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Analysis of nuclear-quadrupole-resonance spectrum of incommensurate phases:
The case of big4-chlorophenyl) sulfone
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In this work, previous experimental studies of tfi€| nuclear-quadrupole-resonan@¢QR) line shape in
the incommensurate phase of ([dihloropheny) sulfone were extended. The broad spectra in the incommen-
surate phas€@C) 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 hi4-chloropheny) sulfone.[S0163-182@08)06006-9

[. INTRODUCTION In order to consider these experimental information, a
more general approach, developed by Perez-Mato, Walisch,
The nuclear-quadrupolar-resonari®QR) technique has and Peterssot, can be used to analyze the observed NQR
been used for several years in the study of structural andpectrum. Within this formalism no particular assumptions
dynamical properties of incommensurdt€) phases. The  are made, either on the spatial dependence of the modulation
inhomogeneous broadening of the NQR line shape in the IQunctions or on the relation between the electric-field-
phase depends basically on two different factors. The firsgradient(EFG) tensor elements and nuclear displacements.
one is the relation between the NQR frequency at a nucleaklso, the parameters involved by the model in the descrip-
site and the atomic displacements of its neighbors producetion of the NQR spectrum can be readily correlated with
by the IC modulation. This factor expresses merely how thexperimental structural information.
structural distortions are translated by the local physical ob- In this work, a previous experimental study of the NQR
servable of the NQR experiments. The second and more ifine shape in the IC phase of BCRRef. 4 was extended.
teresting factor is the particular spatial dependence of thghe whole 3CI NQR spectrum was reconstructed in the IC
atomic modulation functions, intrinsic to the structure of thephase as a function of temperature between 80 and 150 K.
IC system under study. The inhomogeneously broadened spectrum was obtained by
The big4-chlorophenyl sulfone (BCPS presents an IC  means of Fourier transform of the NQR echo signals. As
phase belowf, =150 K, widely studied by dlfferggfﬁexperl- discussed in Sec. Il A, this experimental procedure is appro-
mental techniques, including NQR ofCl nuclei”™ The  hriate when the line shape exhibits sharp peaks. A general
Cl NQR studies have shown some discrepancies about the,a\ysis of the temperature behavior of some parameters of
observeq .I|ne shape in the IC phase. Nevertheless, the spefa “|ocal” model and the relative intensity of the NQR
tral densities reported in Refs. 3, 5, and 6 can be affected bgeaks was performed in Sec. Il A. These quantities were

strong distortions due to an inadequate experimental metho ompared with the experimental results, in order to test the

as will be discussed in Sec. lll. Most of the SUbsequentapplicability of the “local” model to the case of BCPS. The

analysis of the IC phase carried out by these authors iSnaI sis of the experimental data were carried out accordin
mainly supported on the measured line shapes. So, it be- Y P 9

comes important to obtain more reliable experimental data i o the formalism of Perez-Matet al, briefly reviewed in

order to check the validity of some proposed features of the’€: I! B- Also, in Sec. Il C, the effects of the IC modulation
IC phase of BCPS, like fluctuations of the IC wave at tem-On the asymmetry parameter of the EFG at chlorine sites
peratures down to 10 K belo®, .° were explicitly considered. The new experimental data and

On the other hand, the analysis of the NQR spectra oftS discussion are presented in Sec. IV.
BCPS performed in all previous worké lies on the so-
called “local” model or its improved version, the nonlocal
model’® In these works, the IC modulation was assumed as Il. THEORY
a plane wave down to 80 K, approximately. Nevertheless,
x-ray-diffraction measurements yielded direct experimental
evidence of nonsinusoidal atomic modulation functions at 90 As was mentioned above, the results of previous NQR
K,® as it was previously suggested by elastic neutrorstudies of BCPS were interpreted in the frame of the “local”
scatterind® at temperatures lower than 100 K. model® In this section, the main features of the spectrum

