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Analysis of nuclear-quadrupole-resonance spectrum of incommensurate phases:
The case of bis„4-chlorophenyl… sulfone

J. Schneider, C. Schu¨rrer, A. Wolfenson, and A. Brunetti
FaMAF, Universidad Nacional de Co´rdoba, Medina Allende y Haya de la Torre, Ciudad Universitaria, 5000 Co´rdoba, Argentina

~Received 30 December 1996; revised manuscript received 3 October 1997!

In this work, previous experimental studies of the35Cl nuclear-quadrupole-resonance~NQR! line shape in
the incommensurate phase of bis~4-chlorophenyl! sulfone were extended. The broad spectra in the incommen-
surate phase~IC! were measured using the Fourier transform of the nuclear signal to avoid systematic errors
committed in some studies of this compound. The results were interpreted within the framework of the general
treatment developed by Perez-Mato, Walisch, and Petersson. The effects of the incommensurate modulation on
the asymmetry parameter of the electric-field gradient were explicitly included in the expression of the NQR
frequency. The features of the spectra were adequately reproduced in the whole temperature range, by con-
sidering the nonsinusoidal character of the atomic modulations reported by x-ray diffraction. No evidences
were found concerning IC wave fluctuations smearing out the singularities of the NQR spectrum. On the other
hand, relative intensity of NQR peaks and temperature behavior of some parameters of the plane-wave ‘‘local’’
model were explicitly calculated. Comparison of these quantities with the experimental results excludes the
applicability of the ‘‘local’’ model in the case of bis~4-chlorophenyl! sulfone.@S0163-1829~98!06006-8#
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I. INTRODUCTION

The nuclear-quadrupolar-resonance~NQR! technique has
been used for several years in the study of structural
dynamical properties of incommensurate~IC! phases.1 The
inhomogeneous broadening of the NQR line shape in the
phase depends basically on two different factors. The
one is the relation between the NQR frequency at a nuc
site and the atomic displacements of its neighbors produ
by the IC modulation. This factor expresses merely how
structural distortions are translated by the local physical
servable of the NQR experiments. The second and more
teresting factor is the particular spatial dependence of
atomic modulation functions, intrinsic to the structure of t
IC system under study.

The bis~4-chlorophenyl! sulfone ~BCPS! presents an IC
phase belowTI5150 K, widely studied by different experi
mental techniques, including NQR of35Cl nuclei.2–6 The
35Cl NQR studies have shown some discrepancies abou
observed line shape in the IC phase. Nevertheless, the s
tral densities reported in Refs. 3, 5, and 6 can be affected
strong distortions due to an inadequate experimental met
as will be discussed in Sec. III. Most of the subsequ
analysis of the IC phase carried out by these author
mainly supported on the measured line shapes. So, it
comes important to obtain more reliable experimental dat
order to check the validity of some proposed features of
IC phase of BCPS, like fluctuations of the IC wave at te
peratures down to 10 K belowTI .6

On the other hand, the analysis of the NQR spectra
BCPS performed in all previous works2–6 lies on the so-
called ‘‘local’’ model or its improved version, the nonloca
model.7,8 In these works, the IC modulation was assumed
a plane wave down to 80 K, approximately. Neverthele
x-ray-diffraction measurements yielded direct experimen
evidence of nonsinusoidal atomic modulation functions at
K,9 as it was previously suggested by elastic neut
scattering10 at temperatures lower than 100 K.
570163-1829/98/57~6!/3543~9!/$15.00
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In order to consider these experimental information
more general approach, developed by Perez-Mato, Wali
and Petersson,11 can be used to analyze the observed NQ
spectrum. Within this formalism no particular assumptio
are made, either on the spatial dependence of the modula
functions or on the relation between the electric-fie
gradient~EFG! tensor elements and nuclear displacemen
Also, the parameters involved by the model in the desc
tion of the NQR spectrum can be readily correlated w
experimental structural information.

In this work, a previous experimental study of the NQ
line shape in the IC phase of BCPS~Ref. 4! was extended.
The whole 35Cl NQR spectrum was reconstructed in the
phase as a function of temperature between 80 and 15
The inhomogeneously broadened spectrum was obtaine
means of Fourier transform of the NQR echo signals.
discussed in Sec. III A, this experimental procedure is app
priate when the line shape exhibits sharp peaks. A gen
analysis of the temperature behavior of some parameter
the ‘‘local’’ model and the relative intensity of the NQR
peaks was performed in Sec. II A. These quantities w
compared with the experimental results, in order to test
applicability of the ‘‘local’’ model to the case of BCPS. Th
analysis of the experimental data were carried out accord
to the formalism of Perez-Matoet al., briefly reviewed in
Sec. II B. Also, in Sec. II C, the effects of the IC modulatio
on the asymmetry parameter of the EFG at chlorine s
were explicitly considered. The new experimental data a
its discussion are presented in Sec. IV.

