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Evidence for nonclassical critical behavior of a one-dimensional incommensurately modulated
crystal: A 35Cl NQR study of bis„4-chlorophenyl…sulfone

F. Decker and J. Petersson
Universität des Saarlandes, Fachbereich Physik, Postfach 15 11 50, D-66041 Saarbru¨cken, Germany

~Received 25 October 1999!

The temperature dependence of35Cl nuclear quadrupole resonance~NQR! spectra and the respective spin-
lattice relaxation times have been measured between room temperature and 120 K on high quality single
crystals of bis~4-chlorophenyl!sulfone@~C6H4Cl!2SO2#. Spectra with the typical incommensurate edge singu-
larities were found at temperatures below the transition temperatureTi into the incommensurate~IC! phase.
This holds in particular for temperatures very close toTi . The exponent describing the temperature depen-
dence of the distance between the edge singularities of the incommensurate spectrum is nearTi about 0.35
60.03 which is identified with the critical exponentb of the order parameter. AboveTi a considerable critical
contribution to the spin-lattice relaxation rate 1/T1 is detected which can be described by some critical expo-
nentz of about 0.6960.02. The data are interpreted in terms of the three-dimensional~3D! XY model. In the
IC phaseT1 stays low indicating a considerable influence of the phason excitations on every part of the IC
spectrum. Contrary to the behavior of other systems the minimum ofT1 does not occur atTi . Rather, it is
shifted some degrees fromTi to lower temperatures. 2D35Cl NQR exchange spectra show no indication for
large scale fluctuations of the modulation wave above about 500 Hz.
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I. INTRODUCTION

Some insulating crystals pass over from a hig
temperature normal~N! phase to a one-dimensionally stru
turally incommensurately~IC! modulated phase at a certa
temperatureTi . In the IC phase at least one physical pro
erty is modulated in such a way that the characteristic w
numberqi is not a rational multiple of the reciprocal-lattic
vectors of theN phase.1 The incommensurate modulatio
wave is in most cases, at least close toTi , a single harmonic
function of space~‘‘plane-wave limit’’!. It can be repre-
sented by an order parameter~OP! with two thermodynamic
degrees of freedom, e.g., amplitude and initial phase. In m
cases, the IC phase transforms into a commensurate pha
some temperature belowTi .

Quadrupolar perturbed nuclear magnetic resona
~NMR! ~Refs. 2–4! and nuclear quadrupole resonan
~NQR! ~Ref. 5! have been proved to be accurate and se
tive tools for investigating IC phases. These methods t
advantage of the coupling between the order parameter
the electric-field gradient~EFG! at the site of the nucleu
under investigation. While the inhomogeneously broade
spectrum of NMR/NQR frequencies is determined by
static part of the EFG, its fluctuating part is related to t
probabilities of transitions between the nuclear-spin lev
The spin-lattice relaxation rate 1/T1 of the nuclear magneti
zation is given as a linear combination of these probabili
which are a measure of the spectral density of the EFG fl
tuations at the Larmor frequency (nL5vL/2p'100 MHz)
and the NQR frequency (nQ'34 MHz in the present case!,
respectively. Extremely slow motions of the modulati
wave can be detected by two-dimensional~2D! NMR/NQR
exchange spectroscopy. In these experiments 1/T1 defines
the lower bound for the detectable frequencies of the m
tions.
PRB 610163-1829/2000/61~13!/8993~8!/$15.00
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Bis~4-chlorophenyl!sulfone~BCPS! which is the topic of
the present work has recently attracted considerable inte
It undergoes a transition from a normalN phase with a
monoclinic I2/a structure into an one-dimensionally mod
lated IC phase at a temperatureTi of about 150 K.6–16 Re-
cently, the lattice dynamics of this substance has been in
tigated by inelastic neutron scattering.17 The phase transition
involves a twist of the two phenyl rings around the resp
tive Cl-C-S axis and small rotations and translations of t
molecule as a whole.7,16 The IC wave vectorqi5(1/5
1d)b* , with b* being a reciprocal-lattice vector, varies b
tweend50.021 at 150 K andd50.014 at 20 K.8 Contrary to
the behavior of most IC systems the IC phase in BCPS p
sists to the lowest temperatures investigated so far, i.e
temperatures below about 1 K.11,15 The absence of a low
temperatureC phase is one reason explaining the attent
which is presently paid to BCPS.