A. NQR spectrum of IC phases: The “local” model

0163-1829/98/5(6)/35439)/$15.00 57 3543 © 1998 The American Physical Society



3544 SCHNEIDER, SCHIRRER, WOLFENSON, AND BRUNETTI 57

predicted by this model are summarized, including some calAs can be seen from the square root in Esg), the fre-
culations about the frequency position and intensities of theuency of the singularity ati- must be greater or lower than
NQR peaks. These results provide a tool to test the applicahe others.
bility of the quadratic “local” model in a particular case, by ~ On the other hand, it is possible to calculate the relative
rapid inspection of the relative intensities of the NQR peaksintensity of the peaks in the NQR spectrum, located at the
In the “local” model, the NQR frequency* of a given  frequencies given in Eq4). The intensities can be compared
nucleus with coordinat® is expanded only in powers of the among themselves by studying the behavioF ¢#) near the
displacement of the nucleus itself and the displacemeints singularities. The summation in the general express®n
phaseof all nuclei interacting with it. When the IC modula- arises from the fact that the relation between phase and fre-
tion is one dimensional and all the relevant displacements arguency is multivaluated, as can be seen from 8. In
described by plane waves=cod¢(X)+ ¢g), it can be order to simplify the expression &f(v), it is convenient to
written:119 define the quantities=wv,/v; and X=(v—vg)/v,. Then,
regarding only first- and second-order terms in Eqg, the
Vh= o+ vy COSP(X) + @)+ % COL(0(X) + @)+ | derivative of(¢p) satisfies
(1) dv dX |
B _ , do " de ~Sin@)[1+1 coge)].
where ¢(x) =kx, k being the incommensurate wave vector. ¢ e
The coefficientsy, are proportional to thath power of the A new variable can be defined ¥s=1+r cos(p) within the
amplitude of the frozen modulation wave, which is the range[l_|r|,l+|r|]_ In this way, the Spectra| densiw can
Order parameter Of the n0rma|—|C phase transition Wlth Criti-be expressed as a unique tdﬁhY) in a“ the domain OTY:

cal exponenis:!
v Al (T, =T n=12,.... 2) F(Y)= ! _
N [Y[V1-[(Y=1)/r]?
In the whole crystal, cogf) takes quasicontinously all values

between—1 and 1. Thus, reducing the phageo the inter- The positions of the singularities aM,=1+r, Yg=1—r
val [0,27), the spectral density at a given frequencyan be  andY-=0. As can be seen, the singularitiég and Yz are

obtained as located at the edges of the distributiBidY). The third sin-
gularity atY exists only if|r|=1, collapsing withYg when
F(v)ocz 1 3) the equality holds.
o 2mldvidel,,’ The relationship betweel and X is Y==+1+2rX.

i L Figure 1 shows the plot of (X) for positive and negative
where the summation runs over all phase valgesatisfying  \51ues ofr. As can be seen in the figures, the valugs,

in Eq. (1) v*(¢i(x))=». The NQR spectrumi.(») is ob-  y " andx., associated with the singularities ¥, Yg,
tained by means of the convolution B{») with the homo-  5nqy .| satisfy two possible order relationships depending
geneous line shape(v). The peaks observed In(v) are g the sign of :

related to singularities of the inhomogeneous spectral density

F(v). If only the linear and quadratic terms are kept in ex- Xes=Xg<X, r=1 (63
pansion(1), as some authors have considered for BEPS,
and the relationshipv,|>|v4| holds, there will be three sin-
gularities at frequenciés

S V2, e+ V2, o V_i These inequalities among the positions of the singularities
AT Vo aT on BT o T 5 Ve e 5 can be readily expressed in terms of frequencies by using the
(4)  definitions ofr andX:
From expressioni2), it must be noted that the frequeney ve<vg<wv, r=1 (78

is independent of the order parameter, so the difference
— g is independent of temperature. On the other hand, if th@r

case| v,|<|v4| holds, only the singularities at, andvg are

present. In order to check experimentally these results, it is vg<wmasve r<-—1. (7b)
necessary to obtain the temperature behavior of the coeffi-
cientsvg, v1, andv,. This can be done by inverting rela-
tionships(4), yielding

Now, the comparison of intensities of peaks in the NQR
spectrum can be readily obtained by considefi{y). It is
necessary to take the limiting value of the ratio of spectral

vatrg ve 1 intensitiesk (YY) in the neighborhood of the singularities. The
vo=——F—+ 5 5 V(ra—vc)(vg—ve), (58  cases of positive and negativecan be considered.
4 272 . . e
Case =1: The ratio between the edge singularities in the
Ya— Vg Y domain is
V1= : (5b)
2 I(Ya)  F(Ya—e) [1-1]

Ve ™ EVte) |Tor >
V2=VA+ VB_2V0. (50) B PEN BTE
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1+2rX

[a-n/a+]

Y

X=(v-vy) /v,

FIG. 2. Dependence of quantityl—r)/(1+r)|, which gives
the intensity | (vuigh rred/! (Veentra rred for  r>1  and
I (veentral Fred! | (Viow Fred fOr r<<—1.

