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Abstract. The 35Cl nuclear quadrupole resonance (NQR) spectra of p-dichlorobenzene doped
with p-bromochlorobenzene and p-dibromobenzene have been studied. The measurements were
carried out as a function of the concentration up to 10% of impurities and at four temperatures in the
77 K=295 K range. The impurities diminish the integrated intensity, shift the peak of the line, and
increase the linewidth. The frequency of the peak varies linearly with impurity concentration, with

a slope depending upon the solute molecule and the temperature. The increment of the linewidth
depends on the solute molecule, but not on the temperature. The observed chang&SGif the
NQR signal are accounted for by considering the perturbation of the electric field gradient produced
by elastic distortion of the lattice, and by variations in the electric charge distribution and phonon
spectra.

1. Introduction

Nuclear quadrupole resonance (NQR) is an appropriate technique for the investigation of
impurity-doped crystals by exploring the influences on the electric field gradient (EFG).
Impurity-doped crystals are of special interest, since they yield valuable microscopic
information on solid solutions.

The EFG in a solid depends on the configuration [1] and dynamics of the crystal [2]. The
addition of a small amount of impurity with size and mass different to that of the host molecule
changes the charge distribution and phonon spectra. Whenever these effects may be considered
as a small perturbation, it seems reasonable to expect the NQR characteristic parameters to
follow a linear relationship with the impurity concentration. In the last few years several
experiments and theoretical studies have been performed on the EFG perturbation induced
by impurities [3, 6]. For exampl€’Cl NQR experiments carried out on doped chlorates and
hexachlorometallates have shown that the perturbations due to substitutional impurities may
be explained by invoking an elastically distorted lattice. Although Raman measurements on
doped samples indicate that the lattice modes of the chlorates are affected by the difference
between the masses of the host and the impurity, no definite evidence has been found for such
an influence on the NQR. This effect has been assigned [4] to the presence of localized modes
around the impurity; therefore in the limit of low concentration a negligible number of resonant
nuclei are affected. Thus, it is not clear how sensitive the NQR is to changes in the phonon
spectrum due to the presence of impurities. Itis the aim of this work to shed some light on the
above-mentioned points.
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The present paper describéCl NQR measurements made on p-dichlorobenzene
(PDCIB) polycrystalline samples doped with p-dibromobenzene (PDBrB) and p-bromochloro-
benzene (PBrCIB) as functions of concentration and temperature. These compounds are
isomorphic and display a large mutual solubility [8, 9].

The3>CINQR in PDCIB seems a good choice of subject if one wishes to study the impurity
effect. For this system there is information available that was obtained by various techniques:
Raman spectroscopy [7], x-ray diffraction [8, 9], and NQR under axial pressures in PDCIB
single crystals [1]. Furthermore, in organic crystals the phonon subbands are usually coupled;
therefore the observation of localized phonons will be far less common in these systems than
in the ionic crystals, where the phonon subbands are usually separated and highly decoupled.

2. Experimental details and results

Doped polycrystalline samples with concentrations in the rangex0< 0.10 were obtained
from precipitates of saturated PDCIB solutions containing the appropriate quantities of PDBrB
or PBrCIB.

For the 77 K measurements, the samples were immersed in liquid nitrogen. The other
temperatures were measured with a thermocouple and stabiliz€@@°C. The typical error
on the line peak frequency was80 Hz.

The measurements were performed using an automated home-made NQR spectrometer.
The conventional Hahn echo sequence was used, and the real and imaginary parts of half
of the echo signal were digitized and accumulated to improve the signal-to-noise ratio (s/n).
The NQR spectra were obtained by a fast-Fourier-transform (FFT) algorithm. The spectra for
concentrations > 0.03 was reconstructed by the method of spin—echo mapping [10].

The intensity of the NQR signal exhibited a strong decrease while the impurity

T=295K X T=77K
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Figure 1. The3°CINQR frequency spectra of PDCIB are depicted, at two temperatures, as functions
of the concentration of PDBrB. The main features that can be seen are the frequency shift of the
peak and the dramatic increase in the linewidth.
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concentration was increasing. Figure 1 shows¥i@ NQR spectra at 77 and 295 K for
PDCIB at different PDBrB concentrations. Similar results were obtained when PBrCIB was
the impurity. Impurities affected all of tiCI NQR line parameters: shape, width, and peak
frequency. For pure PDCIB the lineshape is Gaussian as expected from the dipole—dipole
broadening [11]. As the impurity concentration rises, the lineshape becomes progressively
more Lorentzian. For concentrations larger thab30an additional line appears at 70 kHz
below the main line. This satellite line is due to the frequency changes undergone by those
35CI nuclei that are next to the impurity molecules [12]. The analyses of these structures has
been carried out in a subsequent paper [13].