Because of the big quadrupole interaction of35Cl in
BCPS and because sufficiently high magnetic fields are
attainable so far quadrupolar perturbed NMR could not
performed. Therefore only35Cl nuclear quadrupole reso
nance ~NQR! measurements have been reported for t
substance.9,10,12–15They indicate rather unresolved spectra
a temperature interval up to about 10 K belowTi . This ef-
fect presumably has to be ascribed to a considerable in
ence of sample imperfections. Moreover, in the tempera
region where the spectra could be resolved, i.e.,morethan 10
K below Ti , a classical mean-field-type behavior seems
be the adequate description of the critical behavior. This
contradictory to the fact that many substances differen
composition and structure but equally characterized by
occurrence of an one-dimensional incommensurate mod
tion can be described by the same critical exponents of
3D XY model as required by the universality hypothesi2

This model is characterized by a two-dimensional order
8993 ©2000 The American Physical Society
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8994 PRB 61F. DECKER AND J. PETERSSON
rameter with three-dimensional interactions and con
quently applies to a one-dimensionally incommensura
modulated lattice. Note, moreover, that the critical behav
of a substance is generally assumed to be strongly influen
by imperfections and that its accurate detection at so
distances fromTi may be subject to some doubts. Thus t
previous experiments failed in deriving precise results for
most interesting temperature region nearTi . In order to re-
move these shortcomings, in the present work special
phasis is laid upon the growth and preparation of high qu
ity BCPS single-crystal samples. By that means it will
shown that the35Cl NQR spectra can be considerably im
proved. In particular, in Sec. II we will report35Cl NQR
spectra which allow for an accurate determination of
static critical behavior of the OP in the vicinity ofTi .

It is well known that NQR relaxation measurements a
often very well suited for investigating the extremely soft O
fluctuations in theN and IC phase of IC systems. In the ca
of BCPS 35Cl NQR T1 measurements exist only in the I
phase at temperatures below about 10 K belowTi .14 Thus no
data are available on the influence of the critical behavio
this substance onT1 . These unsatisfactory circumstances a
very likely due to a considerable influence of sample imp
fections onT1 which in view of the problems with the spec
tra just discussed can be assumed to be present in the p
ous investigations of BCPS, too. In Sec. III it will b
demonstrated that indeed a considerable improvement oT1
can be achieved from corresponding experiments on h
quality single crystals. As in the case of the NQR line inve
tigations mentioned special emphasis will be laid upon
temperature interval aroundTi .

35Cl 2D NQR exchange spectra will be reported in Sec.
aiming at some possible extremely low-frequency dynam
Finally, in Sec. V a general discussion of our results will b
given.

II. 35Cl NQR SPECTRA

BCPS single crystals were grown from commercial po
der ~Aldrich! using a home-built zone melting oven. Th
material was purified by zone melting for about ten tim
and large single crystals~.10 cm3! were grown by a modi-
fied Bridgman method. The crystals were cut to fit into sta
dard 7-mm tubes.35Cl NQR measurements were done on
Bruker CXP spectrometer with a home-built probehead
combination with an Oxford CF1200 cryostat and an ITC5
temperature controller. The high quality of our samples
demonstrated by the very small35Cl NQR linewidth full
width at half maximum~FWHM! in the N phase which is
smaller than 800 Hz at room temperature. This must es
cially be compared to the linewidth of about 11 kHz at roo
temperature of our unpurified material. The latter order
magnitude is also known from previous works.13