- Therefore, the “local” model with a quadratic relation
betweenv* andu, predicts through expressiof8) and(9)
that NQR peaks appear always with descending or ascending
heights in the sense of ascending frequencies. The most in-
- tense peak is associated with and is located at one of the
edges of the spectrum.

Figure 2 shows the dependence of the fad{dr—r)/
- (1+1)|, which is the ratiol (vhigh Fred/! (Vcentral Fred fOr T
>1 and the ratid (vcentral Fred! | (Viow Ered fOr r<—1. As
can be seen from the plot, the asymptotic behavior associated

FIG. 1. Plots of the relation between the variabteandX for ~ With @ strong quadratic dependence implies the same inten-

1+2rX

Y =

X=(v-vy) /v,

r=2 andr=—2. sities of the peaks at, andvg.
and with respect to the third singularity B. General expansion of the EFG
I(Yg) F(Yg+e) In spite of the extensive use of the plane-wave “local”
B lim —2" " . model to explain the NQR measurements in BEPFZhere
I(Ye) ,+ F(Ycte) are some basic hypothesis not satisfied in the case of this
) ) ) compound.
This two results leads to the inequalit(Ys)<I(Yg) In molecular crystals, the interaction between the nuclear

<I(Yc), which can be more conveniently expressed inquadrupole of a given specie and the EFG is essentially a
terms of frequencies, taking into account the relationships|ocal” phenomenon. The EFG at the nuclear site is deter-

(6a) and(7a): mined by the surrounding electronic cloud, which depends
basically on the bounded neighbors. So, in the IC phase of
| (Vhigh Fred <!(Vcentral Fred <! (VLow Fred- (80 BCPS, the distorted EFG at the chlorine nucleus will depend

not only on the CI displacement, but on C and H displace-
ments too. The relative phase of the modulation of one of
these atoms with respect to the Cl ataritl not generally be
zero.

=1 On the other hand, in a careful structural analysis of the
| IC phase of BCPSRef. 9 performed by means of x-ray
diffraction, there was clearly demonstrated the nonsinusoidal

Case I=—1: In a similar way, the ratios between singu-
larities can be obtained as

I(Ya) . F(Yate) |1-t
I(Ye) " F(Yg—s) |L+r

and character of the atomic modulations at 90 K. The displace-
ment function of Cl atoms is composed by the first and sec-

I(Ya) . F(Yate) ond harmonics of the wave vectqe=0.780b*, with a non-
[(Ye) ot F(Yc+e) zero relative phase between them. Furthermore, this

modulation is not in phase with the displacements of C and
yielding in this case (Yg)<I(YA)<I(Yc), which can be H neighbor atoms$.
expressed in terms of frequencies, using Efb) and (7h) Therefore, in order to analyze the NQR data of BCPS, it
is necessary to use a more general expansiort‘ah terms
(¥ Low Fred <! (Vcentral Fred <!(PHigh Fred- (9)  of the atomic displacements of the neighbors. The model
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must consider vectorial character of the atomic displace-
ments, nonsinusoidal behaviors, and mutual dephasing
among modulations of different atoms. This treatment was
already developed in a very general way by Perez-Mato,

uc(v)= >, [A codv+a;)+B; cog2v+ 8],
i=X,y,z

Walisch, and Peterssdh,including the “local” and nonlo-
cal approaches as particular cases.

The atomic displacements in the IC phase are expanded
a generalized Fourier seriés.

>

=0,x1,%£2..

u(u,T)= upe™ T, (10
n .

whereT identifies a cell of the crystaly is some kind of
atom inside this cell £=1,...s), andk is the incommensu-
rate wave vector. The amplitudeg’ are complex vectors
varying for each kind of atomu. Also, the amplitudes and
phases of each component can be different for a giverhe
EFG tensor at the nuclear sijtecan be expressed in terms of

all displacements &%

V(u, T)=V{+

> D u(e,T)
a,T'

1
+52 2 u(aT)REE _r o )u(B.T")

0(,,3 T/,T”

+-- 11
By using Eq.(10) in Eq. (11), a Fourier series expansion can
be written for the EFG?