II. THEORY

A. NQR spectrum of IC phases: The ‘‘local’’ model

As was mentioned above, the results of previous NQ
studies of BCPS were interpreted in the frame of the ‘‘loca
model.1 In this section, the main features of the spectru
3543 © 1998 The American Physical Society
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3544 57SCHNEIDER, SCHU¨ RRER, WOLFENSON, AND BRUNETTI
predicted by this model are summarized, including some
culations about the frequency position and intensities of
NQR peaks. These results provide a tool to test the app
bility of the quadratic ‘‘local’’ model in a particular case, b
rapid inspection of the relative intensities of the NQR pea

In the ‘‘local’’ model, the NQR frequencynm of a given
nucleus with coordinatex is expanded only in powers of th
displacementu of the nucleus itself and the displacementsin
phaseof all nuclei interacting with it. When the IC modula
tion is one dimensional and all the relevant displacements
described by plane wavesu5cos„w(x)1w0…, it can be
written:1,10

nm5n01n1 cos„w~x!1w0…1
n2

2
cos2„w~x!1w0…1••• ,

~1!

wherew(x)5kx, k being the incommensurate wave vecto
The coefficientsnn are proportional to thenth power of the
amplitude of the frozen modulation waveA, which is the
order parameter of the normal-IC phase transition with cr
cal exponentb:1

nn}An}~TI2T!nb n51,2, . . . . ~2!

In the whole crystal, cos(w) takes quasicontinously all value
between21 and 1. Thus, reducing the phasew to the inter-
val @0,2p!, the spectral density at a given frequencyn can be
obtained as1

F~n!}(
w i

1

2pudn/dwuw i

, ~3!

where the summation runs over all phase valuesw i satisfying
in Eq. ~1! nm

„w i(x)…5n. The NQR spectrumL(n) is ob-
tained by means of the convolution ofF(n) with the homo-
geneous line shapeh(n). The peaks observed inL(n) are
related to singularities of the inhomogeneous spectral den
F(n). If only the linear and quadratic terms are kept in e
pansion~1!, as some authors have considered for BCPS3,5

and the relationshipun2u.un1u holds, there will be three sin
gularities at frequencies1

nA5n01n11
n2

2
; nB5n02n11

n2

2
; nC5n02

n1
2

2n2
.

~4!

From expression~2!, it must be noted that the frequencynC
is independent of the order parameter, so the differencenC
2n0 is independent of temperature. On the other hand, if
caseun2u<un1u holds, only the singularities atnA andnB are
present. In order to check experimentally these results,
necessary to obtain the temperature behavior of the co
cientsn0 , n1 , andn2 . This can be done by inverting rela
tionships~4!, yielding

n05
nA1nB

4
1

nC

2
6

1

2
A~nA2nC!~nB2nC!, ~5a!

n15
nA2nB

2
, ~5b!

n25nA1nB22n0 . ~5c!
l-
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As can be seen from the square root in Eq.~5a!, the fre-
quency of the singularity atnC must be greater or lower tha
the others.

On the other hand, it is possible to calculate the relat
intensity of the peaks in the NQR spectrum, located at
frequencies given in Eq.~4!. The intensities can be compare
among themselves by studying the behavior ofF(n) near the
singularities. The summation in the general expression~3!
arises from the fact that the relation between phase and
quency is multivaluated, as can be seen from Eq.~1!. In
order to simplify the expression ofF(n), it is convenient to
define the quantitiesr[n2 /n1 and X[(n2n0)/n1 . Then,
regarding only first- and second-order terms in Eq.~1!, the
derivative ofn~w! satisfies

dn

dw
}

dX

dw
5sin~w!@11r cos~w!#.

A new variable can be defined asY511r cos(w) within the
range@12ur u,11ur u#. In this way, the spectral density ca
be expressed as a unique termF(Y) in all the domain ofY:

F~Y!5
1

uYuA12@~Y21!/r #2
.

The positions of the singularities areYA511r , YB512r
andYC50. As can be seen, the singularitiesYA andYB are
located at the edges of the distributionF(Y). The third sin-
gularity atYC exists only ifur u>1, collapsing withYB when
the equality holds.

The relationship betweenY and X is Y56A112rX.
Figure 1 shows the plot ofY(X) for positive and negative
values ofr . As can be seen in the figures, the valuesXA ,
XB , and XC , associated with the singularities atYA , YB ,
and YC , satisfy two possible order relationships depend
on the sign ofr :

XC<XB,XA r>1 ~6a!

or

XB,XA<XC r<21. ~6b!

