystal studies of “ionic”
solids are often interpreted within the framework of
a simple point charge model or an extended point
charge model, the latter one including also the in-
fluence of electric multipole moments on the electric
field gradient. A rather ideal situation is present if
each element of which the lattice is composed
contains an isotope with a nuclear quadrupole mo-
ment unequal zero. In addition, the isotopic abun-
dance should be high to make the NMR (NQR) ex-

periment not too difficult. In such a case one should
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be able to test the charge distribution model quite
satisfactorily.

Sodium tetrachloroaluminate, NaAICl,, is a com-
pound which satisfies the condition to be a “total
spin system”. Each of the natural abundant nuclei
(%3Na, ?7Al, 35Cl, 37Cl) has an electric nuclear qua-
drupole moment and the abundance of these nuclei
is high. Therefore, this substance seemed to be a
good example to test the extended point charge
model. For a chemically similar system, NaBF,, a
combined X-ray and NMR (NQR) study was done
a few years ago 1.

To deduce a model for the charge distribution
from a study of the nuclear quadrupole interactions
in solids it is necessary to know the crystal struc-
ture. Therefore, our NMR and NQR studies have
been accompanied by a refinement of the known
crystal structure of NaAlCl,, which was determined
some time ago by Baenziger 2.

II. Experimental

1. Crystal Growth

Large single crystals had to be produced for the
NMR experiments. The crystals were grown by a
zone melting method. The phase diagram of the
system NaCl-AlCl; has been investigated and de-
scribed by several authors375, According to the
work of Kendall et al.3, Chrétien and Lous %, and
Fischer and Simon?, the stoichiometric compound
NaAlCl; melts dystectically at T ~ 152 °C. The
solidus curve rises steeply with very small concen-
trations of NaCl above 50 at% towards the melting
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point of NaCl (803 °C). In the phase diagram at
50.5 mole % NaCl an eutectic point is present.

NaAlCl; was prepared by melting a mixture of
pure anhydrous aluminium chloride and reagent
grade sodium chloride within an evacuated glass
apparatus at 7 = 180 °C. The sodium chloride was
in slight excess to the stoichiometric ratio (1:1).
Because of the steep rise of the solidus curve near
50 mole % AlCl;, the resulting melt had nearly the
wanted composition at this temperature. The melt
was poured within the closed system into a glass
ampoule where it crystallized. The polycrystalline
solid NaAICl, was then put into a teflon boat (width
=40 mm, length =320 mm), which was placed into
a glass tube. This procedure was done within a
glove box which had been carefully dried with
P,0; . The glass tube containing the teflon boat and
the substance was evacuated and sealed. Then the
boat was brought into a horizontal zone melting ap-
paratus and the sample was purified by zone melt-
ing. When the substance had passed the melting
zone about five times, single crystals of several cm
length grew from the melt (crystallization speed
= 0.2 mm/h). Well developed single crystals of 1 to
2 cm® size have been obtained in this way % 7.

The single crystals were isolated, transferred into
glass cylinders, and sealed therein with polyester
resin. A filling factor of 0.5...0.7 was reached
within the oscillator coil by this method. In some
cases the crystals were doped during the growth
with about 0.1% Fe3"ions to lower the relaxation
time during the NMR experiments (NaFeCl, is iso-
morphous to NaAlCl, 8). For the X-ray work sam-
ples free of iron were used.

2. X-Ray Investigations

The lattice constants of NaAlCl, were determined
by the Debye-Scherrer-Guinier powder technique.
For the refinement of the crystal structure an auto-
matic two circle X-ray diffractometer (Stoe) was
used. The data were collected on the basis of the
Weissenberg equi-inclination method with mono-
chromatic (LiF) CuKa-radiation. The crystal was a
small prism of irregular shape with an approxi-
mately triangular cross section of ca. 0.4 mm mean
diameter, [100] extending in the direction of the
prism axis. The diffractometer was run in the ®
scan. Eleven layers (hkl), h=0,...,10 were taken
with [100] as the rotation axis. Appropriate cor-
rections for the Lorentz-polarization factor and the
absorption were applied.

3. NMR and NQR Experiments

The NMR spectra of 2°Na and 27Al in NaAlCl,
were investigated by taking rotation diagrams. The
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three main crystal axes [100], [010], and [001]
were used in turn as the rotation axes, which are per-
pendicular to the external magnetic field H,. Fields
H, in the range of 11 to 14 kOe were applied. The
crystals, which were enclosed in glass envelopes,
were affixed to a goniometer head and adjusted by
means of Laue X-ray diffraction diagrams. They
were transferred from the Laue camera to a one
circle goniometer ® which was fastened to the base
of the magnet.

An error of 1.5 angular degrees is the mean
error in our X-ray and optical adjustment of [100],
[010], and [001] perpendicular to H,. A further
minimization of the error in the adjustment of the
crystals was achieved by using the symmetry prop-
erties of the NMR spectrum. An overall angular
error resulted which was well below 1 degree.

To study the NQR spectrum of 3°Cl in NaAlCl,,
the same geometrical set-up for the crystals was
used. For all the NMR and NQR experiments at
room temperature a wide line NMR spectrometer,
Varian Type V 4200 B, has been used. Also the
35CI NQR Zeeman spectra were studied with the wide
line spectrometer using magnetic fields of the mag-
nitude 0 < Hy < 200 Oe. The pure NQR spectra
at 77K were recorded with the aid of a super-
regenerative Dean-type NQR spectrometer. Single
crystal NQR-Zeeman spectra were recorded by using
the same magnet as for the wide line NMR spectra
of 27Al and 23Na. The magnitudes of the small
magnetic fields necessary for the Zeeman spectro-
scopy of 33Cl in NaAlCl, were determined with the
aid of a proton resonance meter and/or with a Hall
probe. Using the remanent magnetization of the
wide line magnet very stable fields in the order of
50 to 100 Oe were generated.

II1. Results

1. Crystal Structure Data

From Guinier powder photographs the following
lattice constants were determined at T = (22 + 3) °C:

a = (10.331£0.002) A ;
b= (9.905£0.002) A ;
(6.189+0.001) A .

c =

Assuming 4 formula units within the unit cell, the
density calculated from the X-ray data is: ox=
2.011 g/cm®. This compares favorably with the
pycnometric density 0eyp =2.013 g/cm?® as deter-
mined by Chrétien and Lous®. Baenziger? deter-
mined the lattice constants as: a=10.36 A&, b=
9.92 &, c=6.21 A; ox = 1.996 g/cm3. Since NaAlCl,
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crystallizes with the space group D3 —P2,2,2,, all
atoms occupy the general point position. Hence,
18 position parameters and 36 anisotropic tempera-
ture parameters had to be determined from the 514
independent reflections observed in the experiment.
The absolute values of the experimental and calcu-
lated structure amplitudes were compared (the data
are given in Table A). A weighted R-value of 0.079
is obtained.

The results of the least squares refinement are
listed in Table 1. The improvement in the structure
parameters due to the refinement is reasonable.