V(. T)=V{+ vielnleT,

n=0,+1,+2... —

12

where each Fourier amplitude depends, in principle, on all

the Fourier amplitudes of the atomic displaceméa® and
all Taylor coefficients in Eq(11). An element of the EFG
tensor can be written &5

Vﬁ(v):V’N‘ij-O-V"O‘ij-i-Zgo|Vﬁij|00§\nv+‘lfﬁij), (13)

where the continuous internal coordinatek- T has been

used instead of the discrete variaBlé" The quantitiesb/;

are the phases of the complex Fourier amplitudes in(Hg.
A rough approximation of expressigqdl) for the Cl at-

uc(v)= >, [C; cogv+7,)+D; cog2v+5,)].
i=Xx,y,z
Phen, expressiolil2) can be rewritten by grouping the os-
cillating terms with periodicity 1 and 2:

V()= Vi + V§ + Qij cogv+Qy) + Py cog 2
+ Q). (15)

In this simplified approach, only harmonics up to second
order are present in the modulation of the EFG components.

C. Pure NQR frequency in the IC phase

In pure NQR of nuclei with spid =3/2, the resonance
frequency is

v=CV,, 1+ 777/3, (16

wherez is the direction of maximum EFGy is the asym-

metry parameter defined as

V@_V%

n=——r
2

and C=eQ/27, eQ being the quadrupolar moment of the

nucleus. In the simple case of an axially symmetric EFG,

7n=0, and the resonance frequency results are proportional to

V&, . If expression(13) is used, the NQR frequency can be

written in general way as

(17)

v (v) = vf+ V0+22 v, cognv+V¥,).
n>0

Although expression$l) and (17) are formally similar,
they are basically different, as was carefully pointed out by
Perez-Mato, Walisch, and Peterssbmnalyzing the mean-
ing of higher harmonics in those expressions, it can be
shown that in Eq(1) they are due purely to nonlinear effects
in the relationship between and the displacements. On the
other hand, in expressid7) higher harmonics in the modu-
lation of the EFG can appear even with a first-order approach
in Eq. (11). So, within the linear approximatiofil4) the

oms on BCPS, can be performed assuming the fouowmg'esulting NQR frequency for the axially symmetric case is

conditions:
(i)
(ii)

atomic displacements is linear,

the relevant atomic displacements in Efjl) are the
displacements corresponding to the Cl atom and th
only bounded C atom.

So, from Eq.(11) the components of the EFG tensor at
the ClI sites can be written as

vﬁ'<v>=v‘N?'”-+V&'j+<I>%'j<cl>uc.<v>+<I>&i'j<c>uc<v>i )
14

where the atomic modulation functions for Cl a@q are
known from the x-ray study

the relation among the EFG components and the

e

v(v)=vy+vo+2v, COSV)+2v, cOL2v+a), (18)

where the indexes indicating the Cl atom of BCPS were
dropped. The higher harmonics ifv) arise purely from the
intrinsic behavior of nuclear displacements.

The same considerations discussed above are still valid if
the improved version of the nonlocal model is considérzd.

In this case, phase difference among nuclear displacements is
regarded, but all the distortions are assumed as single-
harmonic functions ofp(x).

On the other hand, the possible distortion of the EFG
symmetry by the IC modulation is not considered explicitly
in usual treatments. The axial symmetry of the normal phase
EFG can be locally lost in the IC phase due to, for example,
distortions in the bond angles of the nuclei. In expres-
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sion (16), variations of 0.02 iny gives an increase of 0.01% Strictly, the relation between the intensity of the NQR echo
of the NQR frequency. Those values are well above the resasignal and the spectral densi(w) is
lution of the usual NQR measurements. So in BCPS, where
the CI-G-C; bond angle can range between 119.2° up to
120.1°? the perturbation produced by the modulation on the
asymmetry parameter could be non-negligible.