The linewidth, taken as the full width at half-maximum (FWHM), which is typically 1 kHz
in PDCIB, increases linearly with the concentration with a slope of 330 kHz h{ohpurity
PDBrB) and 205 kHz mot* (impurity PBrCIB). This behaviour is shown in figure 2. The
changes in lineshape and linewidth are temperature independent.

PDBrB

PBrCIB

FWHM [kHZ]

0 l 1 l 1 l 1 l 1 l 1 l 1 l J
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Concentration

Figure 2. The linewidths (FWHM) of the*®Cl NQR spectra of PDCIB as functions of the
concentrations of the impurities PDBrB and PBrCIB. The open and full symbols correspond to
the values measured at 295 and 77 K respectively. A linear behaviour is clearly exhibited in both
cases, and in the inset we can see that this is also true at the low end of the concentration range. The
dotted lines correspond to the lattice contribution as given by equation (19). As may be seen, a good
description of the data is obtained in the PDBrB case. For PBrCIB the electric dipolar contribution
(equation (22)) has to be accounted for. The full line includes both contributions, providing a good
description of the data.

The most interesting effect produced by the presence of the substitutional impurities is the
shift Av of the peak of the line. In figures 3(a) and 3(b) the shifts measured at four temperatures
are plotted against the concentration. The resonance frequency increases linearly with the
concentration with slopes depending on the temperature and impurity type.

3. Theory

It is well known that the NQR frequency (NQRF) generally decreases monotonically with
temperature. This was explained by Bayer and Kushida [2] as due to the averaging of the
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Figure 3. The frequency shifts of the peaks of tFR€| NQR spectra are depicted as functions of
the concentrations of the impurities PDBrB (a) and PBrCIB (b), at four selected temperatures. As
may be seen, a linear description provides a good fit of the data, in agreement with equation (13).

EFG produced by normal-mode vibrations. Assuming that the contributions to the EFG may
be separated out into dynamical (intramolecular) and crystalline (intermolecular) ones, the
Bayer—Kushida theory may be expressed as

LA ho;
"'(T) = Vdyn + Veryst = VO |:1 - Z ; w_j COth( 2kBjT>i| + Veryst (1)

where; runs over all of the normal modes, the are the vibrational frequencies at the origin

of the Brillouin zone, andi; is related to the moment of inertia of thieh normal mode [14].

For the lattice modes, th&; coincide with the reciprocals of the molecular moments of inertia.

vo is the NQRF in a static molecule, while,,; is the crystalline contribution which arises

from the remaining molecules in the crystal. This equation does not consider normal-mode
anharmonicities, which are responsible for the crystal thermal expansion and the decrease of
the lattice frequencies. Brown [15] proposed a linear temperature dependence for the lattice
frequencies:

w;(T) = woj(1 — a;T). 2

This approach has been successfully applied to a wide range of NQR data [16].

The thermal expansion also produces a change in the crystalline contribution to the EFG.
However, this change has been shown to be negligible [16] as compared with the vibrational
effect. Therefore,.,,, will from now on be regarded as temperature independent.
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Since we are interested in the NQRF shift as a function of the concentration relative to the
frequency of the pure sample, it is convenient to express equation (1) as

37 Nian 1 Ewlj‘m .
v(T) = v |:1 - Z JZ; ijljatt COth( ZkBT) +O(T, 0™) | + Veryst 3

wherej runs over those lattice modes which affect the EFG Brid the moment of inertia,
andO(T, »'™) represents the contribution of the internal modes to the averaging of the EFG.
On applying the high-temperature approximation [2] % Ew’j“”/kg ~ 80 K) to the lattice
mode terms, the following NQRF results:

3T W4 1 :
T)=vp|1— +O(T, @™ | + Verys:- 4
v(T) V0|: 5 Zz,(w_l,.an)z (T, o )} Veryst (4)

j=1

The impurities may be considered as random point defects in the host lattice. If the impurities
distort the lattice as a result of their size being different from that of the host, their effect
may be described as an elastic distortion assuming that the crystalline contribution varies
linearly with the strain [4]. Furthermore, if the impurity has a different mass, it may shift
the frequencies of the lattice modes, thus changing the temperature dependence of the NQRF.
This artificial partition offers the possibility of correlating the NQRF shift with the volume and
mass differences between the impurity and host molecules. Both effects are discussed below.