2. Wide Line NMR Studies of >Na and " Al

For the presentation of the experimental NMR
results, we shall briefly introduce a few concepts.
The magnetic field H, was applied in turn perpen-
dicular to the crystal axes [100], [010], and [001].
A system of axes 2, y, z, connected with the electric
field gradient tensor V is introduced. According to
the crystal structure, this system may be different
with respect to the crystal axes for each point posi-
tion. A second coordinate system 2, ¥, 2/, is deter-
mined by the external magnetic field H,, H, and
(z', y') are coplanar.

Finally, a third coordinate system 2"/, 3"/, z”, is
defined by the main axes of the orthorhombic crys-
tal system: 2” | [100]; " | [010], z” [ [001]. In
Fig.1 the coordinate systems and their interrela-
tions are shown.

In the case of 2*Na and ?7Al, first order pertur-
bation theory is sufficient to evaluate the nuclear
quadrupole coupling constants from the experimen-
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Fig. 1. The different coordinate systems used in this paper
and their interrelations. z, y, z: main axes system of the

NQ coupling tensor V; 2/, ¥/, 2’: coordinate system defined

by the rotation axis z’_|  Hy; 2”, y”, z2’’: coordinate system

correlated to the system of crystal axes (27 || [100], y” ||

[010], z” || [001]). For the crystallographic parameters the
system X=2", Y=y", Z=z", is used.

tal data. According to Volkof!f et al.1? the frequency
splittings are determined by the relation
Ay =V —V_m-1y | = Az + By cos 2 az”
+Cysin2 ay” (1)
where a,” is the rotation angle in the plane (y”, z”)
with respect to the rotation axis z”’. The phase of

this angle a,” is fixed by the constant 4, . The
coefficients of Eq. (1) are defined by the relations:

Ay = % K (Vz/"y” +Vyy) = — % K Vg, (2)
B 3K (Vyy — Vi) 3)
C,=—-K- Vy"z" » (4)

Table 1. Position parameters and anisotropic temperature factors for NaAlCl, as determined by the crystal structure refine-
ment. The parameters found by Baenziger 2 are given in brackets.

Coordinate Atom
Na Al Cli Clyz Clir Cliv
X 0.1251(17) 0.0380( 7) 0.0320( 7) 0.1481( 7) 0.3469 ( 6) 0.3773( 7)
[0.128 (10)] [0.039 (30)] [0.031 (20)] [0.148 (10)] [0.348 (10)] [0.379 (20)]
y 0.2116(11) 0.4857( 7) 0.4919( 6) 0.3153( 4) 0.0228( 5) 0.3350 ( 4)
[0.207 (<10)] [0.485 (30)] [0.490 (<10)] [0.316 (20)] [0.024 (<10)] [0.336 (20)]
7 0.6885 (20) 0.2063( 9) 0.5522( 8) 0.1096( 9) 0.9253 ( 8) 0.5732( 9)
[0.677 (40)] [0.204 (40)] [0.552 (<10)] [0.105 (10)] [0.923 (20)] [0.577 (10)]
Bxx 0.0122(10) 0.0028( 3) 0.0063 ( 3) 0.0047( 4) 0.0029( 3) 0.0045( 3)
Byy 0.0107 (12) 0.0042( 6) 0.0062 ( 5) 0.0045( 3) 0.0070( 5) 0.0042( 4)
Bzz 0.0259 (36) 0.0067 (13) 0.0082(11) 0.0163 (14) 0.0127(12) 0.0174(15)
Bxy —0.0021( 8) 0.0000 ( 4) 0.0009 ( 4) 0.0011( 3) 0.0012( 3) —0.0008( 3)
Bxz 0.0003 (15) 0.0003 ( 5) —0.0010( 5) 0.0008( 6) 0.0015( 5) —0.0016( 6)
Byz —0.0075(18) —0.0016( 8) —0.0011( 8) —0.0025( 8) 0.0008( 8) —0.0015( 8)
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Fig. 2. NMR spectrum for a single crystal of NaAlCl, in a magnetic field H,=11.448 kOe. The rotation axis 2’ | H is
parallel to y”” (=[010]). A modulation amplitude of AHmod == 2.34 Oe (4vmoa = 2.6 kHz, respectively) was used. The
angle between H and z” (=[001]) is 56.1°.

where

3eQ(2m—1)
21(21-1)h

In Egs. (1) — (5) the constants are defined as:
e = charge of electron, Q = nuclear quadrupole
moment, I = nuclear spin quantum number, m =
magnetic quantum number of the spin, A = Planck’s
constant. The coefficients 4;, B;, C;, are not lin-
early independent. The following relations are

K= (5)

valid 10: Ay + Ay +4,=0, (6a)
A+ By =4 By, (6h)
Ay +By =4, —By, (6¢)
Ay +By = Ay —By . S

Our coordinate system is chosen in such a way that
one of the axes 2" | [100], 3" | [010], 2’ H [001]
is in turn the rotation axis 2". By cyclic permutation,
using z”, y”, and z” as the rotation axis z’, the
components of the electric field gradient tensor
(EFG) with respect to the crystal axes are found.

Due to the small difference in the gyromagnetic
ratio of 27Al and of 2*Na, respectively, the NMR
spectrum at =~ 11.5 kOe is fairly crowded with lines
in the frequency range 12.2 MHz < v < 13.3 MHz.
In Fig. 2 such a spectrum is shown as taken from
the chart recorder.

The experimental results of 2*Na and ??Al NMR
in NaAlCl, are presented in Figs. 3, 4, and 5. The
satellite frequency splittings Av, (m#1/2) are
shown as a function of the rotation angle @;, which
is defined in Figure 1. Whereas in Figs. 3a and 3 b
the crystal axis [100] served as the rotation axis
perpendicular to H, the results shown in Figs. 4 a
and 4 b are gained by using the axis [010] as the
rotation axis. In turn, Figs. 5a and 5b correspond
to the axis [001] perpendicular to Hy. From the
satellite frequency splittings the coefficients 4;, B;,
and C; (i=2",y"”, z’) can be determined using the
relations given in Equations (1) — (5). In Table 2
the coefficients as determined in this way are listed.

Table 2. Coefficients 4;, Bi, C; (i = 2, y”/, z”’) of the **Na and 2A1 NMR rotation spectra according to Equation (1).

Rotation axis: [100]

Rotation axis: [010]

Rotation axis: [001]

Nu- Az B Car Ay By Cyr Az Bz Czn
cleus MHz MHz MHz MHz MHz MHz MHz MHz MHz
Naa 0.2999 0.0793  —0.7397 —0.1903 0.4105 0.2593 —0.1091 —0.4901 —0.2253
Nap, 0.3005 0.0796 0.7393 —0.1906 0.4109 —0.2585 —0.1101  —0.4898 0.2242
Al, —0.0661 0.3737  —0.1117 —0.1535 —0.2851 0.1025 0.2200 —0.0877 —0.6680
Al —0.0330 0.1868 —0.0558 —0.0770  —0.1425 0.0511 0.1100 —0.0435 —0.3340
Al —0.0661 0.3741 0.1105 —0.1539 —0.2848 —0.1031 0.2193  —0.0881 0.6681
Al —0.0331 0.1868 0.0554 —0.0768 —0.1426 —0.0519 0.1100  —0.0445 0.3341
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Fig. 3a. NMR rotation diagram of 2»’Na in NaAlCl, at
room temperature. Rotation axis is the crystal axis [100]
| H,. An external field of = 13.45 kOe was applied during
these experiments. Plotted is Av(33Na) = |»(1/2 = 3/2) —
|7 (—1/2 =—3/2)| as a function of the rotation angle a.