Assuming that the value of does not exceed 0.1, as it is Where g is the irradiation frequencyii(0) is the Fourier
observed in a variety of chlorinated benzene derivatives, extransform of the homogeneous line shiyfe), evaluated at

SI(O;wO)Z,BH(O)f:F(a))G(wo—w)dw, (22

pression(16) can be approximated as

772

6

v=CV,,| 1+

The asymmetry parametercan be expanded in terms of
the EFG components. Using the Laplace equatigptV,,
+V,,=0 for the electric field results in

:

2
3

2 (Vi)

V,+ § v,

Vit

_C(7
v=Clg

t=0, andG(w) is a function related to the response of the rf
pulse, defined according to Katowski and Mackowiakhe
quantity 8<1 depends on the characteristic decay time of
the echo amplitude. Expressid@2) was demonstrated by
Pratt® for the particular case of &/2),- - 7/2)4, SEquence,
and can be readily extended for thé2-7- 7 sequence using
the ideas of Su and Armstrort§As can be seen from Eq.
(22), in generalS;(0;wp) is not directly proportional to
F(wg), but it is an average df (w) with the response func-
tion G(w). Relationshig21) holds only wherF"(w)=0 for
all values of w inside the intervall o — wo|>1#,,, where
G(w— wp) assumes non-negligible values. Egron the or-

An additional simplification can be made neglecting theyer of tenths ofus, the interval of convolution is of tenths of

modulation effects on the term\4/,, resulting in

2

2 (V)2
+2 (Viw)
3

§ Vsz

Vot (19

7
v=C EVZ

This expression for the NQR frequency takes into accoun

the modulation on the principal valig,, of the EFG and on
the asymmetry parameter If the simplified expressiofil5)
for the V;; is considered, then the two first terms in Efj9)
gives modulations at frequencies 1 and 2, as in(E§).. The
term with (V,,)? introduces harmonics of order 2, 3, and 4.

In any case, the NQR line shape can be obtained from th

normalized frequency distribution, if the modulation function
of the NQR frequency/(v) is knownt!

1

1
P 5 2 dutoidul,ul

(20)
For a givenw, the sum goes over all valuas satisfying
v*(v')=v inside the interval0,2m7).

I1l. EXPERIMENTAL
A. Measurement of broad inhomogeneous NQR line shapes

In order to determine the spectral dendityw), two al-
ternative experimental approaches can be followed. The fi
of them was established in Refs. 12,13 and consists
recording the maximum intensity of the echo signal
S (t=0;w() after aw/2-7-7 pulse sequence, as a function
of the irradiation frequency, (the time origin is set at a
time 7 after thew pulse. Under certain conditions, as will be
discussed below, the profile of the obtained func(0; )
is directly related to the shape B{ w). The other approach
involves the recording of the intensitieéw,) of the Fourier
transform of the right half side of the echo sig&a(t; ), as
a function of the irradiating frequenay,.

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

S|(O;0)0):Cte'|:(w0). (21)

!

KHz.

On the other hand, the method of measuremerft (@b)
involving Fourier transform of the echoes is well-established
in nuclear magnetic resonanteand its validity can be ex-
t[ended to NQR. The intensity ¢fw), the Fourier transform

of S(t; w), evaluated at the irradiation frequeney is

|(w0)=ﬂfox|:(w')h(wo—w’)G(wo—w’)dw’. (23

Due to the homogeneous line shapéw) assumes non-
ﬁegligible values within an intervad<1 KHz aroundw,
the width of the weight functiomn(w) G(wy— ) is two or-
ders of magnitude less than the width@fw). In this situ-
ation, it is valid to expand-(w) and G(w) up to second
order aroundwg in Eq. (23), resulting in
F"(wo))]
Flwg) /)’ @9

where M, is the second moment of the homogeneous line.
The quantity8 is usually independent ob in the whole
spectrum. So, expressid24) shows thatl (wg) is propor-
tional to F(wg). By explicit evaluation of the derivatives of
G(w) it can be shown thaM,G"(w,) is of the order of
2w 2~10*3, so this term can be neglected. The term
oF"(wg)/F(wg) depends on the particular shape of the
spectral density. In order to estimate maximum values that
can be assumed by this term, it can be evaluated near a peak
and a singularity of the kindd— wg) ~* (with a<<1). In the
former case, this term is less thad/{)? where o is the
characteristic width of the peak, while in the lattef & (w
—wg)]%. In both cased/ ,F"(w,)/F(wo) can be neglected if

(259

(25b)

So within these conditions, expressi(@#) can be written as

M,
I (wg)=BF(wg)) 1+ > (G"(wo)+

a’> 52,
In (wp— wg)?> 8.