An echo sequence with phase cycling and a pulse widt
3 ms for a 90° pulse was used for the NQR measurement
the line shape. The pulses were irradiated at a frequency
the line in theN phase or the center of the line distribution
the IC phase. Because of the small linewidth in our exp
ments there exists a significant influence of small magn
fields on the NQR line shape. Special care was taken
exclude this effect.
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The temperature was measured with a calibrated di
sensor with an absolute accuracy of better than60.05 K. It
was located about 1 cm apart from the sample. The temp
ture stability over the measuring time determined this w
was better than60.05 K. Figure 1 shows some spectra of t
35Cl NQR line above and belowTi . As it is demonstrated by
the inset of Fig. 1, the phase-transitions temperature can
fixed with an accuracy of better than60.1 K by directly
inspecting the NQR spectra. The same result with the sa
accuracy is obtained by taking the temperature wherein
temperature dependence ofT1 in Fig. 4 a sharp bending oc
curs. ThereforeuT2Ti u is given with an accuracy of abou
60.1 K. The temperature gradient over the sample volum
estimated to be better than60.1 K by directly inspecting the
width of the edge singularities of the IC spectra. The ab
lute value of the phase-transition temperature as measure
the diode wasTi5148.2 K60.1 K. This value is about 1.8 K
below that usually reported. This difference is very like
due to the fact that we use single crystals of high purity.

The frequency of the NQR line follows aboveTi essen-
tially a linear temperature dependence with no indication
a substantial precursor effect of the phase transition atTi .
Far aboveTi the linewidth is about 1 kHz and approachin
Ti from above starts to increase significantly at aboutTi
110 K reaching a value of about 10 kHz atTi . Both effects
are presented in Fig. 2. The behavior of the linewidth de
onstrates that in the spectrum of the fluctuations of the or
parameter considerable intensity is present at small frequ
cies below about 10 kHz. Subtracting a constant backgro
value of 1 kHz the temperature dependence of the remain
linewidth can be well represented in terms of some criti
exponent 0.760.03. In addition, we note that the steepne
of the outer flanks of the edge singularities observed in
IC phase which is a measure for the underlying linewid
increases on approachingTi from below. Both effects are a
clear indication for a critical behavior of the35Cl NQR line-
width nearTi .

FIG. 1. 35Cl NQR line shape in BCPS single crystals at tempe
tures ~from bottom to top! Ti2T532, 7, 1.4, 0.2,20.2 K and
~inset! 0.25, 0.1,20.12 K. In the inset the frequency distance fro
the irradiation frequency~34.787 MHz! is given. The spectra are
not normalized.
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PRB 61 8995EVIDENCE FOR NONCLASSICAL CRITICAL BEHAVIOR . . .
Clearly, according to Fig. 1 distinct IC spectra with typ
cal edge singularities can be resolved as close as about 0
below Ti . The shape of the spectra, however, deviates e
close toTi considerably from a symmetric form which
well known from NMR experiments on other substanc
The intensity of the low-frequency edge singularity excee
noticeably that of the high-frequency edge singularity. No
moreover, that in the middle part of the spectra some int
sity additional to the IC background becomes obvious a
temperature as close as about 4 K belowTi . This additional
intensity apparently does not originate from a splitting of o
of the two edge singularities on lowering the temperatu
The fact that it can be detected even close toTi excludes the
possibility to ascribe it to the formation of nearly comme
surate regions in the crystal.