With the aid of these coefficients and with Egs.
(2), (3), and (4), the components K-V;; of the

nuclear quadrupole coupling tensors of ?*Na and
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Fig. 3b. NMR rotation diagram of 27Al in NaAlCl, at room
temperature. Rotation axis is the crystal axis [100]_]
H,. An external field of =~13.45 kOe was applied during
these experiments. Plotted is Ava (v 27Al) =| v (1/2 = 3/2)|
—|v(—1/2= —=3/2)| and Avaw) (¥Al) =|»(3/2=5/2) —
|7(—3/2= —5/2)| as a function of the rotation angle «.

27A1 (in the frame of the crystal axes system z”/, 3",
z”) follow. Together with the appropriate combina-
tions of signs they are given in Table 3.

Using an appropriate computer program the ten-
sors K-V ;v were diagonalized, yielding the new
tensors K-V;; (i,j=2,y,2z) with V;;#0 for i=j,
Vij=0 for l#]: IV:rI{é I Vyy!élez[; V11+V.V!I
+V,,=0.

In the following we shall use the abbreviation
V.. = eq; asymmetry parameter

N=Vez=Vy)[Vaz, 0S9X1;
nuclear quadrupole coupling constant |e*q Q/h|

(given in MHz). The results of the diagonalization
are given in Table 4. In this table each of the two

K-Viejo Com- 23Na Com- #7A1
bination K-V bination K-V
f H L i/ljll f 2 L] Z'"].”

C; slzgg sd "MHz Oa sl;ggsd "MHz Table 3. Components of the nuclear
quadrupole coupling tensors of 23Na
K-Vagirgn _—— 0.60040 +0.00038 S I Y 8 0.13178 +0.00033 andh27Al in NaAlCl; within ,t,he ’flran}fa
K-Vyyr  ++++ 0380302000032 ++++  0.30756+0.00030 ©f the crystal axes system 2, y”, 2"
K+ Vg +4+++ 0220071000040 ————  043942%0.00023 The combinations of signs assigned to
K- Vg  ++——  073950£0.00014 ——-+-+  0.11115%0.00048 & b, ¢, and d, correspond to the four
) 4+ —4+—  025800+0.00028 —-+—-+  0.10290%0.00067 Ccrystallographically possible orienta-

K-Vagyn +——+4+  0.22475%0.00039 —+4+4+—

0.66808 % 0.00009  tions of the nuclear quadrupole cou-
) - pling tensor.




Fig. 4 a. NMR rotation diagram of 23Na in NaAlCl, at room
temperature. Rotation axis is the crystal axis [010]_|
H,. An external field of =~ 11.47 kOe was applied during
these experiments. Plotted is 47 (33Na) = |»(1/2 =3/2) —
|»(—1/2= —3/2)| as a function of the rotation angle a.

nuclear quadrupole coupling tensors V;; (33Na) and
Vii (3"Al), appear with four possible combinations
of signs (a, b, ¢, d). These combinations correspond
to the four crystallographically equivalent positions
of Na and Al, in the space group P2,2,2,. As
in other investigations 11713 of this kind, two ten-
sors of different magnitude and orientation can be
calculated from the frequency splittings for *Na as
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Fig. 4 b. NMR rotation diagram of 2’Al in NaAlCl, at room
i temperature. Rotation axis is the crystal axis [010] |
H,. An external field of =~ 11.47 kOe was applied during
these experiments. Plotted is Ava (v 37Al) =|» (1/2 = 3/2) |
-800 —|v(—1/2=—3/2) and Advaw) (’Al)=|v(3/2=5/2)|—

|7(—3/2 = —5/2)] as a function of the rotation angle «.

well as for ??Al. We decided between the possible
tensors by determining the maximum frequency
splitting for 2*Na and 27Al experimentally and by
comparing experimental and calculated values of
Av.

The first order perturbation theory of Volkoff 10
as applied to the NMR investigation of 2Na and
27Al at =~ 13.5 kOe is justified, as field dependent
experiments have shown. The frequency splitting
Av (*Na) was investigated for different fields H,
in the range 13.430 kOe > H, = 3.004 kOe. In this

: : 23Na 27A1
| e | 1 &
*¢Q |, 1  abecd 1.1117%0.0006 abed 14895200012 gty Ouadrupole coupling constant,
h | MHz
! £ L |e2qQ/n], asymmetry parameter 7,
n 0.2153 £0.0005 0.3375%0.0011 and direction cosines for 2Na and 27Al
in NaAlCl, at room temperature. R;j
Rz, [100] +4+—— 0.1728+0.0012 ——++4 05249%0.0006 {i—z, y, 23 j=2" (=[100]), 3" (=
Rz,[010] —+—+4+ 0.686910.0012 —+—+ 0.44771+0.0006 [010]), 2”(=[001])} is the direction
Rz,1001] +——-+ 0.7059%0.0012 +——+ 0.7239£0.0006  cosine of the angle between the i-axis
_ of the nuclear quadruple coupling ten-
Ry,1100 ++4+——0.9655%0.0012 ++—— 0.5395%0.0006 s
Ry toro) —+—+  0.0238%0.0012 +—+— o04828%00006 -of and the jaxis of it oyl The
Ry.1001] — 44— 0.2595+0.0012 +——+  0.6898%0.0006 b s g
» ¢, and d, correspond to the four cry-
Re,(100] +4——  0.1950+0.0012 —— 41 0.658310.0006 stallographically possible orientati?ns
Ra 010] -4 —  07264%+0.0012 +—+— 0.7526%0.0006 ©f the nuclear quadrupole coupling
Rz,1001] +——+  0.6591%0.0012 —+4+4— 0.0119£00006 tensor. Errors given are maximum

mean €errors.
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Fig. 5 a. NMR rotation diagram of 2*Na in NaAlCl, at room
temperature. Rotation axis is the crystal axis [001]_]
H,. An external field of =~ 11.47 kOe was applied during
these experiments. Plotted is A (233Na) = |»(1/2 = 3/2)|—
|#(—1/2 = —3/2)| as a function of the rotation angle «.

range the splitting of 675.5 kHz found for a particu-
lar orientation of the crystal at Hy=13.430kOe
did not change more than *1kHz by varying H,
within the limits given above, a shift which is within
the limits of error. Therefore, the theoretical ap-
proximation used is appropriate for >*Na as well as

for 27Al in NaAlICl, .
3. NQR of 3Cl in NaAlICl,

Of the two isotopes 33Cl and 3’Cl mainly the
NQR signals of 35Cl were studied. Since the four

Av (Al)p

TN AN
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these experiments. Plotted is Avy: (b (37Al) =|» (1/2 = 3/2) |
—|»(—1/2= —3/2) and dwvam) ('Al) =|7(3/2 =5/2)|—
|7(—3/2 = —5/2)| as a function of the rotation angle a.

[

Cl atoms of the “ion” [AICl{]® are crystallo-
graphically inequivalent (see crystal structure data
of Table 1), four 3°Cl NQR lines are expected from

measurements at room temperature and without ap-

Table 5. Pure NQR frequencies » of 35Cly...p and 3°Cly.. p at room temperature; frequency ratios » (3*Cl) /v (*Cl) of Cla...D.