The concentration dependences of some lattice modes in mixed crystals of PDCIB with
PDBrB and PBrCIB have been measured and analysed by Bellows and Prasad [7]. They
conclude that the shifts in the lattice frequencies are mainly due to the differences between
the masses of the impurities and the host molecule. At low concentrations the shifts are
well fitted by the virtual-crystal model (VCA) which predicts a linear relationship between
the phonon frequencies and the concentration [7]. These results and those from Brown'’s
proposal (equation (2)) suggest linear temperature and concentration dependences of the lattice
frequencies, which may be written as

a)lja”(T’ x) = wé”}”(l — o AT)(1— ﬂjx) (5)

where AT = T — Ty, Tp being an arbitrary fixed temperature, amgl; is the jth lattice
frequency atl’ = Tp. On substitutingo]j“”(T, x) in equation (4), the following dynamical
contribution results:
3kpT Nian 1

2 = I‘j(wé‘;”)Z(l —o; AT)?(1— B;x)?

Vayn(T, x) = vo [1 — +O(T, wi"’):| . (6)

Asa; AT ~ 102 [15] andxB; ~ 1071 [7], the dependence dh andx may be approximated
by

N PR 7YAE < N S 2 int 7
Vaya(T, x) =vo | 1= —5 E 1: Ij(wéa_zt)z( +20;(T — To) +28,x) +O(T, ™) |.  (7)
J= J

Assuming thag; = (8) anda; = («) for all lattice modes, it is easy to see that
Vayn (T, x) = vo [1 + 2(a) To)boT — 2(ct)boT? + O(T, ™) | — 2v0bo(B) Tx (8)
where

b 3kB Niat 1
0= "5~ T (a2’
2 =t Ij(wlojtt)Z

9)
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The first four terms in equation (8) were obtained by Brown [15], while the last term represents
the overall effect of the impurities on the dynamical contribution to the EFG. Thus, the shift
of the frequency with respect to that of the pure crystal is

Avdyn(Ta )C) = den(T, X) - den(T, 0) = —2U0bo<ﬁ)Tx. (10)

In this way, a linear decrease in the NQRF shift with temperature, concentration, and average
change of the lattice frequencies is predicted.

With respect to the crystalline contribution, as mentioned above, the strain field resulting
from the inclusion ofimpurities gives rise to atemperature-independent shift of the NQRF [4,5]:
AVerysi (X) = Verysr (X) — Veryse (0). A detailed treatment of this perturbation to el NQR
in molecular alloys of PDCIB with PDBrB has been recently published [17]. In that paper it
was shown that the NQRF shiftv.. (x) is related to the defect-induced volume expansion

by

dverys
Avcryst(x) = wa (11)
with
eyt _ _g7pt =2 (v ) g e (12)
dx 1— A « \dparia dx

wherea™! da/dx represents the lattice anisotropic expansion when PDCIB molecules are
substituted for either with PDBrB molecules [8] or with PBrCIB [9] molecules, d; /dpaxia
is the coefficient that relates the changes in crystalline EFG induced by strainthe
compressibility of the PDCIB [18], and is the Poisson ratio, which for molecular crystals
varies from 0.25 to 0.3 [19].

Finally, the total NQRF shift Av(T,x) = Avgy,(T,x) + Avgy(x), produced by
impurities is given by

d Ccrys.
AW(T, x) = (—2vobo<,3>T + %)x (13)
and the first concentration derivative is
0A Averys
( v) — —2u0bo(B)T + — (14)
ax ) dx

This equation shows that the shift due to the strain field in the temperature range over which
the measurements were made may be obtained experimentally by extrapolating to zero kelvin
the temperature dependenceg®v/dx)r. From the second derivative

3%Av/dT dx = —2vpbo(B) (15)

we may obtain an estimated value {@).

4. Analyses of experimental results

Figure 4 depicts the temperature dependenced &u/dx)r for both impurities—PDBrB
and PBrCIB. These data clearly exhibit a linear behaviour with temperature, in agreement
with equation (14). This behaviour is different for the two types of impurity. The resulting
temperature dependences forXv/dx)r are given in table 1.

Some quantitative information qg) may be obtained by using equations (15) and (9). In
PDCIB the lattice modes of interest are the molecular librations about the axis perpendicular to
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Figure 4. The first derivative of théCI NQR frequency with respect to the impurity concentration
is depicted as a function of the temperature. The data are deduced from those shown in figure 3.
The fact that the result is a straight line provides additional support for the assumptions and

approximations leading to equations (13) and (14).