The distance of the edge singularities of the ideal IC sp
trum generally follows some critical temperature depende
which is related to that of the order parameter. A correspo
ing evaluation of the measured spectra must take into c
sideration the effect of a convolution of the homogeneo
line with the ideal spectrum. As a consequence, the appa
distance of the edge singularities of the measured spectru
diminished with respect to that of the ideal spectrum. T
effect is more pronounced the smaller the ratio is betw
the width of the spectrum and the homogeneous linewid
i.e., close toTi . In particular, for the case of BCPS whe
the widths of the IC NQR spectra are comparatively sm
and only weakly temperature dependent a careful decon
lution of the spectra must be required. We carried out co
sponding simulations of IC spectra on the basis of reali
data. As a result it can be stated that the distancedn IC of the
edge singularities of the ideal spectrum can be very w
approximated by taking for the measured spectrum the
tance of the outermost points at about 85% of the maxim
height of the respective singularity. This holds for bo
Lorentzian and Gaussian lines.

The results for the frequencies of the edge singulari
and their distance as a function of temperature are prese
in Figs. 2 and 3, respectively. Figure 3 demonstrates that
35Cl NQR edge singularity distance in BCPS does not foll
a simple power law with a single critical exponent 0
Rather a bending occurs which can be described by s
apparent critical exponent of about 0.3560.03 nearTi ~i.e.,
Ti2T,1.5 K) and 0.7560.05 far above Ti (Ti2T
'25 K). This result which corrects previous ones is a co

FIG. 2. Temperature dependencies of the frequency of
35Cl NQR line aboveTi and of the frequencies of the edge sing
larities of the35Cl NQR line spectra belowTi . Inset: Temperature
dependence of the35Cl NQR linewidth aboveTi .
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sequence of the high quality of our crystals which rende
possible to derive reliable data in a temperature interva
about 10 K belowTi . On the basis of the results presented
Fig. 3 it is imaginable that for the case of poor crystal qual
resulting in rather unresolved considerably broadened N
spectra an apparent ‘‘mean’’ critical exponent of about 0
can be easily derived.

III. 35Cl NQR SPIN-LATTICE RELAXATION

The softening of the OP fluctuations on approachingTi
from above causes a considerable increase of the spe
density of the thermal OP fluctuations at the NMR/NQ
resonance frequency and thus results in a corresponding
crease of the quadrupolar induced spin-lattice relaxation
T1

21. Therefore the fluctuations of the order parame
around its static value cause an additional relaxation effec
the nuclear-spin system. As long as the fast motion condi
is fulfilled, i.e., as long as the soft-mode frequency of the
exceeds the NQR frequency, this additional relaxation p
cess can be related to the static critical behavior aboveTi .
Below Ti , the OP has two degrees of freedom, the amplitu
and the initial phase of the modulation. Conveniently, o
can introduce corresponding excitations, termed amplitu
and phason, which are decoupled for small values of the
~nearTi). The most interesting feature of IC crystals is t
energetic degeneracy of the structure with respect to a s
of the initial phase of the modulation wave. As a result, t
phason stays soft throughout the IC phase.1,18 On the other
hand, the amplitudon hardens belowTi as a usual soft mode
In the IC phase the nuclear frequencies as well as the s
lattice relaxation rate are spatially modulated and thus
obtains a characteristic frequency distribution for each line
the high-temperature phase and a characteristic variatio
the spin-lattice relaxation rate over that frequency distrib
tion.

For the NQR relaxation measurements a special echo
quence was employed which directly gives the differen
between the equilibrium magnetization and the magnet
tion detected after a given recovery time following a 18
pulse. Thus one parameter is eliminated from the relaxat
time fit.

We measured the35Cl NQR spin-lattice relaxation time
T1 from room temperature down to 110 K. The results a

e FIG. 3. Temperature dependence of the distance of the e
singularities of an ideal35Cl NQR IC spectrum determined as de
scribed in the text. The line corresponds to a power law with
exponent 0.5.
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8996 PRB 61F. DECKER AND J. PETERSSON
shown in Fig. 4. As in the present case we are dealing w
NQR on nuclei with spinI 5 3

2 only one transition exists an
thus the magnetization recovery is always single exponen
in the N phase. On the contrary, in the IC phase at e
frequency of the inhomogeneous broadened spectrum
magnetization recovery is generally not a single exponen
The reason for this behavior is the fact that nuclei with
same NQR frequency can be located at different sites in
modulation wave and thus generally will have different
laxation times which are superimposed in the magnetiza
recovery. Since the relaxation times occurring in the mag
tization recovery differ only little, in the IC phase a mea
relaxation time can reasonably be given.