[ (wg) = BF(wy). (26)
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This expression shows that the inhomogeneous line shape
F(w) can be obtained from the intensities of the Fourier
transforml(wg) of the echoes. In those cases wh@grele-
pends onw, care must be taken in using E&6). Condition
(2539 assures that the method will reproduce any feature in
F(w) with more width than the homogeneous broadening.
On the other hand, conditiof25b) imposes a limit to how
close the reconstruction can be performed near a singularity.
Again, the limitation of the reconstruction method depends
on the homogeneous broadening.

B. Experimental details 348 349 350 8
Frequency [MHz]

BCPS samples were packed in a glass cylinder of 1 cm
diameter and 2 cm length. The compound was provided by
Fluka (Purum Gradgand was purified by zone melting. Ad-
ditional measurements were carried out on a sample from
Aldrich Chemical Company, Inc. (purity 97+ %), but the
same results were obtained. Measurements of i8¢ NQR
line shape were performed from liquid-nitrogen temperature
to 140 K. The NQR spectrometer has been described
elsewheré. The spectra were obtained by quadrature detec-
tion. The pulse sequencer(2)y- 7 (7)o was used in order to
generate an echo signal, with a valae 200us. The 7/2
pulse had 23.s width and 150 W power. In order to assure
that the reconstruction d¥(w) can be done using Eg26),
the decay time of the echo signal was measured at different
frequencies on the IC phase spectrum. The spectrometer tem- FIG. 3. Maximum amplitudes of the echo sign8|$0;w,) gen-
perature control provides temperature stability of the samplerated by the sequenag2-200us-, as a function of the irradia-
better than 0.1 K during the measurements. tion frequencyw,, obtained at two temperatures in the incommen-

surate phase of BCPS. Circles indicate echo amplitudes. Points and
solid line indicate Fourier-transform amplitudes of the same echoes,
IV. RESULTS evaluated atvy. The profile of the echo intensities shows a consid-
rable smoothing of the edge peaks with respect to the profile of
ourier-transform intensities.

T T T T T

34.75 34.80 34.85
Frequency [MHz]

Prior to the measurements of the NQR line shape, th%
characteristic decay tim&, of the echo signal was mea-
sured at the edge peaks and in the middle of the NQR spec-
trum in the IC phase at 140 K. The measured decay time waa bell-shaped spectrum is obtairf?d.Our subsequent analy-
Tp=(700*=30) us for the three frequencies, being indistin- sis of the NQR spectrum will be done using the data obtained
guishable with the measured value at room temperature. Afthrough Fourier transform.
ter these results and according to Eg6), the inhomoge- In addition to the sharp and intense edge peaks previously
neous line shapé(w) is proportional tol(w). So, the studied* Fig. 4 shows a third weak peak that can be resolved
inhomogeneous line shape can be reconstructed point ki the intermediate frequency range. Figure 5 shows the tem-
point. The 3*CI NQR signals were recorded as a function of perature behavior of the NQR frequencies of the peaks. The
the irradiation frequency with 500 Hz minimum step. The structure of peaks in the NQR spectrum can be easily ob-
experimental data were processed according to both methodgrved fran 1 K belowT,. So, there is no evidence of fluc-
discussed in Sec. Ill. Figures 3 and 4 shows the obtaineghations in the IC wave smearing out the fine structure of the
profiles for §(0;w) and I(w), respectively. As can be NQR spectrum in the range of 10 K beloW, as it was
clearly observed from Fig. 3,(0;w) is strongly smoothed reported in Ref. 6. The smoothing of the NQR spectra near
with respect td (w). From the inspection of Figs. 3 and 4, T, observed in Ref. 6 is purely due to limitations of the
the deviations betwee§ (0;w) andl(w) involve the posi- experimental method chosen by these authors.
tion, relative intensitiegpeak-peak, peak-vallgyand widths The plane-wave “local” model, with a linear relation be-
of the observed peaks. Also, the sharpness of the spectraleen » and the IC displacements, predicts a symmetric
borders are quite different. The edges of the reconstructespbectrum with only two edge peaks associated with maxi-
spectra shown in Fig. 4 exhibit the typical abrupt profile mum distortions. Therefore, this model cannot explain the
associated with the IC phases of NQR spet@m the other observed NQR spectra of BCPS.
hand, the spectra reported in Refs. 8, 9 seem to be affected According to the results of Sec. Il A, the addition of a
by the same kind of distortion shown in Fig. 3. These distor-quadratic term in expansidi) could explain the presence of
tions are more pronounced for temperatures fAgarwhere  a third peak in the NQR spectrum. Nevertheless, as can be
the frequency separation between edge peaks is of the ordsgen in Fig. 4, the central peak is clearly weaker than the
of tv‘vl. In these cases, any fine structure of the spectral derethers in all the temperature range. This fact is not in agree-
sity, as the three peaks shown at 140 K in Fig. 4, is lost andnent with the intensity relationshig8) and(9) predicted by
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Frequency [MHz] frequencies, for the two possible assignations of the singulagity