Table 1. The impurity dependence of the first and second NQRF derivatives.

Impurity  dverys /dx (kHz mol™Y) 82 Av/aT dx (kHz K= mol~2)

PDBrB 220 —0.65
PBrCIB 114 —0.39

the benzene ring plane (theaxis), and about the axis lying over that plane and perpendicular
to the interhalogen axis (theaxis). Thus, equation (9) yields [20]

kg | 1 1 1 1
bo = — - = - - 16
0 2 |:2[x Z (wéﬁ”)z 21)' Z (wlczvtt)2:| ( )

x y 0)

where thel; are the moments of inertia and t,bgg.” are librational frequencies @ = 185 K
(equation (5)), which is the average temperature used in this work. The vaIﬂ,eamiwg;”
are shown in table 2. '

Table 2. PDCIB molecular moments of inertia and frequencies of the librations about#xés
andy-axis.

1(107%m?kg) o cm?d) o, cm )

I, =141 60.4 30.4
I, =126 53.9 53.9

Substituting these values in equation (9) we obtgin= 4.5 x 10~° K~1. The values
obtained for(B8) yor takingvy = 34.8 MHz [21] are listed in table 3. These values are com-
pared with those predicted by the VCA as well as those obtained from Raman spectroscopy
for the two most relevant lattice modes [7].

As seen—in spite of the approximations involved—there is a reasonably good agreement.
Thus, we may conclude that the temperature dependenke (Hee figure 3) is due to changes
in the lattice phonon frequencies as predicted by equation (13).



3588 A P Bussandri et al

Table 3. The concentration dependence of the lattice modes as deduced from various sources.

(B)nor (B)vca BRraman (32 cnrty BRaman (55 cnrty
Impurity (mol~1) (mol~1) (mol—1) (mol~1)
PDBrB 0.21 0.25 0.44 0.28
PBrCiB 0.12 0.18 0.21 —

It is important to point out that these changes are detected even at concentrations below
0.02. Thisimproves the Raman spectroscopy results because this technique is rather inaccurate
at such low concentrations [7].

The other contribution to the NQRF shifts produced by strains may be estimated from
equation (12). However, it is necessary to know,f,;/dp..i;. Zamar [1] measured
ov/dpaia at 273 K for PDCIB single crystals in several crystalline directions, obtaining
9V/dpariar = —1 kHz MPat in the direction of maximum volume expansion by molecular
substitution. Using this value for the axial coefficient pressure, equation (12) predicts an
increase of the NQRF as the impurity concentration increases. The estimated slopes are
shown in table 4.

Table 4. Comparison of the concentration first derivative of the NQRF obtained from experiment
and theory, and the relative derivative of the lattice parameter.

Impurity  dveryse /dx (kHz mol1) dvf;ff;f,”/dx (kHz motY)  a~1da/dx (mol-1)

PDBrB 220 150 0.059
PBrCIB 114 69 0.023

a Reference [8].
b Reference [9].

The measured values are larger than the estimated ones; however, the ratios of the values
of dv,, /dx corresponding to the two types of impurity agree well with the ratio of the values
of a—! da/dx, providing additional support for equation (14). The discrepancy may be due to
the fact that the value @&fv/dp..i; USed in the theoretical calculation (equation (12)) has two
contributions [1]: one of them is the change of the crystalline EFG due to strains,(ddp),
and the other is the alteration of the lattice frequencies produced by changes in the lattice
force constants. However, the force constant changes caused by lattice expansion are already
included in the first term of equation (13). Therefore, to estimatg,d/dp we have taken
the first derivative in equation (4) with respect to pressure:

ov _((9Vayn N Averyss 17)
p/)r B wp Jr dp
with
g 3In olett 3 In ol
Vayn ) _ vo3kBTZ ~ 2wbo[ ——— )T (18)
ap I; a) Bp ap

whered Ino!"' /op ~ 7.4 x 107 Mp(:r1 [22]. Then, the estimated value fah,,/dp)r
at T = 273 K is 0.6 kHz MPal. Thus, d/dp turns out to be approximately
—1.6 kHz MPa?. Using this value for d.,.,/dp in equation (12), the NQR frequency
shifts due to strains are deduced and given in table 5.

These results show that in order to use the experimental values of the pressure coefficient to
estimate the NQRF shift from the strain, it is necessary to subtract the dynamical contribution.
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Table 5. Comparison of the concentration first derivatives of the NQRF obtained from experiment
and the improved theory.