Between ambient temperature and about 180 K the re
ation is governed by a noncritical background mechani
Then on approachingTi over a temperature region of abo
20 K a very efficient critical contribution takes over. AtTi
the background value ofT1 extrapolated from the behavior a
higher temperatures is about ten times the values actu
measured. An analysis of the temperature dependence o
effective additional relaxation mechanism therefore can
reasonably achieved: Assuming as usual two indepen
processes the measured relaxation rateT1

21 is represented a
the sum of a critical relaxation rateT1c

21 and a noncritical
one. The latter can be obtained by fitting the values meas
at higher temperatures where the background mechanis
dominating to the smoothly varying functionaT22b where
a and b are positive constants. This relation was deriv
previously for quadrupolar relaxation by two phonon Ram
processes.19 The critical temperature dependence ofT1c can
be represented by a critical exponentz according to

T1c}~T2Ti !
z. ~1!

According to Fig. 5 this relation is verified in a critical tem
perature region of more than 10 K aboveTi with the expo-
nent z50.6960.006 where the margin of error is given b
the scatter of the points. It should be noted, however, that
critical exponents determined this way depend strongly
the determination ofTi . A slight variation of Ti of only
10.1 or 20.1 K leads to critical exponentsz50.622
60.011 orz50.7360.01, respectively. Given the fact tha
Ti is determined through our experiments with an accur
of better than60.1 K these values can be regarded as
extreme exponents which are consistent with our meas

FIG. 4. Temperature dependence of the35Cl NQR spin-lattice
relaxation timeT1 . Inset: local extreme values ofT1 ~Fig. 6! as
measured in the inner part of the spectrum~d andm! andT1 values
measured at the edge singularities~h ands!.
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ments. Using the most probable temperatureTi results in the
best fit of T1 to a power law, i.e., that with the smalle
margin of error. Moreover, no deviation from this power la
even close toTi is shown in Fig. 5. Consequently, in BCP
there is no transition to the slow motion limit which fo
instance is well known to occur in another system20,21 and
thus the soft-mode frequency stays well above the NQR
quency of about 35 MHz. Following the previou
argumentation,20,21 this means that the phason gap frequen
in the IC phase is also well above this value. This resul
contradictory to a previous one11 stating that in the IC phase
the 1H NMR T1 is frequency dependent down to 500 kH
indicating a phason gap frequency below this value.

According to Fig. 6 the35Cl NQR spin-lattice relaxation
rate T1

21 varies noticeably over the incommensurate sp
trum even at temperatures nearTi . The general character o
this variation is essentially the same for all temperatures
though the spectra change considerably. The main resu
that in the IC phase allT1 values are small compared to tho
measured about 20 K aboveTi ~see also Fig. 4!. This result
demonstrates that the soft phason excitations contrib
dominantly to the relaxation of the whole IC NQR spectru
In particular, the weak temperature dependence observe
the smallestT1 value below the temperature where it tak
its minimum indicates that the corresponding part~approxi-
mately in the middle! of the spectrum is predominantly re
laxed by the phason excitation.

Below Ti the relaxation time shows a very unusual beha
ior. According to Fig. 4, the values ofT1 continue to de-
crease even belowTi . The minimum ofT1 is found about
7–9 K below the transition temperature. There is no do

FIG. 5. Double logarithmic plot of the temperature depende
of the 35Cl NQR critical spin-lattice relaxation timeT1c aboveTi .

