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The 81 Br nuclear spin-lattice relaxation time in AlBr3 has been measured between 8 K and room 
temperature. The result is analyzed using the theory of the Raman process based on covalency. 
A Debye temperature of 67.6 K and covalency of0.070 and 0.072 for terminal and 0.022 for bridging 
bonds are obtained. The correspondence of the latter values to those obtained from the NQR 
frequencies is low, in contrast to the previously examined compounds.

Key words: Aluminium tribromide; Nuclear quadrupole relaxation; Raman process; Debye temper­
ature; Covalency.

81 B r  N u c le a r  Q u a d ru p o le  R e la x a tio n  in  A lu m in iu m  T rib ro m id e

1. Introduction

In the preceding papers [1, 2] we showed that spin- 
lattice relaxation in the halogen NQR of a few com­
pounds can be explained by the theory of the Raman 
process based on covalency [3]. In order to extend the 
application of this theory, 81 Br nuclear relaxation in 
aluminium tribromide (AlBr3) has been examined.

The crystal structure of AlBr3 is monoclinic, space 
group P2x/a [4]. Though the Br atoms are by them­
selves in a slightly deformed hexagonal close packing 
throughout the crystal, there apparently exist dimeric 
molecules Al2Br6. As shown in Fig. 1, the Al atom is 
surrounded by a tetrahedron of Br atoms, and the 
dimer consists of two tetrahedra sharing one edge.

For AlBr3 both the aluminium and the bromine 
NQR are reported [5-8]. However, unlike the relax­
ation of 79Br and 81Br nuclei (both spin 1 = 3/2), that

Fig. 1. Dimeric molecule Al2Br6 in the crystal of AlBr3. 
Br(l) represents the bridging atom and Br (2) and Br (3) the 
terminal ones.
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of 27A1 nuclei (1 = 5/2) is governed by two relaxation 
times, and it is not easy to determine them separately. 
Moreover, the Al atom is bonded to nonequivalent Br 
atoms in the Al2Br6 dimer, whereas the theory as­
sumes equivalency of the partner atoms. Since the 
resonance frequencies of Al and Br nuclei differ much, 
there is no interaction between their relaxation. This 
paper treats only the bromine nuclear relaxation.

2. Experimental

AlBr3 (Wako Pure Chemicals) of purity higher than 
99% was used without further purification. About 5 g 
of AlBr3 were sealed in a pyrex ampoule with a small 
amount of helium gas, and then the sample was melted 
and annealed.

The 79Br and 81 Br NQR were observed with a pulse 
spectrometer (Matec Inc.). The spin echo signal after 
90°-180° pulses was monitored. The signal-to-noise 
ratio of the 81 Br nuclei for the three sites was nearly 
equal, namely 30 at 77 K, after 64 times averaging. Tt 
was determined by measuring the echo height S(t) at 
time t after saturation by another 90° pulse. The re­
covery curve could be fitted with a single exponential 
function within experimental errors.

3. Results

The 81 Br NQR spectrum consists of three lines of 
about 81.8 MHz (vx), 95.0 MHz (v2), and 96.4 MHz
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(v3) at 77 K [5, 8]. vx is assigned to the bridging (Br(l)), 
and v2 and v3 to the terminal (Br(2) and Br(3)) atoms, 
respectively [7].

Our values of the resonance frequencies above 77 K 
agreed with the reported ones [8]. The values below 
77 K were also on the extrapolated curves and the 
values at 4.2 K were 82.142, 95.520, and 96.966 MHz, 
respectively, with errors of +0.004 MHz.

Figure 2 shows the temperature dependence of Tx 
(81Br) for the three lines. Though at 4.2 K the T/s were 
too long to be measured exactly, they were estimated 
to be 103 s. This indicates that the values of Tx are 
intrinsic and not shortened by magnetic impurities 
down to such low temperatures. As the temperature 
increases, the slope in the log-log plot becomes pro­
gressively gentler and approaches —2. The signal 
could also be observed above room temperature, but 
the error in Tx became large because the separation 
between the 90° and 180° pulses (typically 200 ps) 
could not be neglected for the measurement of such 
short Tj.
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Fig. 2. Temperature dependence of Tt for the three 81 Br
NQR lines in AlBr3.