2

4 v
- =905 + B ree—ooe = + b M- = + a y (35 ) (37 ¢
Nucleus MHz (T=295t1K)a Mz (T=297x1K) Nucleus MHz (T=2951*1K) » (*3Cl) /» (3"Cl)
35Cla 11.0100 £0.0005 11.009 37Cly 8.677210.0015 1.26884 +0.00028
35Clp 11.2772 £ 0.0005 11.272 37Clp 8.8879%0.0015 1.26883 = 0.00027
35Clo 11.3959 £0.0005 11.385 37Clg 8.9818+0.0015 1.26878 = 0.00027
35Clp 11.5799 +0.0005 11.583 37Clp 9.1250+0.0015 1.26903 +0.00027

a This paper. b Evans and Lo 4.

¢ (v (®Cl)/r (*Cl) )=1.26887 £0.00028; literature values 1%:

»(3Cl) /¥ (*’Cl) =1.26858 £ 0.00040.
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Table 6. Pure NQR frequencies » as function of the temperature; mean absolute and relative temperature coefficients of
NQR frequency Av/AT and % . —31;— of 3Clz.D.

v/MHz
T/K
Nucleus 774%1.0 27542 205+1 305+1 v K |u 1 VK
AT kHz v AT
38C14 =35Clyrr 11.282+0.003 11.043+0.003 | 11.0100+0.0005 | 10.998+0.003 125 118
35Clg =3Clry 11.459 +0.003 11.302+0.003 11.2772£0.0005 | 11.267+0.003 —0.84 —0.74
3Clo=3Clyp 11.605 + 0.003 1142140003 | 11.3959+0.0005 | 11.385+0.003 —0.88 —0.76
35Clp =35Cly 11.861 + 0.003 11.613+0.003 | 11.5799+0.0005 | 11.563+0.003 —131 —112

plication of an external magnetic field H,. Evans
and Lo !4 have investigated the 33Cl NQR spectrum
of polycrystalline samples of NaAlCl, at room tem-
perature (= 24 °C) and their data are in good
agreement with the data we found at 7=295K 1K
(22°C+1°C). The room temperature data were
also confirmed recently by Merryman et alii !5. In
Table 5 our experimental results are given together
with the 37Cl NQR frequencies. These data were
measured using single crystals of NaAlCl; and a
crossed coil spectrometer.

The 3°Cl resonance frequencies were studied as a
function of the temperature with a superregenera-
tive NQR spectrometer. The results are shown in
Table 6 and a plot »=f(T) is shown in Figure 6.
The mean slope of the curves ¥ =f(T) is given too,
together with the mean temperature coefficient
1/v-Av[AT for the temperature range 774K T
< 305 K. From the data of Table 6 and from Fig. 6
it follows that according to the temperature behav-

iour of the NQR frequencies there are two groups of
Cl atoms distinguishable. Whereas (1/v-A4v/AT)

= —0.935-10"*K™! for 3Cly . p, 1/v-Av[AT for
Cl, and for Clp is about 50% higher than 1/v-Av/AT
for Clg and Clg, respectively.

Zeeman spectra were studied to determine the
nuclear quadrupole coupling constant of %5Cl in
NaAlICl,, the orientation of the nuclear quadrupole
coupling tensor of 35Cl, and the asymmetry parame-
ter . The NQR frequency »q for the transition
m=11/2=m’= £ 3/2 for a nucleus with I=3/2
is connected with the nuclear quadrupole coupling
constant and the asymmetry parameter 7 by

“90(1, 2] =200

2h 3) Tap 2 O

’VQ=

First order Zeeman splitting of g by weak magnetic
fields gives four lines which in the frequency scale
are symmetric about the locus of vq. The frequen-
cies of the four lines are given by 17:

‘V=VQi‘ ’% ([ml] s [mZ]) )
(my=1/2; my=3/2).

(8)

‘ 120
Clp=Cl; ~o< |
vqg 1.8 ' e -
MHz ’ ™ N
1.6 —Clc=ClllI=° T==o[ o Qnesi
Clg=Cly—o=d _ _ B il
04 ¥ e
ClAzclm\O\“\ 7 \O\OO
1.2 B
1.0 “a
108 Fig.6. T dependence of ¥Cl N
0 50 100 150 200 250 300 350 ig. 6. Temperature dependence o QB fre-
quencies as a function of the temperature in the
T/K range 774K < T < 305 K.
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v, is the Larmor frequency of the nucleus (/=3/2)
considered, and

[m;] = [am, cos® O (8 a)
+ (i + € + 2 by, € cos 2 D) sin? O]V2

O is the polar angle between the z-direction of the
EFG tensor and the direction z’ of the magnetic
field Hy. @ is the azimuthal angle between the z-di-
rection of the EFG tensor and the projection of the
magnetic field vector Hy on the (zy) plane of the
EFG tensor (see Figure 7). The coefficients @,

Fig. 7. Vector of the magnetic field H with respect to the

coordinate system of the EFG tensor, 2, y, z. © is the polar

angle between z and the direction of H, . @ is the azimuthal

angle between z and the projection of H, on the (z y)-plane
of the EFG tensor.
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bm., and ¢y, respectively, are given by:

ayp=—1+2/0; byz=1+1/0; cye= —1/0;
age=—1-2[0; bye=1-1/p; cy2=1/0.
(8b)

In the experiments reported here the line splitting
of the inner pair of lines (a-pair)

Ay =y, ([my] = [m,])

was measured as a function of the rotation angle for
the four crystallographically inequivalent Cl atoms
at room temperature. To study the Zeeman spectra
(a-pairs) of Cly, Clg, and Cl¢, the single crystals
were rotated about the crystal axis [001], whereas
for the study of 4v (Clp), [100] was the rotation
axis chosen. The results are shown in Figs. 8 through
11. Using a least squares program from the Zeeman
splitting of the 3°Cl NQR spectra the data of the
nuclear quadrupole coupling tensors of 3°Cl in
NaAlCl, are found (see Table 7).

The assignment of the NQR data for Cly_p to the
chlorine positions Cl;. ;v was done in Table 7
under certain assumptions about the chemical
bond Cl— Al (see Discussion). The errors given
in Table 7 for the nuclear quadrupole coupling
constants of 33Cl in NaAICl, have been calculated
by the usual least squares method. However, we
wish to point out that for the data given in
this Table, for Clp = Cl; the true error may be
higher by almost a factor of 4. This is due to the
accidental coincidence of the two phase shifted Zee-

(8¢c)

Table 7. Quadrupole coupling constant, |e®q Q/h|, asymmetry parameter 7, and direction cosines for 33Cly..p in

NaAlCl, at room temperature. Rjj {i==z, y, z; i=2z" (=[100]), y” (=[010]), z”(=[001]) } is the direction cosine of the

angle between the i-axis of the nuclear quadrupole coupling tensor and the j-axis of the crystal. The combination of signs

assigned to a, b, ¢, and d, correspond to the four crystallegraphically possible orientations of the nuclear quadrupole cou-

pling tensor. Application of the operation 2, || ([100], [010], [001]) to orientation a yields orientation b, c, and d, respec-
tively. The errors given for the direction cosines are mean values.