FIG. 6. Variation of the35Cl NQR spin-lattice relaxation rate
T1

21 over the IC spectrum~Dn is the distance from the irradiation
frequency! at temperaturesTi2T50.7, 7, 32 K~from left to right!.
Note that for convenience different scales have been used.
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PRB 61 8997EVIDENCE FOR NONCLASSICAL CRITICAL BEHAVIOR . . .
that the measured relaxation rates belong to the IC ph
because the corresponding spectra clearly show the typ
IC line shape~see Fig. 1!. The usual argumentation is th
following: With the susceptibility of the OP taking its max
mum at Ti , the relaxation timeT1 is expected to have a
minimum atTi . Below the phase transition the phason co
serves the fluctuation spectrum of the soft mode atTi ,
whereas the amplitudon will get harder with decreas
temperature.1,18 This is reflected by the fact that the rela
ation time due to phason excitations remains constant be
Ti , whereas the relaxation time due to amplitudon exc
tions increases on lowering the temperature.22 Therefore on
the basis of this usual argument the observed decreaseT1
below Ti cannot be understood.

IV. 35Cl NQR 2D EXCHANGE SPECTRA

The continuum theory of IC phases predicts the existe
of a gapless phason mode.18 It is generally assumed, how
ever, that in a real IC crystal several effects lead to a pinn
of the modulation wave and therefore to a nonzero gap in
phason spectrum. This implies that the modulation wave
actually static and cannot move freely through the crysta
is sometimes assumed, however, that at least close toTi the
modulation wave can overcome the pinning effect by th
mal excitation and undergoes a kind of Brownian or diff
sionlike motion termed ‘‘floating.’’

On certain conditions this should give rise to a motion
averaging of the static IC spectra nearTi . As it has been
argued recently,4,23 a deviation from the static distribution o
NMR lines in the IC phase is obtained if the following tw
conditions are simultaneously fulfilled: The amplitude of t
phase fluctuations must be sufficiently large. Additiona
the characteristic frequencies of these fluctuations mus
comparable to or exceed the interval of NQR frequenc
which results from the amplitude of the phase fluctuatio
via the coupling of the EFG to the modulation wave. If o
or both of these conditions are not fulfilled the measu
spectrum is the static one.

According to Fig. 1 static IC spectra with a width of abo
10 kHz and distinct edge singularities can be resolved ab
0.2 K belowTi . There is no indication for motional averag
ing. Thus the frequency of the phase fluctuations of the
modulation wave must be smaller than 10 kHz and/or
amplitude of the phase fluctuations of the modulation wa
must be small compared to 2p.

To extend the studied frequency range down to e
smaller frequencies we recorded35Cl 2D NQR exchange
spectra in the incommensurate phase of BCPS for two
ferent temperatures close toTi with different mixing times
defining the time scale of the experiment.

Employing two-dimensional exchange NQR spectrosco
allows one to study the exchange of nuclear magnetiza
between different positions in the spectrum during the
called mixing timetm by inspecting the off-diagonal intens
ties in a two-dimensional NQR spectrum. The time consta
tm must be of the same order of magnitude or smaller t
the spin-lattice relaxation timeT1 . Thus within this limita-
tion 2D experiments provide the possibility to choose fre
the time scale probing the motion of the modulation wave
change of the resonance frequency of a given nucleus du
se
al

-

g

w
-

e

g
e

is
It

-

l

,
be
s
s

d

ut

C
e
e

n

f-

y
n
-

ts
n

y

ng

the mixing time due to a sliding or an oscillating modulatio
wave leads to an off-diagonal intensity where the dista
from the diagonal in the 2D spectrum is given by the chan
of the frequency of the nucleus. For a continuous spectr
like an IC spectrum one expects a broadening of the diago
intensity surpassing the homogeneous linewidth. If
modulation slides during the mixing timetm over 180° for a
linear coupling to the EFG or 90° for a quadratic coupli
the intensity will be distributed over the whole area of po
sible cross peaks, resulting in a filled rectangle around
diagonal. On the other hand, if the modulation wave is sta
with relatively small phase fluctuations around the avera
value, the spectrum should consist of the diagonal part o
which is identical to the one-dimensional NQR spectru
The same holds if the modulation wave is floating but
mean free path during the mixing time is small compared
its wavelength. Therefore principally a motion of the mod
lation wave cannot be excluded by two-dimensional e
change experiments. Rather, only an upper limit for the a
plitude of this motion during the mixing time can be give