These inequalities among the positions of the singulari
can be readily expressed in terms of frequencies by using
definitions ofr andX:

nC<nB,nA r>1 ~7a!

or

nB,nA<nC r<21. ~7b!

Now, the comparison of intensities of peaks in the NQ
spectrum can be readily obtained by consideringF(Y). It is
necessary to take the limiting value of the ratio of spec
intensitiesF(Y) in the neighborhood of the singularities. Th
cases of positive and negativer can be considered.

Case r>1: The ratio between the edge singularities in t
Y domain is

I ~YA!

I ~YB!
5 lim

«→01

F~YA2«!

F~YB1«!
5U12r

11rU<1,
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57 3545ANALYSIS OF THE NUCLEAR-QUADRUPOLE- . . .
and with respect to the third singularity

I ~YB!

I ~YC!
5 lim

«→01

F~YB1«!

F~YC1«!
50.

This two results leads to the inequalityI (YA)<I (YB)
,I (YC), which can be more conveniently expressed
terms of frequencies, taking into account the relationsh
~6a! and ~7a!:

I ~nHigh Frec!<I ~nCentral Frec!,I ~nLow Frec!. ~8!

Case r<21: In a similar way, the ratios between sing
larities can be obtained as

I ~YA!

I ~YB!
5 lim

«→01

F~YA1«!

F~YB2«!
5U12r

11rU>1

and

I ~YA!

I ~YC!
5 lim

«→01

F~YA1«!

F~YC1«!
50

yielding in this caseI (YB)<I (YA),I (YC), which can be
expressed in terms of frequencies, using Eqs.~6b! and ~7b!

I ~nLow Frec!<I ~nCentral Frec!,I ~nHigh Frec!. ~9!

FIG. 1. Plots of the relation between the variablesY andX for
r 52 andr 522.
s

Therefore, the ‘‘local’’ model with a quadratic relatio
betweennm andu, predicts through expressions~8! and ~9!
that NQR peaks appear always with descending or ascen
heights in the sense of ascending frequencies. The mos
tense peak is associated withnC and is located at one of th
edges of the spectrum.

Figure 2 shows the dependence of the factoru(12r )/
(11r)u, which is the ratioI (nHigh Frec)/I (nCentral Frec) for r
.1 and the ratioI (nCentral Frec)/I (nLow Frec) for r ,21. As
can be seen from the plot, the asymptotic behavior associ
with a strong quadratic dependence implies the same in
sities of the peaks atnA andnB .

B. General expansion of the EFG

In spite of the extensive use of the plane-wave ‘‘loca
model to explain the NQR measurements in BCPS,2–6 there
are some basic hypothesis not satisfied in the case of
compound.

In molecular crystals, the interaction between the nucl
quadrupole of a given specie and the EFG is essential
‘‘local’’ phenomenon. The EFG at the nuclear site is det
mined by the surrounding electronic cloud, which depen
basically on the bounded neighbors. So, in the IC phase
BCPS, the distorted EFG at the chlorine nucleus will depe
not only on the Cl displacement, but on C and H displa
ments too. The relative phase of the modulation of one
these atoms with respect to the Cl atomwill not generally be
zero.

On the other hand, in a careful structural analysis of
IC phase of BCPS~Ref. 9! performed by means of x-ray
diffraction, there was clearly demonstrated the nonsinuso
character of the atomic modulations at 90 K. The displa
ment function of Cl atoms is composed by the first and s
ond harmonics of the wave vectorq50.780b* , with a non-
zero relative phase between them. Furthermore,
modulation is not in phase with the displacements of C a
H neighbor atoms.9

Therefore, in order to analyze the NQR data of BCPS
is necessary to use a more general expansion ofnm in terms
of the atomic displacements of the neighbors. The mo

FIG. 2. Dependence of quantityu(12r )/(11r )u, which gives
the intensity I (nHigh Frec)/I (nCentral Frec) for r .1 and
I (nCentral Frec)/I (nLow Frec) for r ,21.
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3546 57SCHNEIDER, SCHU¨ RRER, WOLFENSON, AND BRUNETTI
must consider vectorial character of the atomic displa
ments, nonsinusoidal behaviors, and mutual depha
among modulations of different atoms. This treatment w
already developed in a very general way by Perez-Ma
Walisch, and Petersson,11 including the ‘‘local’’ and nonlo-
cal approaches as particular cases.