The ratio (^B r)"1/ ^  (79Br)_1 was 0.65 ±0.05 
for the three sites at 77 K. This is close to the squared 
ratio of the quadrupole moments Q, [<2(81Br)/ 
Q(79Br)]2 = 0.6978 rather than that of the magnetic 
moments p, [//(81Br)/^(79Br)]2 = 1.1618. Therefore, 
the relaxation can be attributed mainly to the quadru­
polar interaction.

Both T2 and T2* were nearly equal among the three 
sites, and T2 was 0.30 ±0.01 ms and T2* was 70 ± 10 ps 
for 81 Br nuclei typically at 77 K.

4. Analysis and Discussion

4.1 Raman Process

The approach of Ti"1 to a T2 dependence with 
increasing temperature suggests that the relaxation is 
dominated by the Raman process. 

For I = 3/2, Ti"1 due to this process is given by [9]

3 g4Q2< r-3>2c3 
1 100 7t3 a7 d2 Vg

■T*2 £  (Nlv + 4N 2v)Dv(T*), (1)
V — 1

where a denotes the equilibrium distance from the 
halogen ion to the metal ion, d the density of the 
crystal, T* the temperature reduced by the Debye 
temperature 0D, and r the interionic distance. < >H 
means the expectation value with respect to the va­
lence p electron of halogen ions, c is defined as c = kD a 
with the maximum wave number kD = (6 7t2 N/V)113, N 
being the number of atoms in the unit cell of volume 
V. The sound velocity vs is related to dD by

ha>D = hvskD = kBeD, (2)

where coD is the Debye frequency and kB the Boltz- 
mann constant.

With the measure of covalency, A, and its first and 
second derivatives with respect to r, A' and A", NMV for 
terminal atoms is given by

N11 = N12 = N13 = 4A2( \ - ^ £ ) 2,

N ,, = N15 = N16 = 0,

JV21=iV22 = jV23 = A2,

N2A = N25 = N26 = 0, (3)
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and for bridging atoms
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where (p denotes the angle between the bridging 
bonds, cf. Figure 1. 

DV(T*) is defined as
1 it

D ,(T*)=T* |
x2e*

Jo (ex -  1)
Lv(c T* x) dx, (5)

where x = h co/kB T, co being the angular frequency of 
the phonons. Ly(cT* x) = Lv{ka) generally has the 
following forms:

L1(ka)= {S2}* = — i f  (2 ka)]2,

L2(ka) = {C2}2 = [§ -  2f(ka) + i f  (2ka)]2,

L3 (k a) = 2 {S2 C2}k = 2 [ i -  i f  (2 k a)] [f -  2f(k a) 
+ 1/(2 ka)],

L4(fca) =  {S, S2}2 = [ -  i f ( y j2(1 + cos(p)k a) 
+ if(y/2(\-cos<P)ka)]2,

L5{ka) = {Cx C2}k = [1 — 2/(fca) 
+ 1 /(^ 2 (1  + cos<P)ka) 
+ i / ( V  2(1— cos 0) k a)]2,

L6(ka) = 2{Sl S2Cl C2}k = 2[ — if(y/2{l + cos(p)ka)
+ i/(V 2 ( l-c o s0 )k a )]  [1 - 2 /(fca) 
+ i / ( \ / 2(1 + cos 0) fc a) 
+ i / ( \ / 2 (1 — cos 0) fc a)],

where

5„ = sin (a A: • /»), C„ = cos(aA: • n)-1 , f{y) =

(6)

siny

(7)
and { }k means the average about the direction of k, 
k being the wave vector of the phonon, fc its magnitude 
and n the unit vector from the halogen ion to the metal 
one.