35Cla = 35Clinp

35Clg = %Clyy

35Clg = 33Clyy 35Clp = 35Clp

v-_qhQ} . K’IlH 21.646 £0.003 22.410%0.016 22.5201+0.010 23.033 £0.030
| z
” 0.315%0.007 0.197£0.010 0.270£0.005 0.1821+0.025
abcd abecd abecd abed

Rz,1100) ++—— 0.191%0.006 + 4+ —— 0.75410.019 ++—— 0.203%£0.015 —— 4+ 0.00210.075
Rz, [010] +—+— 0.83210.006 +—4— 0.116£0.120 4+ —+4+— 0.28610.015 +— 4 — 1.000£0.003
Rz, 1001] +——+4 0.521%0.007 +——4+ 0.64710.011 4+ ——+4 0.937£0.003 —+ 4+ — 0.002+0.013
Ry, 1100) — — 4+ 0.332%0.008 — —4 4 0.480+0.018 — —++ 0.836+0.008 44— —~ 0.998+0.002
Ry, 1010] + —+ — 0.554+0.009 4+ — 4 — 0.575%0.028 4 — 4+ — 0.549£0.014 -+ — 4+ — 0.000+0.093
Ry, 1001] —++— 0.764+0.003 4+ ——+4 0.663£0.010 +——+ 0.014%+0.025 — 44— 0.062+0.070
R:.1100) + 4+ —— 0.924+0.002 4+ 4+ — — 0.448+0.012 + 4+ —— 0.510+0.004 — — 4+ 0.06210.070
R:. 1010 +—+4— 0.03 £0.05 4+ —+— 0.810%0.008 +—+— 0.786£0.005 + — 4 — 0.000+0.093
R:.1001) —++— 0.382£0.003 —++— 0.37810.003 —++— 0.350%0.005 4+ ——+ 0.9981+0.002
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Fig. 8. NQR Zeeman rotation diagram of 33Cly in NaAlCl,
at room temperature. Rotation axis is the crystal axis [001]
1 H,. An external field of (98.710.3) Oe was applied

during these experiments. Plotted is Av (33Clp) = |v(—1/2
= —3/2)|—|»(1/2=3/2)| as a function of the rotation
angle .
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Fig. 9. NQR Zeeman rotation diagram of 3°Clg in NaAlCl,
at room temperature. Rotation axis is the crystal axis [001]
1 Hy,. An external field of (98.710.3)Oe was applied

—_—

during these experiments. Plotted is A» (3*Clg) = |v(—1/2
= —3/2)|—|»(1/2=23/2)| as a function of the rotation
angle «.

man spectra of Clp, which differ by an amount less
than the line width and therefore cannot be sepa-
rated.

Fig. 10. NQR Zeeman rotation diagram of 3%Clc in NaAlCl,

at room temperature. Rotation axis is the crystal axis [001]

1 H,. An external field of (98.7+0.3)Oe was applied

during these experiments. Plotted is 4» (33Clg) = |»(—1/2

= —3/2)|—|»(1/2=23/2)| as a function of the rotation
angle a.
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Fig. 11. NQR Zeeman rotation diagram of 3°Clp in NaAICl,

at room temperature. Rotation axis is the crystal axis [100]

1 H,. An external field of (59.1+0.2)Oe was applied

during these experiments. Plotted is Av (33Clp) = |»(—1/2

= —3/2)|—|»(1/2=23/2)| as a function of the rotation
angle «.
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IV. Discussion

The discussion of the NQR data of NaAlCl, with
respect to the crystal structure is restricted here to
the situation at room temperature. This restriction
is however not severe, since from our NQR data we
find no phase transition in the range 774K < T
< 305K. For quite a number of compounds, i.e.
Me'Me'X, , Me! = alkali-metal ion, Me! = B, Al,
Ga, In, and X = F, Cl, Br, I, phase transformations
have been observed. Examples for the detection of
phase transformations by NQR are the compounds
Me'AlBr, (Me!=Na)!®, and Me!GaCl, (Me!=Gal,
K) 19, 35C] and %Ga NQR data on polycrystalline
material of compounds containing the ion AICI,®
have recently been discussed by Merryman et al.15:20
and for compounds containing the ions GaCl,® and
Ga,Cl;®, respectively, by Deeg and Weiss 1 (cf. ref.
cited in 1%:19:20) | From single crystal data more de-
tailed information is expected.

The Al — Cl distances within a tetrahedron AICI,®
are between 2.11 and 2.16 A according to the crystal
structure determination of Baenziger2. From our re-
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finement a somewhat smaller spread of distances re-
sults (2.121 A < d(Al—-Cl) < 2.144 A), see Table 8.
An analysis of the data of Table 8 shows that the mean
distance (d(Al—Cl)) within a tetrahedron AICI,®
is 2.134A+0.013A. The spread of the values
d(Al—Cl) is within the limit of error (£0.025A),
whereas the deviations of the Cl — Cl distances with-
in the tetrahedron [(d(Cl—Cl)) = 3.483 1 0.080 A]
are larger than the limit of error (£0.025A).
The main distortion of the tetrahedron AICI,® is
therefore an angular one. Particularly the angle
(Cliiy— Al—Clyy) is smaller than the regular te-
trahedron angle of 109" 28" by about 4 degrees,
whereas the error in the determination of the angles
via the atomic coordinates and the lattice constants
is = 0.5 degrees.

No qualitative relation between |e2 ¢ Q/h| (3*Cl)
and the bond length d(Al—Cl) can be given from
the results of our experiments. The spread of the
coupling constants is small as is the spread in bond
length d(Al—Cl). A similar conclusion was drawn
by Merryman et al.!®> when comparing NQR

Coordinates

Coordinates Distance
Atom A (X Z) Atom B (X Z) d(A—B)
A

Al (0.0380, 0.4857, 0.2063) Clp (0.0320, 0.4919, 0.5552) 2.143£0.025
Al (0.0380, 0.4857, 0.2063) Clit (0.1481, 0.3153, 0.1096) 2.121£0.025
Al (0.0380, 0.4857, 0.2063) Clyr (—0.1531, 0.4772, 0.0747) 2.13710.025
Al (0.0380, 0.4857, 0.2063) Cliy (0.1227, 0.6650, 0.0732) 2.144+0.025
Clp (0.0320, 0.4919, 0.5522) Clyr (0.1481, 0.3153, 0.1096) 3.4641£0.025
Clp (0.0320, 0.4919, 0.5522) Clyr (—0.1531, 0.4772, 0.0747) 3.523£0.025
Clp (0.0320, 0.4919, 0.5522) Clrv (0.1227,  0.6650, 0.0732) 3.55110.025
Clit (0.1481, 0.3153, 0.1096) Clyr (—0.1531, 0.4772, 0.0747) 3.507£0.025
Clyt (0.1481, 0.3153, 0.1096) Cliv (0.1227,  0.6650, 0.0732) 3.4811+0.025
Clir (—0.1531, 0.4772, 0.0747) Cliv (0.1227, 0.6650, 0.0732) 3.403+0.025
Na (0.1251, 0.2116, 0.6885) Clyr (0.1481, 0.3153, 1.1096) 2.8111+0.035
Na (0.1251, 0.2116, 0.6885) Clir (0.1531, —0.0228, 0.4253) 2.851£0.035
Na (0.1251, 0.2116, 0.6885) Cliy (0.3773, 0.3350, 0.5732) 2.965+0.035
Na (0.1251, 0.2116, 0.6885) Cly (0.0320, 0.4919, 0.5522) 3.057+0.035
Na (0.1251, 0.2116, 0.6885) Cliy (—0.1227,  0.1650, 0.4268) 3.064+0.035
Na (0.1251, 0.2116, 0.6885) Cly (—0.0320, —0.0081, 0.9478) 3.1541+0.035
Na (0.1251, 0.2116, 0.6885) Clinr (0.3469, 0.0228, 0.9253) 3.30110.035
Na (0.1251, 0.2116, 0.6885) Clir (0.1481, 0.3153, 0.1096) 3.735%0.035
Na (0.1251, 0.2116, 0.6885) Al (—0.0380, —0.0143, 0.2937) 3.717%0.035
Configuration Angle/Degree
(CL;—Al1-Cly)
(Cl1—Al—Clyy) 108.67+0.5
(Cli—Al—Cln) 110.80%0.5
Egl _ﬂl_cé{‘) 111'8310'5 Table 8. Interatomic distances and angles in solid NaAlCly;