The atomic displacements in the IC phase are expande
a generalized Fourier series.11

u~m,T!5 (
n50,61,62...

un
meink•T, ~10!

whereT identifies a cell of the crystal,m is some kind of
atom inside this cell (m51,...,s), andk is the incommensu-
rate wave vector. The amplitudesun

m are complex vectors
varying for each kind of atomm. Also, the amplitudes and
phases of each component can be different for a givenm. The
EFG tensor at the nuclear sitem can be expressed in terms
all displacements as11

VI ~m,T!5VN
m1 (

a,T8
FI 1

m~T82T
a

!u~a,T8!

1
1

2 (
a,b

(
T8,T9

u~a,T8!FI 2
m~T82T

a ,T92T
b

!u~b,T9!

1••• . ~11!

By using Eq.~10! in Eq. ~11!, a Fourier series expansion ca
be written for the EFG:11

VI ~m,T!5VN
m1 (

n50,61,62...
Vn

meink•T, ~12!

where each Fourier amplitude depends, in principle, on
the Fourier amplitudes of the atomic displacements~10! and
all Taylor coefficients in Eq.~11!. An element of the EFG
tensor can be written as11

Vi j
m~y!5VNi j

m 1V0i j
m 12(

n.0
uVni j

m ucos~ny1Cni j
m !, ~13!

where the continuous internal coordinatey[k•T has been
used instead of the discrete variableT.11 The quantitiesCni j

m

are the phases of the complex Fourier amplitudes in Eq.~10!.
A rough approximation of expression~11! for the Cl at-

oms on BCPS, can be performed assuming the follow
conditions:

~i! the relation among the EFG components and
atomic displacements is linear,

~ii ! the relevant atomic displacements in Eq.~11! are the
displacements corresponding to the Cl atom and
only bounded C atom.

So, from Eq.~11! the components of the EFG tensor
the Cl sites can be written as

Vi j
Cl~y!5VNi j

Cl 1V0i j
Cl 1F1i j

Cl ~Cl!uCl~y!1F1i j
Cl ~C!uC~y!,

~14!

where the atomic modulation functions for Cl andC4 are
known from the x-ray study9
-
g
s
o,

in

ll

g

e

e

uCl~y!5 (
i 5x,y,z

@Ai cos~y1a i !1Bi cos~2y1b i !#,

uC~y!5 (
i 5x,y,z

@Ci cos~y1g i !1Di cos~2y1d i !#.

Then, expression~12! can be rewritten by grouping the os
cillating terms with periodicity 1 and 2:

Vi j
Cl~y!5VNi j

Cl 1V0i j
Cl 1Qi j cos~y1V1i j !1Pi j cos~2y

1V2i j !. ~15!

In this simplified approach, only harmonics up to seco
order are present in the modulation of the EFG compone

C. Pure NQR frequency in the IC phase

In pure NQR of nuclei with spinI 53/2, the resonance
frequency is

n5CVzzA11h2/3, ~16!

wherez is the direction of maximum EFG,h is the asym-
metry parameter defined as

h5
Vxx

m 2Vyy
m

Vzz
m ,

and C5eQ/2h, eQ being the quadrupolar moment of th
nucleus. In the simple case of an axially symmetric EF
h50, and the resonance frequency results are proportion
Vzz

m . If expression~13! is used, the NQR frequency can b
written in general way as

nm~y!5nN
m1n012(

n.0
nn cos~ny1Cn!. ~17!

Although expressions~1! and ~17! are formally similar,
they are basically different, as was carefully pointed out
Perez-Mato, Walisch, and Petersson.11 Analyzing the mean-
ing of higher harmonics in those expressions, it can
shown that in Eq.~1! they are due purely to nonlinear effec
in the relationship betweenn and the displacements. On th
other hand, in expression~17! higher harmonics in the modu
lation of the EFG can appear even with a first-order appro
in Eq. ~11!. So, within the linear approximation~14! the
resulting NQR frequency for the axially symmetric case i

n~y!5nN1n012n1 cos~y!12n2 cos~2y1a!, ~18!

where the indexes indicating the Cl atom of BCPS we
dropped. The higher harmonics inn~y! arise purely from the
intrinsic behavior of nuclear displacements.

The same considerations discussed above are still val
the improved version of the nonlocal model is considered7,6

In this case, phase difference among nuclear displacemen
regarded, but all the distortions are assumed as sin
harmonic functions ofw(x).

On the other hand, the possible distortion of the EF
symmetry by the IC modulation is not considered explici
in usual treatments. The axial symmetry of the normal ph
EFG can be locally lost in the IC phase due to, for examp
distortions in the bond angles of the nuclei. In expre
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57 3547ANALYSIS OF THE NUCLEAR-QUADRUPOLE- . . .
sion ~16!, variations of 0.02 inh gives an increase of 0.01%
of the NQR frequency. Those values are well above the re
lution of the usual NQR measurements. So in BCPS, wh
the Cl-C4-C3 bond angle can range between 119.2° up
120.1°,9 the perturbation produced by the modulation on
asymmetry parameter could be non-negligible.