4.2 Estimation of Debye Temperature 

Introducing a scaling time r defined as

3e4Q2< r-3) 2c3.-1 _ (Nl l + 4N21),
100 n:3 a1 d2 u3 

(1) can be reduced to a form convenient for fitting

(8)

(T^T2) - 1^ 2)-
3
Z  Dv(T*) + e E  DV(T*)

v = 1 v = 4
where

£ =
•W14 + 4 iV24 
iV11+ 4 N2i

(9)

(10)

For terminal atoms s vanishes, while for bridging 
ones e is calculated to be 0.3067 by using (p in Table 1. 
Then, by fitting (9) to the experimental result, we can 
determine 0D together with x as fitting parameters. 
The integration in (5) was carried out numerically. 
Table 2 and Fig. 3 show the results of a least-squares- 
fitting performed for the data 8 K to 200 K with an 
assumption of a common 0D for three sites. Then, by 
means of (2), we obtain vs = 7.33 x 104 cm/sec. Even 
when the fitting is made for the data up to 250 K or 
with an assumption of separate 0D's for the three sites, 
the obtained 0D's differ by only a few degrees from the 
above value.

Table 1. Crystal data [4].

N y (ä3) a(Ä) <p (degree) [6]

16 538.0
2.34 (Br(l)) ^  
2.42 (Br(l')) /  
2.33 (Br(2)) 
2.23 (Br (3))

82
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Fig. 3. The result of a least-squares-fitting of (9) to the data 
for the three NQR lines in AlBr3.

Table 2. Debye temperature 0D and scaling time t.

Site 0d(K) t(s)

Br(l) ) 0.0355
Br(2) > 67.6 0.0219
Br(3) J 0.0188

4.3 Estimation of Covalency

Now we can estimate X from t using (8), with (3) or 
(4). The e2 Q < r '3>H is given by (5/4) e2 Q qM, e2 Q qM 
being the quadrupole coupling constant for the free 
atom, which is reported to be 643.033 MHz for 81 Br 
[10]. c = kD a is calculated to be 2.874 as an average for 
Br(l), 2.814 for Br (2), and 2.693 for Br (3) from the 
data in Table 1. The relation

Aocexp( — r/g) (11)

and a value of 0.345 Ä for the repulsive range param­
eter q were assumed as before [1-3]. Thus we obtain 
the values of X in Table 3. In the table the results for 
the previously examined compounds [9] are listed for 
comparison.

X is defined as the amount of p electrons which is 
transferred from the halogen ion to the metal ion in 
forming covalent bonding and is supposed to produce 
the EFG with the largest component along the bond 
[3]. It just corresponds to the number of unbalanced p

electrons,/, defined as [11]

e2Q l mol
/ =

09« '
(12)

where e2 Q qmol is the coupling constant for the mole­
cule and related with the resonance frequency v0 by

vn = e2Q<l mol 
2 h (l + i / W 2 - (13)

Here rj denotes the asymmetry parameter, whose 
value is reported to be 0.248 for Br(l), 0.073 for Br (2), 
and 0.106 for Br (3) in AlBr3 at 77 K [7], Thus we can 
compare X determined from Tx with /  determined 
independently from vQ. The thermal effect involved in 
vQ was removed by using the values at 0 K extrapo­
lated from vq(T) at higher temperatures. Then we 
obtain the values of/  in Table 3.

4.4 Concluding Remarks

The ratio X/f for AlBr3 is significantly smaller than 
those for the previously examined compounds. Rather 
large rf s for terminal atoms suggest the existence of 
intermolecular bondings [7]. However, even if inter­
molecular bonding is assumed between these Br 
atoms and the corresponding nearest Al atoms, and if 
an analysis similar to the case of SbCl3 [2] is made, the 
change in/  does not exceed 10%. When 0D is low, the 
anharmonic Raman process is expected to become 
effective, but inclusion of the contribution to Ti-1 
makes the estimated X even smaller. Though neither

Table 3. The two measures of covalency, X and f.