with observed peaks.
FIG. 4. Some®Cl NQR spectra of BCPS beloW,. These
spectra were obtained from the Fourier transform of the echo signdlon |v,|>|v,| was imposed in order to discard one of the
as a function of the irradiation frequency, using the pulse sequenamots in Eg. (53). Also, the two possible assignations
m/2-200 ps-1r. Ve— Viow Frec@NAVc— Vhigh FrecWere considered, according
to Egs.(7a and (7b). The results obtained fdw;| and v,
the plane-wave “local” model with linear and quadratic were plotted in Fig. 6 for each valid assignatiorugf. Also,
terms, where the intensity of the central peak assumes afe differences between the measuredand the calculated
intermediate value with respect to the edge peaks. So, this; were plotted as a function of temperature in Figg) and
model cannot be applied to the IC phase of BCPS. 7(b). The results are clearly in disagreement with the “lo-
The temperature behavior of the coefficiengs |v1|, and  cal” model, which through expressiorf4) predicts a
v, Can be used as an additional test of the “local” model. Bytemperature-independent beha\/ior%f— vg. This behavior
using Eq.(5) and the measured frequencips,| andv, were  indicates that the possible assignations between measured
calculated as a function of temperature. Regarding that thergnd calculated frequencies are not compatible with expres-
are three peaks in the NQR spectrum, the necessary condjion (2), which sets the relation of the coefficients with
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NQR peaks in the incommensurate phase of BCPS. Ve— Vi ow Frec-
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the order parameter of the phase transition. ‘ ' ' ' " '

By considering the results discussed above, it can be con- @)
cluded that the plane-wave “local” model is not applicable
to describe the NQR spectrum of BCPS in the IC phase. 1

The experimental results can be interpreted in terms of the
general expansion summarized in Sec. Il B. In this way, the
simulation of the NQR spectrum in the IC phase was at-
tempted, taking into account the simplified linear expression
(15) for the EFG components. The first approximation was
done by neglecting the asymmetry parameter in the expres-
sion of the NQR frequency. So, using EG48), the spectral
density was obtained from E¢RO):

1
[[sin v+2r sin2v+a)],— |’

F(v)=>,

’
v

(27)

where r=v,/v;. The NQR spectrum was calculated by
evaluating numerically the convolution df(v) with a
Lorentzian function of width=450 Hz. That value was ob-
tained from the measurements of the spin-spin relaxation
time T, using the relationshipd=1/(7T,). Figure &a)
shows the best results obtained in the simulation of the spec- (b)
trum at 84 K. A third peak and a slight asymmetry are intro- ,
duced in the NQR spectrum, but the heights, widths, and the
position of the third peak cannot be simultaneously fitted.
The natural improvement of the approximation is to retain
the asymmetry parameter, by using expressit#) for the :
NQR frequency. Harmonics of order three and four are now I
expected in the modulation function @fv). Nevertheless,
due to the great number of parameters involved, initially
only one term was added to E(.5). So, a three harmonics
modulation function for(v) was tentatively proposed:

34.8 34.9 35.0 35.1
Frequency [MHz]

v(v)=vy+vot2v, cOv)+2v, cO2v+ )
+2v5 cog3v+ B), (28

and the spectral density associated with this function was

34.8 34.9 35.0 35.1
Frequency [MHZz]

F(y)ocZ ! FIG. 8. Simulations of the NQR spectrum at 84 (&) Spectral

o |[sin v+2r sin(2v+ @) +3p siN(3v+ B)],= |’ density from expressio(27). (b) Spectral density from expression
(29 (29), where modulation of the asymmetry parameter is considered.

with p=w3/v,. The resulting spectrum is shown in Fig. . . . .
8(b). The features of the experimentally observed Bcpd With the parameters of the atomic modulation functions.

spectrum are quite well reproduced, including the heights 0{z\levertheless, it is encouraging that the relative weight of the

the three peaks. The result of adding only one-fourth harS€cond harmonic with respect to the fundamental insfee

monic to Eq.(28) was not satisfactory, because the asymmelidl displacements measured by x-ray diffractiors the

try of the heights could not be reproduced. Also, the simulaS@me order of magnitude as the coefficient
tion including simultaneously harmonics of order three and
four, gives not significant improvements with respect to thef
use of expressiori28), probably due to limitations in the

numerical implementation.