Assuming that the value ofh does not exceed 0.1, as it
observed in a variety of chlorinated benzene derivatives,
pression~16! can be approximated as

n5CVzzS 11
h2

6 D .

The asymmetry parameterh can be expanded in terms o
the EFG components. Using the Laplace equationVxx1Vyy
1Vzz50 for the electric field results in

n5CS 7

6
Vzz1

2

3
Vxx1

2

3

~Vxx!
2

Vzz
D .

An additional simplification can be made neglecting t
modulation effects on the term 1/Vzz, resulting in

n5CS 7

6
Vzz1

2

3
Vxx1

2

3

~Vxx!
2

VNzz
D . ~19!

This expression for the NQR frequency takes into acco
the modulation on the principal valueVzz of the EFG and on
the asymmetry parameterh. If the simplified expression~15!
for the Vii is considered, then the two first terms in Eq.~19!
gives modulations at frequencies 1 and 2, as in Eq.~18!. The
term with (Vxx)

2 introduces harmonics of order 2, 3, and
In any case, the NQR line shape can be obtained from

normalized frequency distribution, if the modulation functio
of the NQR frequencyn~y! is known:11

F~n!}
1

2p (
y8

1

u@dn~y!/dy#y5y8u
. ~20!

For a givenn, the sum goes over all valuesy8 satisfying
nm(y8)5n inside the interval@0,2p!.

III. EXPERIMENTAL

A. Measurement of broad inhomogeneous NQR line shapes

In order to determine the spectral densityF(v), two al-
ternative experimental approaches can be followed. The
of them was established in Refs. 12,13 and consists
recording the maximum intensity of the echo sign
SI(t50;v0) after ap/2-t-p pulse sequence, as a functio
of the irradiation frequencyv0 ~the time origin is set at a
time t after thep pulse!. Under certain conditions, as will b
discussed below, the profile of the obtained functionSI(0;v)
is directly related to the shape ofF(v). The other approach
involves the recording of the intensitiesI (v0) of the Fourier
transform of the right half side of the echo signalSI(t;v), as
a function of the irradiating frequencyv0 .

Regarding the first procedure, some care must be take
a particular NQR experiment to check the validity of t
basic hypothesis

SI~0;v0!5cte•F~v0!. ~21!
o-
re
o
e

x-

t

e

st
of
l

in

Strictly, the relation between the intensity of the NQR ec
signal and the spectral densityF(v) is

SI~0;v0!5bH~0!E
0

`

F~v!G~v02v!dv, ~22!

wherev0 is the irradiation frequency,H(0) is the Fourier
transform of the homogeneous line shapeh(v), evaluated at
t50, andG(v) is a function related to the response of the
pulse, defined according to Katowski and Mackowiak.14 The
quantity b,1 depends on the characteristic decay time
the echo amplitude. Expression~22! was demonstrated by
Pratt15 for the particular case of ap/2)0-t-p/2)90 sequence,
and can be readily extended for thep/2-t-p sequence using
the ideas of Su and Armstrong.16 As can be seen from Eq
~22!, in generalSI(0;v0) is not directly proportional to
F(v0), but it is an average ofF(v) with the response func
tion G(v). Relationship~21! holds only whenF9(v)>0 for
all values of v inside the intervaluv2v0u.1/tw , where
G(v2v0) assumes non-negligible values. Fortw on the or-
der of tenths ofms, the interval of convolution is of tenths o
KHz.

On the other hand, the method of measurement ofF(v)
involving Fourier transform of the echoes is well-establish
in nuclear magnetic resonance,17 and its validity can be ex-
tended to NQR. The intensity ofI (v), the Fourier transform
of SI(t;v), evaluated at the irradiation frequencyv0 is

I ~v0!5bE
0

`

F~v8!h~v02v8!G~v02v8!dv8. ~23!

Due to the homogeneous line shapeh(v) assumes non-
negligible values within an intervald<1 KHz aroundv0 ,
the width of the weight functionh(v)G(v02v) is two or-
ders of magnitude less than the width ofG(v). In this situ-
ation, it is valid to expandF(v) and G(v) up to second
order aroundv0 in Eq. ~23!, resulting in

I ~v0!5bF~v0!H 11
M2

2 S G9~v0!1
F9~v0!

F~v0! D J , ~24!

whereM2 is the second moment of the homogeneous li
The quantityb is usually independent ofv in the whole
spectrum. So, expression~24! shows thatI (v0) is propor-
tional to F(v0). By explicit evaluation of the derivatives o
G(v), it can be shown thatM2G9(v0) is of the order of
M2 /v1

2>1023, so this term can be neglected. The te
M2F9(v0)/F(v0) depends on the particular shape of t
spectral density. In order to estimate maximum values t
can be assumed by this term, it can be evaluated near a
and a singularity of the kind (v2vs)

2a ~with a,1!. In the
former case, this term is less than (d/s)2 where s is the
characteristic width of the peak, while in the latter is@d/(v
2vs)#2. In both casesM2F9(v0)/F(v0) can be neglected if

s2@d2, ~25a!