I 111) 110.88 0.5 + ) T s th
(Clir— Al—Clry) 109.38+0.5 the error of _0.025(9.035)A respecglv?]y +0.5 degrees is t e
(Cliii—Al—Clry) 105.26+0.5 maximum error resulting from the limits of error of the posi-

tion parameters.
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frequencies of tetrachloroaluminates and the bond
length d (Al — Cl) in these solids.

The first coordination sphere of the ion Na® in
NaAICly is built up by 7 ions which are within
2.811 A < d(Na—Cl) <3.301 A; the next C!
neighbor (the 8th) is then already 3.74 A distant
from the ion Na®. It is probably safe to consider
the bond of the sodium to its neighbors in NaAICl
as a purely ionic one, since the smallest distance
d(Na—Cl) in NaAlCl; is comparable with
d(Na® —Cl®) in NaCl (d=2.820A at room tem-
perature). The nuclear quadrupole coupling con-
stant of 23Na in NaAlCl, is typical for an ionic com-

1365

pound. This can be seen from data found for other
ionic compounds as shown in Table 9.

From the single crystal measurements reported
here, the additional information is a set of direction
cosines of the EFG tensor and the asymmetry pa-
rameter 7 for each of the atoms in the unit cell.

Table 9. Nuclear quadrupole coupling constants | e2 g Q/h | W z.ml:
and asymmetry parameters 7 of 2Na in some inorganic ’//2'"'“‘
compounds. Na 5
v Cln 2.9555:/
Compound le2gQ/h| 7 T/°C  Refer- -
" kHz ence .
NaNO, 334 0 23 =1 gl
NaNO, 1099.8 0.110 18 o2 i
NalOg4 49.0 0 23 28 /
NaBF, 1008.4 0.095 23 1 !
NaAlCl, 1111.7 0.215 ~23 This &7N\Na
paper gi‘
NaXO0, 2 538...3295 0 23 #
Na,S04
(Thenardite) 2590 0.605 ~23 =5
NaAl(SO,),*12H,0 163.2 0 17.3 26
Na,ZnCl,-3 H,0 261.7 0 225 =
Fig. 12. Representation of the AlCl,©-tetrahedron and its
a X = Tl Al, Se, In, Cr, Ti. first coordination sphere.
Table 10. Angles «, f, y, between
Angle Al—Clt A (Angli) the crystal axes [100], [010], and
Degree Degree [001], respectively, and the z axes
a b c of the corresponding Cl; EFG ten-
« 93.6 (91.7)  93.6 (91.7) 86.4 (88.3) 86.4 (88.3) x5 (f1) sors (i = L, ..., IV). In brackets
90.0 (88.4) 90.0 (91.6)  90.0 (88.4) 90.0 (91.6) *5 (*1) the angles &, £ and y between
¥y 3.6 (2.6) 176.4(177.4) 176.4(177.4) 3.6 (2.6) +10(*5) [100], [010] and [001], respec-
tively, and the directions of the
Al—Cly Al—Cl; bonds are given. a, b, ¢
a b c d and d correspond to the different
« 59.3 (57.6)  59.3 (57.6) 120.7(122.4) 120.7(1224) *1 (*1) combinations of signs of the direc-
s 38.2 (37.3) 141.8(142.7) 38.2 (37.3) 141.8(142.7) *1 (*1) tion cosines, see legend to Table 4.
¥y 110.5(106.4)  69.5 (73.6)  69.5 (73.6) 110.5(106.4) *1 (*1) 4 is the mean error of the cor-
responding angle.
Al—Cl11
a b c d
o 22.5 (22.5) 225 (22.5) 157.5(157.5) 157.5(157.5) *1 (*2)
p 88.3 (87.7) 91.7 (92.3) 88.3 (87.7) 91.7 (92.3) *3 (*1)
y 112.5(112.4) 67.5 (67.6) 67.5 (67.6) 112.5(1124) *1 (%1)
Al—Clpv
a b c d
& 63.4 (65.9) 63.4 (65.9) 116.6(114.1) 116.6(114.1) *1 (*1)
B 35.9 (34.1) 144.1(145.9) 359 (34.1) 144.1(1459) *1 (*1.5)
y 112.2(112.6) 67.8 (67.4) 67.8 (67.4) 112.2(112.6) *1 (1)
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Table A. Experimental (Yobs) and calculated (Ycale) structure amplitudes of NaAlCl, . Absolute values are given.

=
ol
-~

l Yobs I | Yeale |

52.7965 53.8661
98.6296 99.5800
124.4130  125.5519
27.7939 28.6285
15.6357 11.7386
35.9650 30.9423
11.3097 13.4883
26.6557 26.1617
50.0847 49.4164
10.5796 13.9986
17.5175 15.9086
19.7415 20.9336
69.0656 59.5403
113.0424  125.2969
35.8278 34.1777
76.5168 77.9056
35.0046 33.5016
44.9778 45.3693
12.4089 10.6482
8.5199 5.6778
15.3393 10.5283
17.4244 14.5932
13.0560 8.4571
23.4479 20.4705
13.3270 11.6173
23.4391 20.7677
50.7148 55.2597
29.7029 32.8605
13.4490 10.9179
45.4521 46.4604
9.9495 8.1656
15.2258 16.1917
23.2460 22.4375
9.4448 8.2630
21.2592 24.5008
38.0890 43.8345
36.9338 40.4960
10.8405 15.0832
48.8126 50.1606
8.7198 6.2328
18.6033 18.9064
30.1788 33.1212
8.9044 10.4083
8.9690 6.9687
71.9220 81.5855
48.8913 49.9669
18.8342 14.3086
35.5554 35.4504
12.9689 13.9340
23.1933 25.4660
25.4425 26.5129
20.6299 26.2672
19.4859 22.1355
63.8865 52.2500
24.2738 21.8470
39.1746 29.4413
66.2069 70.9129
26.4379 26.7412
21.2909 20.7865
36.6839 36.9053
26.3063 27.5496
24.3373 27.8898
8.1733 10.2581
68.2750 59.3781