TABLE I. The best set of parameters p, «, and 8 obtained
rom the simulation of the NQR spectra of BCPS at different tem-
peraturegsee expressiofR7) and(29) in text].

Table | shows the parameters p, «, and 8 obtained T (K) r D o B
from the simulations of the NQR spectra at different tem-
peratures. A good correlation of the values is observed as a 84 0.2 0.11 —-1.05 —-0.78
function of temperature. The spectra at 140 K can be quali- 92.4 0.2 0.09 -0.9 -05
tatively reproduced with harmonics up to second order, but a 106 0.2 0.10 -0.8 -0.8
better agreement is obtained with a little amplitude for the 140 0.2 0.02 -1.1 -0.1
third harmonic, as can be seen in Fig. 9. 140 0.2 -1.16
Unfortunately, the lack of knowledge concerning the nu-  (only second
meric values of the gradientb{}; and ®F; in Eq. (14) harmonio

precludes the comparison of the obtained quantities in Table
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' ' ' ‘ ' ' ' ' of the observed NQR spectra can be easily interpreted within
the framework of the theoretical approach proposed by
Perez-Mato, Walisch, and Peterssby using this formal-

ism, it was possible to include explicitly the effects of the IC
modulation on the asymmetry parameter, in the NQR fre-
quency expansion in the IC phase. So, the main characteris-
tics of the NQR spectrum of BCPS were well reproduced by
assuming a non-negligible modulation of the asymmetry pa-
rameter and considering the atomic displacemafitas two-
harmonic functions, according to the available information
from x-ray diffraction and neutron scattering. Also, the ex-
perimental results exclude the possibility of strong fluctua-
tions of the IC wave smearing out the NQR spectrum, be-
cause the three peaks can be clearly resolved from 80 to 149

J

K.
o . . . . ; o On the other hand, the cumbersome problem of correlat-
34 775 34.800 34.825 34.850 ing the NQR frequency distribution with the atomic displace-
Frequency [MHz] mentsu® in an IC phase, was clearly revealed through ex-

pressiong11) and(19). To obtain information about the*
FIG. 9. Simulation of the spectrum at 140 K. Solid line indicatesthroth the analysis of the pUI%)Cl NQR spectrum, it is

Spectral density from expressi@@7). Dashed line indicates spec- necessary to know all the re'e}’am de_rivat.i@% for eac_h
tral density from expressio29). EFG tensor elemeny;; . Even in the simplified expression

(14), this fact implies the knowledge of six parameters for
each elemenv;; . Taking into account expressi¢h9) when
7n#0, the NQR frequency depends at least on two elements

In this work, 3°CI NQR data about the IC phase of BCPS of the EFG tensor, so 12 parameters are required.
were reported. The whole NQR spectrum was reconstructed Finally, some general predictions of the plane-wave
using the Fourier transform of the nuclear signal. Two alter-‘local” model have been pointed out. The relative peak in-
native approaches to handle the echo signal were discussdénsities and the temperature dependence of the coefficients
It was remarked that recording the nuclear signal intensitieg, were calculated for the case of linear and quadratic terms
S(0;wg) at different irradiation frequencies gives not, in in the relation between the NQR frequency and the order
general, the profile of the spectral denditfw). This proce- parameter. These results provide a useful tool to test the
dure implies a filtering of (w), causing the smoothing of applicability of model in a particular case, by rapid inspec-
abrupt variations of (w). On the other hand, the Fourier tion of the relative intensities of the NQR peaks. For the
transforml (w) of S(t;w), evaluated at the irradiation fre- BCPS, it was readily concluded that the “local” model is
quencywg, gives the closest approximation E(w). The  not applicable at any temperature beldy.
experimental results indicate the convenience of using the
Fourier transform to reconstruct the spectral density, unless a
flat line shape is expected.

Using these reliable data as a starting point, the features The authors thank CONICET for financial support.

V. CONCLUSION
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