~v02vs!
2@d2. ~25b!

So within these conditions, expression~24! can be written as

I ~v0!5bF~v0!. ~26!
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3548 57SCHNEIDER, SCHU¨ RRER, WOLFENSON, AND BRUNETTI
This expression shows that the inhomogeneous line sh
F(v) can be obtained from the intensities of the Four
transformI (v0) of the echoes. In those cases whereb de-
pends onv, care must be taken in using Eq.~26!. Condition
~25a! assures that the method will reproduce any feature
F(v) with more width than the homogeneous broadeni
On the other hand, condition~25b! imposes a limit to how
close the reconstruction can be performed near a singula
Again, the limitation of the reconstruction method depen
on the homogeneous broadening.

B. Experimental details

BCPS samples were packed in a glass cylinder of 1
diameter and 2 cm length. The compound was provided
Fluka ~Purum Grade! and was purified by zone melting. Ad
ditional measurements were carried out on a sample f
Aldrich Chemical Company, Inc. ~purity 971%!, but the
same results were obtained. Measurements of the35Cl NQR
line shape were performed from liquid-nitrogen temperat
to 140 K. The NQR spectrometer has been descri
elsewhere.4 The spectra were obtained by quadrature de
tion. The pulse sequence (p/2)0-t-(p)0 was used in order to
generate an echo signal, with a valuet5200ms. Thep/2
pulse had 23ms width and 150 W power. In order to assu
that the reconstruction ofF(v) can be done using Eq.~26!,
the decay time of the echo signal was measured at diffe
frequencies on the IC phase spectrum. The spectrometer
perature control provides temperature stability of the sam
better than 0.1 K during the measurements.

IV. RESULTS

Prior to the measurements of the NQR line shape,
characteristic decay timeTD of the echo signal was mea
sured at the edge peaks and in the middle of the NQR s
trum in the IC phase at 140 K. The measured decay time
TD5(700630) ms for the three frequencies, being indisti
guishable with the measured value at room temperature.
ter these results and according to Eq.~26!, the inhomoge-
neous line shapeF(v) is proportional to I (v). So, the
inhomogeneous line shape can be reconstructed poin
point. The 35Cl NQR signals were recorded as a function
the irradiation frequency with 500 Hz minimum step. T
experimental data were processed according to both met
discussed in Sec. III. Figures 3 and 4 shows the obtai
profiles for SI(0;v) and I (v), respectively. As can be
clearly observed from Fig. 3,SI(0;v) is strongly smoothed
with respect toI (v). From the inspection of Figs. 3 and 4
the deviations betweenSI(0;v) and I (v) involve the posi-
tion, relative intensities~peak-peak, peak-valley!, and widths
of the observed peaks. Also, the sharpness of the spe
borders are quite different. The edges of the reconstru
spectra shown in Fig. 4 exhibit the typical abrupt profi
associated with the IC phases of NQR spectra.6 On the other
hand, the spectra reported in Refs. 8, 9 seem to be affe
by the same kind of distortion shown in Fig. 3. These dist
tions are more pronounced for temperatures nearTI , where
the frequency separation between edge peaks is of the o
of tw

21. In these cases, any fine structure of the spectral d
sity, as the three peaks shown at 140 K in Fig. 4, is lost
pe
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a bell-shaped spectrum is obtained.6,10 Our subsequent analy
sis of the NQR spectrum will be done using the data obtai
through Fourier transform.

In addition to the sharp and intense edge peaks previo
studied,4 Fig. 4 shows a third weak peak that can be resolv
in the intermediate frequency range. Figure 5 shows the t
perature behavior of the NQR frequencies of the peaks.
structure of peaks in the NQR spectrum can be easily
served from 1 K belowTI . So, there is no evidence of fluc
tuations in the IC wave smearing out the fine structure of
NQR spectrum in the range of 10 K belowTI , as it was
reported in Ref. 6. The smoothing of the NQR spectra n
TI observed in Ref. 6 is purely due to limitations of th
experimental method chosen by these authors.

The plane-wave ‘‘local’’ model, with a linear relation be
tween n and the IC displacements, predicts a symme
spectrum with only two edge peaks associated with ma
mum distortions. Therefore, this model cannot explain
observed NQR spectra of BCPS.