>
Bl
-~

I Yobs ] | Yecale |

24.7320 24.1094
75.3756 68.9250
61.6172 50.3662
18.5416 17.0958
32.5384 32.9250
26.7537 27.3189
21.3156 21.2620
25.7103 26.8856
11.3606 11.7909
6.9225 7.4158
22.5555 19.7992
41.8046 44.2826
62.6280 63.6521
38.7226 33.5483
48.1064 42.3737
44.0631 45.0682
19.3745 19.4349
14.5324 15.5065
34.5632 36.6502
32.6638 34.2674
12.2507 13.4074
18.6701 19.9259
22.8760 24.2339
35.1839 35.9335
33.7505 33.9473
16.8822 17.0267
11.2584 10.9854
9.9132 8.2829
13.4117 12.7240
12.0572 12.9758
14.1361 17.0595
28.8543 29.1162
18.3482 18.1848
16.0726 18.5171
11.4798 13.4556
27.0307 30.3046
8.2739 9.6389
16.8776 18.6624
11.6671 13.2266
15.5324 19.9154
15.1098 17.6998
33.2886 29.9450
68.8114 73.4050
49.9684 52.2140
58.5638 53.2560
16.0533 11.8060
32.9955 30.9424
28.6999 33.7177
25.6366 30.4077
12.8769 16.2578
16.2207 17.5242
18.3197 15.8529
35.5354 25.7260
120.4336 93.9857
71.7673 72.6806
62.8272 66.3174
39.2463 41.6624
22.9069 24.2032
19.5855 19.4818
31.9153 37.0513
17.3386 9.9905
10.3607 12.1020
11.9503 14.0743
55.4251 47.0318

>
o
~

I Yobs l | Ycale |

20.0711 15.0362
47.8555 35.2929
11.2064 7.9721
14.2725 15.0498
24.9626 28.7640
14.8740 15.1967
16.1872 18.9843
8.6372 10.6073
14.9047 13.2544
28.6092 28.4363
36.8752 35.8526
101.0282 92.7520
21.3481 15.5754
14.1399 13.1550
27.6909 29.1060
12.5350 12.8895
18.5234 20.1033
32.2182 38.6684
13.8189 16.4904
30.2337 28.8238
14.5949 14.2695
22.6418 21.1842
149131 12.9929
24.3081 20.5597
15.0331 17.4684
26.5187 30.8403
11.8121 14.8393
14.6758 17.3047
14.0799 18.7525
46.1906 50.6287
27.5458 29.4005
21.7584 23.4352
14.1441 18.7828
7.4468 10.0082
13.3291 16.1334
30.0704 35.7490
14.7847 16.5818
21.0368 25.3966
16.1956 19.9412
22.8539 28.7366
53.9266 61.9810
35.3028 38.3848
11.8822 9.9527
35.5029 37.6595
9.3557 7.4968
25.2466 22.8502
31.5880 36.1755
87.9473  108.1566
17.6232 19.9518
10.8879 11.5285
11.9760 12.7437
68.7732 69.8341
21.1566 20.5092
26.3473 24.8488
29.8870 26.3893
10.3688 3.3064
64.1203 68.6895
27.1290 31.1299
15.0529 15.9055
34.8275 35.2026
11.7697 14.9280
15.8784 16.1730
42.1694 38.9081
17.6045 14.7290
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Table A (continued)
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19.1116 14.7922
16.4976 14.2387
114.3634  126.0576
31.2253 31.3534
38.1295 38.6231
52.1193 50.5991
43.7204 41.6704
78.8793 70.6084
37.3790 34.8667
24.6150 20.9102
18.1173 15.0890
11.2318 14.3257
19.2742 18.1108
26.3723 27.6094
21.7758 19.8071
19.1242 18.1003
27.4417 24.8290
14.8090 13.2183
12.9329 9.3979
13.9835 12.3557
34.0020 37.9609
41.4940 43.5483
28.9426 29.7510
13.1080 9.0806
22.2260 21.3797
38.8049 35.1463
25.5156 24.0298
26.6850 22.4615
21.8696 23.4185
10.7816 13.3046
17.0291 18.0112
14.1586 14.0719
18.5488 15.4712
9.7059 8.5658
15.3211 17.0492
72.3168 83.3924
23.3038 26.1405
24.0982 24.9656
33.6475 36.6728
25.0148 26.2468
11.9380 10.1559
41.5135 44.6777
33.4752 33.3693
10.0381 10.3708
11.1214 11.7240
24.4370 26.2035
15.3711 17.7373
36.4695 39.9329
17.0320 17.4591
29.6866 30.4982
25.6370 25.1453
19.0041 19.9239
16.9432 13.8035
13.9545 11.1847
24.9926 25.2430
23.8704 20.5815
14.3434 12,7291
45.8132 46.2433
30.4533 31.3538
17.7487 15.5770
24.9426 23.1528
16.3877 13.5757
33.0142 31.3779
25.0426 23.5159

15.8099 17.6648
17.2431 19.0997
32.3364 32.3752
35.1640 34.4399
30.3921 28.5365
33.0697 31.1376
10.3048 9.8001
20.5873 19.9881
41.7135 39.7011
31.7587 33.0351
27.1202 24.6660
16.5599 15.5626
28.9589 27.6726
25.8480 21.9522
9.3548 11.4134
6.8050 7.1642
14.2323 16.2981
12.5213 13.6498
10.3326 10.2113
8.7827 9.1824
24.4093 23.2498
15.6210 14.7371
14.0267 13.6325
18.2375 16.8976
21.3206 24.0576
18.7375 18.7229
9.9937 8.2253
13.4379 10.8010
28.2701 26.0047
69.9978 75.1604
31.6834 33.7817
115.0375  127.1195
17.8766 19.3059
36.9264 39.7062
14.3777 14.7476
31.0496 32.0897
20.1602 20.0789
47.2867 49.1266
27.2365 26.1387
19.1546 19.6133
28.4202 29.2241
27.2522 27.0766
8.2390 5.5638
12.6650 13.6785
22.5382 23.0075
23.9786 23.0273
11.9841 12.2983
10.8789 9.0679
89.9171 89.1864
40.2210 38.4977
48.2976 48.0741
10.8317 11.9363
19.3117 17.2920
45.5478 43.4981
14.2101 13.6413
9.0928 8.7653
41.1795 41.6062
18.7932 18.5290
12,7121 12.6846
20.2650 19.2024
23.3920 23.1210
10.3289 6.9367
26.5399 26.3517
16.2948 16.4286

10.9889 7.9818
16.8395 15.7314
11.1931 9.7654
26.3984 27.5737
29.4730 26.9537
14.6029 16.2652
32.1443 30.1097
27.6293 26.2558
10.2713 10.4942
13.6654 13.5802
21.9620 22.3848
13.5449 14.9199

6.5263 7.0901

8.3071 6.5120
16.2005 14.8376
39.2886 40.9459
15.2629 11.9366
28.2264 27.9534
33.5585 33.3303
29.6563 29.2325
27.0231 27.8246
35.7169 37.3693
29.1978 29.2302
34.6102 35.8629
28.0862 29.0371