Compound Site /la f b x/f

AlBr3
Br(l) 
Br(2) 
Br(3)

0.022 
0.070 
0.072

0.256 
0.303 
0.306

0.086 
0.231 
0.235

(0D = 67.6 K)

SbCl3 CI (I) 
CI (II)

0.284 
0.260

0.387 
0.355

0.734 
0.732 (0D = 140.6 K)

NbCl5
Cl(br) 
Cl(eq) 
CI (ax)

0.039 
0.096 
0.107

0.245 
0.133 
0.132

0.159 
0.722 
0.811

(0D = 146 K)

NbBr5
Br(br) 
Br(eq) 
Br (ax)

0.025 
0.075 
0.075

0.283 
0.153 
0.152

0.088 
0.490 
0.493

(0D = 94 K)

Corrected for the lack of inversion symmetry also in the 
other compounds.
Corrected for thermal effect but, as for niobium com­
pounds, still with the assumption rj = 0.
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the value of 0D nor the temperature factor in the X-ray 
analysis is reported, 0D of 67.6 K seems to be fairly low 
compared with 0D's of other compounds. Also in 
NbBr5, exhibiting low 0D, the agreement between A 
and /  is small. According to (1), for a given T ^ 1, A 
depends on 0D more strongly than d^2. Correspond­
ingly, when dD is estimated to be smaller than the 
actual value, A is also estimated to be smaller than 
otherwise. As a conclusion, we may say that, as the 
Debye temperature becomes lower, the difference be­
tween the Debye model and the actual phonon spec­

trum is reflected more strikingly in A through the 
strong dependence of A on dD.

As in niobium halides, it is also observed in AlBr3 
that A// for bridging atoms is much smaller than that 
for terminal ones, but the difference is smaller in 
AlBr3. This may be attributed the fact that the frac­
tion of the number of bridging atoms in the unit cell 
is larger in this compound. In the present treatment, 
assuming equivalence of the ions, this is expected to 
bring about a raising of A// for bridging atoms at the 
expense of the lowering of it for terminal ones.

[1] N. Okubo, H. Sekiya, C. Ishikawa, and Y. Abe, Z. 
Naturforsch. 47 a, 713 (1992).

[2] N. Okubo and Y. Abe, Z. Naturforsch. 49 a, 680 (1994).
[3] K. Yosida and Y. Moriya, J. Phys. Soc. Japan 11, 33 

(1956).
[4] P. A. Renes and C. H. MacGillavry, Ree. Trav. Chim. 64, 

275 (1945).
[5] R. G. Barnes and S. L. Segel, J. Chem. Phys. 25, 180 

(1956).
[6] P. A. Casabella, P. J. Bray, and R. G. Barnes, J. Chem. 

Phys. 30, 1393 (1959).
[7] T. Okuda, H. Terao, O. Ege, and H. Negita, J. Chem. 

Phys. 52, 5489 (1970).
[8] N. Weiden and A. Weiss, J. Mag. Res. 20, 334 (1975).

[9] In the summation of (4.26) in [3], terms with s=s' do not 
vanish for the case where inversion symmetry about the 
nucleus in problem is lacking. In [1, 2] these terms were 
missed. Leaving these terms, we have the present L3 and 
L6 in (6). In (1), (3), (4), (6), (9), and (10) the corresponding 
modifications have been made and the corrected results 
for the previously examined compounds are listed in 
Table 3.

[10] J. G. King and V. Jaccarino, Phys. Rev. 94, 1610 (1954).
[11] In [1], X for bridging atoms was compared with half the 

value obtained from (12), because in the approximation 
of the bond angle as 90°, the EFG along each bond is 
half that along the principal axis perpendicular to the 
bonds, after averaging due to bond switching. However, 
according to (4.6) of [3], X corresponds to the EFG for 
each bond before the summation, so that it should be 
still compared with /  itself also at bridging atoms.