According to the results of Sec. II A, the addition of
quadratic term in expansion~1! could explain the presence o
a third peak in the NQR spectrum. Nevertheless, as can
seen in Fig. 4, the central peak is clearly weaker than
others in all the temperature range. This fact is not in agr
ment with the intensity relationships~8! and~9! predicted by

FIG. 3. Maximum amplitudes of the echo signalsSI(0;v0) gen-
erated by the sequencep/2-200ms-p, as a function of the irradia-
tion frequencyv0 , obtained at two temperatures in the incomme
surate phase of BCPS. Circles indicate echo amplitudes. Points
solid line indicate Fourier-transform amplitudes of the same ech
evaluated atv0 . The profile of the echo intensities shows a cons
erable smoothing of the edge peaks with respect to the profil
Fourier-transform intensities.
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the plane-wave ‘‘local’’ model with linear and quadrat
terms, where the intensity of the central peak assumes
intermediate value with respect to the edge peaks. So,
model cannot be applied to the IC phase of BCPS.

The temperature behavior of the coefficientsn0 , un1u, and
n2 can be used as an additional test of the ‘‘local’’ model.
using Eq.~5! and the measured frequencies,un1u andn2 were
calculated as a function of temperature. Regarding that th
are three peaks in the NQR spectrum, the necessary co

FIG. 4. Some35Cl NQR spectra of BCPS belowTI . These
spectra were obtained from the Fourier transform of the echo si
as a function of the irradiation frequency, using the pulse seque
p/2-200ms-p.

FIG. 5. Temperature behavior of the frequencies of the reso
NQR peaks in the incommensurate phase of BCPS.
an
is

re
di-

tion un2u.un1u was imposed in order to discard one of th
roots in Eq. ~5a!. Also, the two possible assignation
nC→nLow FrecandnC→nHigh Frecwere considered, accordin
to Eqs.~7a! and ~7b!. The results obtained forun1u and n2
were plotted in Fig. 6 for each valid assignation ofnC . Also,
the differences between the measurednC and the calculated
n0 were plotted as a function of temperature in Figs. 7~a! and
7~b!. The results are clearly in disagreement with the ‘‘l
cal’’ model, which through expression~4! predicts a
temperature-independent behavior ofnC2n0 . This behavior
indicates that the possible assignations between meas
and calculated frequencies are not compatible with exp
sion ~2!, which sets the relation of the coefficientsnn with

al
ce

d

FIG. 6. Temperature behavior of the linear and quadratic co
ficientsn1 andn2 of the ‘‘local’’ model obtained from the measure
frequencies, for the two possible assignations of the singularitynC

with observed peaks.

FIG. 7. Temperature behavior of the differencenc2n0 obtained
from the measured frequencies, for the two possible assignation
the singularity nc with observed peaks.~a! nc→nHigh Frec. ~b!
nc→nLow Frec.
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the order parameter of the phase transition.
By considering the results discussed above, it can be c

cluded that the plane-wave ‘‘local’’ model is not applicab
to describe the NQR spectrum of BCPS in the IC phase

The experimental results can be interpreted in terms of
general expansion summarized in Sec. II B. In this way,
simulation of the NQR spectrum in the IC phase was
tempted, taking into account the simplified linear express
~15! for the EFG components. The first approximation w
done by neglecting the asymmetry parameter in the exp
sion of the NQR frequency. So, using Eq.~18!, the spectral
density was obtained from Eq.~20!:

F~n!}(
y8

1

u@sin y12r sin~2y1a!#y5y8u
, ~27!

where r[n2 /n1 . The NQR spectrum was calculated b
evaluating numerically the convolution ofF(y) with a
Lorentzian function of widthd5450 Hz. That value was ob
tained from the measurements of the spin-spin relaxa
time T2 using the relationshipd51/(pT2). Figure 8~a!
shows the best results obtained in the simulation of the s
trum at 84 K. A third peak and a slight asymmetry are int
duced in the NQR spectrum, but the heights, widths, and
position of the third peak cannot be simultaneously fitted

The natural improvement of the approximation is to ret
the asymmetry parameter, by using expression~19! for the
NQR frequency. Harmonics of order three and four are n
expected in the modulation function ofn~y!. Nevertheless,
due to the great number of parameters involved, initia
only one term was added to Eq.~15!. So, a three harmonic
modulation function forn~y! was tentatively proposed:

n~y!5nN1n012n1 cos~y!12n2 cos~2y1a!