Impurity  dvY2F /dx (kHz mo?)  dvfy<e" /dx (kHz mol?)

PDBrB 220 240
PBrCIB 114 110

5. Linewidth and lineshape

The NQR lineshape broadening has two main contributions. One ofthem s the lattice distortion
due to a volume defect and the other is that due to the difference in electric charge distribution
between the impurity and the host molecules. The latter contribution for the PDBrB case is
guadrupole, and therefore the EFG decays away aand at low concentrations this effect is
negligible. Thus, the lineshape and linewidth may be analysed just considering the distribution
ofthe frequency shifts produced by strains. The theory of an elastically distorted lattice predicts
a Lorentzian probability distribution for the NQRF shifts [12]. This is roughly confirmed by
the change of the lineshape from a Gaussian towards a Lorentzian one with increasing PDBrB
concentration. This model also predicts that the FWHM, andAv,,,,, (equation (11)) are
related by, = 1.2| Avery| [4]. The experimental result for this rati@' (= 330x kHz and
[AVerysi| = 220 kHZ) is

= 1-5|Avcr_vxl| (19)

in good agreement with the theoretical result. However, when the impurity is PBrCIB
(I' = 205 kHz and|Av..,| = 114v kHz) this ratio is 18, which is 50% higher than

the theoretical result for strain broadening. This difference may be due to electric charge
variations, whose leading term is dipolar for PBrCIB. To estimate this contribution to the
line broadening it is necessary to statistically add up the NQRF shifts produced by a random
distribution of electric dipole moments.

Let us consider a chlorine nucleus located at the origin of the principal system of the EFG
whose principal axis is defined by the C-Cl bond. Supposing that all of the dipoles are
oriented in thez-direction, the frequency shift due to one dipole is given by

eQ eQ \P(G)}

1
Svgip = (1 — yoo)zpﬁ(g cos) —15¢c080) = (1 — Vo) 5P [ "

wherer is the chlorine—dipole distance s the angle from- to the principal axi%, e Q is the
quadrupole moment of the chlorine, and-1/, is the Sternheimer antishielding factor.

Following the statistical method developed by Stoneham [12], the frequency distribution
produced by a random distribution of electric dipolgs, (v), is obtained:

(20)

l o0
Liip(v) = —/ expikv/vo) exp—k*/* dk (21)
Vo2 J_o
with
é‘Q .X4/3
vp = 49(1 — VDO)EPW

wherex is the dipolar molar concentration akdis the volume of the unit cell. This integration
has been performed numerically. The lineshape is similar to a Lorentzian with a FWHM of
1.38v, i.e.

eQ .X4/3

Laip = 67(1 — VOO)ZPW‘

(22)
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Taking ys ~ 50 [23], eQsscy = 7.9 x 10726 cm™2 [23], p = 0.1 Debye [24], and
V. = 310 A3 [25], equation (22) gives

Taip = 453 kHz. (23)

The line broadening caused by the elastic stfirs given by equation (19), and for PBrCIB
we obtain

Tyira = 170¢ kHz. (24)

As the frequency shift due to strain [182]; o« 1—3 co€ 6, itis easy to prove thabvyi, vs,a),

the average over all configurationssef;, v, is zero. Hencejv,;, andsvy,., can be treated

as independent, and therefore the linewidth of the frequency distribution due to the two effects
may be expressed as [12]

[ = 170¢ + 4543, (25)

Figure 2 shows the concentration dependences of the linewidth, taking into account the volume
effects (dotted lines). For PBrCIB the continuous line depicts equation (25). As may be seen,
an excellent agreement is achieved between theory and experiment.

6. Conclusions

NQRF and linewidth measurements of PDBrB- and PBrCIB-doped PDCIB crystals have been
carried out, reported, and successfully explained for the concentration raage0 0.1, and
at four selected temperatures ranging from 77 K up to 295 K.

Two dominant effects, having opposite signs, contribute to the frequency shift. On
increasing the concentration the lattice frequencies go down, and this effect produces alowering
of the NQRF. On the other hand, the anisotropic lattice expansion due to the molecular volume
differences between the solute and the host lattice produces an increase in the NQRF. These
effects have been detected at concentrations lower than 0.02, where other techniques like
Raman spectroscopy fail, due to lack of sensitivity, to detect impurity modes.

The linewidth for PDBrB as an impurity is explained by invoking the lattice elastic strains
due to the molecular volume differences, whereas when PBrCIB is the impurity an additional
effect of electric dipolar origin has to be added in order to account for the experimental results.
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