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Strain-induced inhomogeneous broadening in nuclear 
quadrupole resonance 
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Cordoba, Laprida 854,5000 Cordoba, Argentina 
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Abstract. An expression for the variation in the inhomogeneous broadening of the nuclear 
quadrupole resonance linewidth with the temperature was obtained. This model is in good 
agreement with a linear temperature dependence of the linewidth as is experimentally 
observed in polycrystalline samples of paradichlorobenzene. 

1. Introduction 

There is experimental evidence that inhomogeneous broadening occurs in the nuclear 
quadrupolar resonance (NQR) line owing to the internal stress in molecular polycrystals 
(Wang 1955). Further, experimental and theoretical work has been carried out on the 
quadrupolar shift and nuclear magnetic resonance line broadening due to uniaxial 
external stress and strains generated by defects (Kanert and Mehring 1971). When 
stresses are applied to single crystals, it is possible to obtain some information about the 
crystalline structure but, in the presence of a stochastic distribution of strains in a 
polycrystal, no information in principle can be determined. 

In an excellent review paper, Stoneham (1969) presents in a general form the theories 
used to solve problems of inhomogeneous broadening. Using their basic ideas, we 
apply that formalism to analyse the temperature dependence of the inhomogeneous 
broadening of the NQR line arising from the internal stress originating from the aniso- 
tropic thermal dilatation coefficient and subgrain boundary ties. 

In a subsequent comparison of the theoretical results with the experimental data, we 
analyse the agreement between these. 

2. Theory 

The temperature dependence of the NQR frequency can be expressed as (Das and Hahn 
1958) 

where Tis the temperature, x = fzui/kT, v o  is the quadrupolar frequency in a stationary 
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molecule, mi is the frequency and Ai is a quantity related to an equivalent moment of 
inertia of the ith normal mode. 

The internal stress in the crystal changes the inter-molecular distance; thus a NQR 
frequency shift A V  can occur owing to changes in the static contribution v o  and shifts in 
the librational frequency mi. Then, by supposing that Awi/wi = Aw/w for all the external 
modes, it is easy to see that 

where 0, is the strain tensor, s k i  is the elastic tensor, uk is the deformation tensor and 

3 Ai 1 1 x exp x 
2 i m i  2 expx - 1 (expx - I)* g(T)  =-fix-(-+ + 

On the assumption that there is a stochastic distribution in the values of the strain 
components o,, an inhomogeneous broadening of the NQR lineshape results: 

For simplicity, it is assumed that the joint probability density is separable into 
products of probability distribution of individual strain components, i.e. 

P(01, . * . ,as) = P ( U l ) .  . . P(o,).  

Since we are interested in the changes (with temperature) of width and not in the 
shape of the resonance line, a Lorentzian density is proposed (a Gaussian density leads, 
likewise, to a similar qualitative behaviour): 

P ( 0 i )  = s/n(a: + 6'). 

By inserting this into (l), one obtains 

Z(w) = A/n(02  + A*)  

where 

Yk = - ( l /w)  (aw/au,) is the Gruneisen constant associated with the kth component of 
the deformation tensor. In this way, A can be expressed as 

An expression for S cannot be obtained in a general form because the strain distri- 
bution depends on the material and the particular grain boundary model. However, in 
a simple model, it can be assumed that the thermal dilatation constant has different 
values .on both sides of the grain boundary plane (within this simplification, only the 
thermal expansion in a direction which lies on a plane parallel to this plane will be 
relevant). If m is a representative value of this difference, the deformation tensor 
becomes proportional to To - T where To is the solidification temperature. Then, the 
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more general form of a strain distribution width is 

s = c(T ,  - T )  

where c is temperature independent and is constant within the elastic range; c describes 
the average ‘strength’ of the deformation tensor in the whole crystal. Thus 

In the case where the second sum can be neglected, a linear temperature dependence of 
the inhomogeneous broadening is predicted. Further, when v o  falls to zero (as in cubic 
lattices) (2) is reduced to (Shulman et a1 1957) 

3. Experimental details 

In this work, we analyse the linewidths in paradichlorobenzene samples (in both single 
crystals and polycrystals). We chose this compound because its thermal expansion tensor 
shows marked anisotropy. 

The samples were obtained from commercial paradichlorobenzene purified by 
repeated recrystallisation. Single crystals were grown by two methods: by sublimation 

100 200 300 
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Figure 1. Temperature dependence of the linewidth in paradichlorobenzene samples 
obtained by different methods: +, single crystals obtained by sublimation; 0, single crystals 
obtained by the Bridgman method; 0, polycrystals in a ceramic matrix. 
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Figure 2. Temperature dependence of inhomogeneous broadening in paradichlorobenzene 
samples obtained by the Bridgman method (e) and polycrystals in a ceramic matrix (0). 
The broken line indicates To. 

and by the Bridgman method. Polycrystals were also obtained by two methods: the first 
method allows a liquid sample to solidify at room temperature and the second method 
is by absorbing liquid paradichlorobenzene in a ceramic matrix with a mean diameter 
pore of 5 pm and leaving it to solidify at room temperature. The linewidths were 
measured by fast Fourier transform spectroscopy with a Nicolet 4094 B instrument which 
had a resolution of 100 Hz. 

The measured data are plotted in figure 1. The linewidths obtained for polycrystals 
grown by the first method and single crystals obtained by the Bridgman method have 
the same temperature dependences; therefore, only the latter are depicted in this figure. 

The inhomogeneous broadening is shown in figure 2. These values were obtained by 
assuming that the linewidth for single crystals grown by sublimation is completely due 
to homogeneous broadening. 

The data from single crystals obtained by sublimation and from polycrystals in a 
ceramic matrix are the same (within experimental error) on increasing or decreasing the 
temperature between 77 and 300 K. For the other polycrystals and single crystals, this 
reversibility range was reduced from 130 to 300 K (below 110 K the crystals break up 
owing to internal stress). 

4. Conclusion 

The temperature dependence of inhomogeneous broadening in equation (2) is governed 
by the To - T term and g( T) .  In order to estimate the predicted behaviour in para- 
dichlorobenzene, we find the value of the sums in (2). 

Ski and Y k  were unknown and equation (2) must be transformed to (Callen 1960, 
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Ashcroft and Mermin 1987) 

The thermal dilatation tensor ai, the specific heat Cv, vo and g( T )  were obtained from 
the work by Wheller and Colson (1976), the Journal ofPhysical and Chemical Reference 
Data (1984) and Moross and Story (1966). If d v o / 8 q  = 10 Hz cm2 kg-I (Zamar and 
Brunetti 1988) and with the values given above, the first sum in (2) is one order of 
magnitude greater than the second (over the whole temperature range); thus a linear 
behaviour is predicted just as observed experimentally. 

The extrapolated inhomogeneous broadening in paradichlorobenzene in a ceramic 
matrix is, however, far from zero at T = To and it cannot be predicted by our model. We 
suggest that this disagreement might be due to long-range strain fields at the ceramic- 
paradichlorobenzene interface which arise on the liquid-to-solid transition of 
paradichlorobenzene. 
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