12n3 cos~3y1b!, ~28!

and the spectral density associated with this function wa

F~n!}(
y8

1

u@sin y12r sin~2y1a!13p sin~3y1b!#y5y8u
,

~29!

with p[n3 /n1 . The resulting spectrum is shown in Fi
8~b!. The features of the experimentally observed BC
spectrum are quite well reproduced, including the heights
the three peaks. The result of adding only one-fourth h
monic to Eq.~28! was not satisfactory, because the asymm
try of the heights could not be reproduced. Also, the simu
tion including simultaneously harmonics of order three a
four, gives not significant improvements with respect to
use of expression~28!, probably due to limitations in the
numerical implementation.

Table I shows the parametersr , p, a, and b obtained
from the simulations of the NQR spectra at different te
peratures. A good correlation of the values is observed
function of temperature. The spectra at 140 K can be qu
tatively reproduced with harmonics up to second order, b
better agreement is obtained with a little amplitude for
third harmonic, as can be seen in Fig. 9.

Unfortunately, the lack of knowledge concerning the n
meric values of the gradientsF1 i j

Cl and F1 i j
C in Eq. ~14!

precludes the comparison of the obtained quantities in Ta
n-
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I with the parameters of the atomic modulation function
Nevertheless, it is encouraging that the relative weight of
second harmonic with respect to the fundamental in thespa-
tial displacements measured by x-ray diffraction,9 is the
same order of magnitude as the coefficientr .

FIG. 8. Simulations of the NQR spectrum at 84 K.~a! Spectral
density from expression~27!. ~b! Spectral density from expressio
~29!, where modulation of the asymmetry parameter is conside

TABLE I. The best set of parametersr , p, a, andb obtained
from the simulation of the NQR spectra of BCPS at different te
peratures@see expression~27! and ~29! in text#.

T ~K! r p a b

84 0.2 0.11 21.05 20.78
92.4 0.2 0.09 20.9 20.5

106 0.2 0.10 20.8 20.8
140 0.2 0.02 21.1 20.1
140 0.2 21.16

~only second
harmonic!
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V. CONCLUSION

In this work, 35Cl NQR data about the IC phase of BCP
were reported. The whole NQR spectrum was reconstru
using the Fourier transform of the nuclear signal. Two alt
native approaches to handle the echo signal were discus
It was remarked that recording the nuclear signal intensi
SI(0;v0) at different irradiation frequencies gives not,
general, the profile of the spectral densityF(v). This proce-
dure implies a filtering ofF(v), causing the smoothing o
abrupt variations ofF(v). On the other hand, the Fourie
transformI (v) of SI(t;v), evaluated at the irradiation fre
quencyv0 , gives the closest approximation toF(v). The
experimental results indicate the convenience of using
Fourier transform to reconstruct the spectral density, unle
flat line shape is expected.

Using these reliable data as a starting point, the featu

FIG. 9. Simulation of the spectrum at 140 K. Solid line indicat
Spectral density from expression~27!. Dashed line indicates spec
tral density from expression~29!.
n

d

al
so
ed
-
ed.
s

e
a

es

of the observed NQR spectra can be easily interpreted wi
the framework of the theoretical approach proposed
Perez-Mato, Walisch, and Petersson.11 By using this formal-
ism, it was possible to include explicitly the effects of the
modulation on the asymmetry parameter, in the NQR f
quency expansion in the IC phase. So, the main charact
tics of the NQR spectrum of BCPS were well reproduced
assuming a non-negligible modulation of the asymmetry
rameter and considering the atomic displacementsum as two-
harmonic functions, according to the available informati
from x-ray diffraction and neutron scattering. Also, the e
perimental results exclude the possibility of strong fluctu
tions of the IC wave smearing out the NQR spectrum,
cause the three peaks can be clearly resolved from 80 to
K.

On the other hand, the cumbersome problem of corre
ing the NQR frequency distribution with the atomic displac
mentsum in an IC phase, was clearly revealed through e
pressions~11! and ~19!. To obtain information about theum

through the analysis of the pure35Cl NQR spectrum, it is
necessary to know all the relevant derivativesFni j

m for each
EFG tensor elementVi j . Even in the simplified expressio
~14!, this fact implies the knowledge of six parameters f
each elementVi j . Taking into account expression~19! when
hÞ0, the NQR frequency depends at least on two eleme
of the EFG tensor, so 12 parameters are required.

Finally, some general predictions of the plane-wa
‘‘local’’ model have been pointed out. The relative peak i
tensities and the temperature dependence of the coeffic
nn were calculated for the case of linear and quadratic te
in the relation between the NQR frequency and the or
parameter. These results provide a useful tool to test
applicability of model in a particular case, by rapid inspe
tion of the relative intensities of the NQR peaks. For t
BCPS, it was readily concluded that the ‘‘local’’ model
not applicable at any temperature belowTI .
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