5.8493 0.2574
34.0180 36.5112
11.0820 11.9442
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12.8538 13.9511
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13.5285 12.7638
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38.2945 38.9185
15.3731 16.7967
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Table A (continued)

h k1 | Yobs | | Yeale | h k1 | Yobs | | Yeale | h k1 | Yobs | | Yeale |
6 6 5 24.7077 24.0021 7 2 4 10.9773 10.6848 9 2 2 14.0564 14.4235
6 0 6 19.8050 20.7745 7 3 4 20.4833 19.2663 9 3 2 21.5124 20.1388
6 1 6 9.9025 11.5095 7 4 4 10.1796 10.0711 9 4 2 8.2672 6.8527
6 2 6 19.8390 19.6299 7 5 4 21.1473 20.4975 9 5 2 6.9373 7.4925
6 3 6 18.6788 19.0022 7 6 4 18.3051 18.1363 9 7 2 23.8573 23.8082
710 31.1263 31.9690 77 4 15.1332 14.6130 9 1 3 12.2700 11.3670
72 0 6.6399 7.2690 7 0 5 11.2735 11.9747 9 2 3 13.7993 13.3825
73 0 42.9873 43.6142 71 5 18.8449 19.6329 9 4 3 8.2672 7.9110
7 4 0 9.9598 9.6708 73 5 7.2179 8.1277 9 5 3 14.9075 15.2353
750 28.1646 29.3592 75 5 20.5024 20.8110 9 6 3 14.5751 13.8084
76 0 24.8542 25.6897 70 6 16.6093 17.5226 9 1 4 15.7586 16.0993
770 10.6811 11.1755 716 7.6335 9.6106 9 2 4 14.1850 15.1571
78 0 8.4073 8.8289 8 1 0 21.7434 22.0278 9 3 4 24.0746 24.3563
79 0 26.3064 27.2884 8 2 0 31.3510 31.3327 9 4 4 14.0387 14.8068
701 24.4720 23.5274 8 3 0 7.8671 8.2273 9 5 4 7.3407 7.0516
711 42.1657 41.3492 8 4 0 12.5926 11.5079 9 0 5 6.4586 5.6876
7 21 14.5122 15.0826 8 50 14.7030 13.3510 9 1 5 7.6688 8.1820
7 31 18.3910 18.4564 8 6 0 15.7386 17.3866 9 2 5 10.3595 11.5833
7 41 23.3256 22.4269 8 70 17.2572 18.2241 10 1 0 6.6086 6.7016
7 & 1 31.2552 31.8860 8 8 0 17.5922 19.6236 10 2 0 29.1700 28.6706
7 6 1 19.1697 19.4682 8 11 16.6741 16.0597 10 4 0 31.9007 30.6591
771 12.2766 14.6377 8 2 1 44.3135 44.4727 10 5 0 26.0119 24.6538
7 81 12,1381 11.7807 8 31 12.2445 10.2050 10 0 1 8.1737 9.7493
791 12.9645 12,7992 8 4 1 31.3118 30.6401 10 1 1 23.5459 23.1826
71 2 25.8526 24.3569 8 6 1 15.0467 15.1244 10 2 1 19.3708 19.2766
7 2 2 26.4306 25.3596 8 7 1 6.9142 5.9270 10 3 1 4.8067 4.3596
7 3 2 10.5999 8.2653 8 8 1 23.8581 24.8138 10 4 1 13.7235 13.7850
7 4 2 18.5773 17.1803 9 1 0 31.5217 30.7551 10 5 1 15.2839 15.0518
T 5 2 20.3209 18.8469 9 2 0 29.7751 30.4430 10 0 2 5.7262 7.9123
7 6 2 18.5439 17.9474 9 4 0 14.6371 15.3302 10 1 2 34.9752 33.2907
d & 2 20.7508 20.6201 9 5 0 31.2956 31.8082 10 2 2 11.7404 11.4434
7 8 2 11.7177 11.8051 9 6 0 18.7330 19.2563 10 3 2 9.5716 9.0948
79 2 7.2800 6.6350 9 7 0 19.2295 19.8984 10 4 2 17.6571 15.7658
7 0 3 54.3085 55.1434 9 8 0 22.0133 22.9413 10 6 2 7.2960 7.1780
71 3 12.7304 11.7329 9 0 1 23.1836 22.1338 10 0 3 10.8302 9.6499
7 3 3 16.8290 16.8060 9 1 1 9.8674 9.2513 10 1 3 8.1877 7.9274
7 4 3 10.5235 11.1179 9 2 1 13.6974 12.9977 10 2 3 23.3648 23.2821
7 5 3 31.0689 30.1213 9 3 1 20.9760 19.7304 10 3 3 26.4020 26.8220
7 6 3 32.0721 324377 9 4 1 23.7244 23.9665 10 0 4 9.7713 10.7887
77 3 8.2975 9.1289 9 6 1 7.7219 8.5336 10 1 4 12.4974 13.4411
7 8 3 15.8975 15.0792 9 7 1 4.6899 3.5756 10 3 4 5.9027 7.6840
7 0 4 13.8960 15.0598 9 8 1 17.3677 18.6772 10 4 4 5.1504 7.2983
71 4 18.9595 17.8901 9 1 2 18.2587 18.3092

Comparing the NQR results with the crystal struc-
ture, we expect a relation between the direction of
the main components of the EFG tensor and the
bond directions. In Fig. 12, one of the AICI,®
tetrahedra of the unit cell is shown with its next
neighbors of Na® ions.

No simple relation seems to exist between the
direction cosines of the EFG tensor at the site of
2Na and the coordination of the Na® ions within
the lattice of NaAlCl,. The bond character of so-
dium in solid NaAlCly is a purely ionic one in which
case the multipoles surrounding the ion considered
are solely responsible for the EFG at its site. There-

fore, only extended calculations of the EFG on the
basis of a multipole model will yield the magnitude
and orientation of the tensor components at the site
of the sodium ion.

A somewhat different situation is found for the
EFG tensors at the site of 27Al and 3°Cl respectively
within the tetrahedron AICI;°. Here, by an applica-
tion of the Townes-Dailey theory?® in its simplest
form to the NQR data, a mean covalent character of
about 20% is calculated for the Al —Cl bond. From
this one expects that the Al — Cl bond should be re-
sponsible for most of the EFG at the sites of both
atoms Cl and Al, respectively.
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Applying this assumption to the EFG at the site
of 27Al, a qualitative comparison with the experi-
mental data is not possible.

In a first approximation, the ion AICL® is a
tetrahedron, and then from symmetry considerations
it follows that the intraionic EFG at the Al site is
zero. The nuclear quadrupole coupling constant
found in the experiment is therefore due to a) the
slight distortion of the tetrahedron which disturbs
the total compensation of the intraionic components

of the EFG, and b) the external charges (rest of the
lattice), the crystal field.

Preliminary calculations of the EFG at the sites
of 27Al ions based on a multipole model have turned
out to be insufficient to explain the magniﬂde and
orientation of the EFG. Extensive calculations are
probably necessary to solve the problem.

Considering the EFG at the sites of the chlorines
the Al —Cl bond is determining the orientations of
the EFG tensors. In Table 10 the angles between the
crystal axes and the bond directions Al—Cl are

compared with the angles between the crystal axes
and the directions of the z-axes of the 35Cl EFGs. It
can be seen that the main axes V., are collinear with

the bond directions Al — Cl within the limits of error.
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