A standard three-pulse 2D exchange NMR sequence
cluding an appropriate pulse cycling was slightly modifi
by using a spin-echo sequence instead of the last 90° puls
detect the magnetization, thus leading to a four-pulse
quence. The high-frequency pulses were irradiated out
and near the IC NQR spectrum. The width of the pulses w
such that the whole IC spectrum was uniformly excited. T
spectra we obtained are presented in Fig. 7. The chang
the relative intensity for different parts of the spectrum f
different tm is caused by the variation of the spin-lattice r
laxation rate and the spin-spin relaxation rate over the sp
trum. The shortestT1'2 ms ~Fig. 4! defines the maximum
value of tm . In all cases, even for the longer mixing time,
noticeable off-diagonal intensity cannot be resolved. Mo

FIG. 7. 35Cl 2D NQR exchange spectra for two different tem
peratures~top: Ti2T51.2 K, bottom: Ti2T54 K) and mixing
times ~left: 0.1 ms, right: 1.2 ms!. The contour plots are drawn
down to very low intensities where the influence of noise becom
already visible.
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8998 PRB 61F. DECKER AND J. PETERSSON
over, a loss of diagonal intensity exceeding that due toT1
effects is not detectable. This result restricts the frequenc
possible large scale phase fluctuations to the range be
about 500 Hz. Similar results were obtained in previous tw
dimensional exchange experiments in the IC phases
Rb2ZnBr4 and Rb2ZnCl4 ( 87Rb NMR satellite spectra!4,23

and biphenyl (2H NMR spectra!.24

V. DISCUSSION

Discussing first the shape and width of the inhomo
neous line distribution in the IC phase we have to start
with the well-known relation for the NQR frequencynQ of
an I 5 3

2 nucleus:25

nQ5
eQVzz

2h S 11
h2

3 D 1/2

, ~2!

where the symbols have the usual meaning. In particulah
5(Vxx2Vyy)/Vzz is the asymmetry parameter andVxx ,
Vyy , and Vzz are the diagonal~principal! elements of the
EFG in the principal axes reference frame which ob
uVzzu>uVyyu>uVxxu. Moreover, the Laplace conditionVxx
1Vyy1Vzz50 holds in every reference frame. In the I
phase the five independent EFG components are gene
spatially modulated. As a consequence, the orientation of
principal axes reference frame is modulated, too. This mo
lation has no influence on the distribution of NQR freque
cies. Rather, according to Eq.~2!, the distributions ofVzz and
h determine completely the distribution of the NQR lin
This implies that, in general, from the measured NQR l
distribution no unambiguous conclusion can be drawn on
distribution of the EFG elements.

In general, we can expand the EFG tensor as a local q
tity in a Fourier series. Consequently, we can write the sp
dependence of the componentVi j as given in some fixed
crystal reference frame taking into account only the lead
terms as26

Vi j ~x!5VNi j1V0i j 1V1i j cos@F~x!1F1i j #

1V2i j cos@2F~x!1F2i j #. ~3!

By VNi j we denote the tensor element in theN phase,Vki j
are the corresponding Fourier amplitudes,F(x) is the space
dependent phase andFki j are the respective initial phases.
the plane-wave limit,F(x)5qix.

If one takes into account the coupling between the Fou
amplitudes and the OP~Refs. 26 and 27! it can be shown tha
V1i j is proportional to the amplitude of the modulation~criti-
cal exponentb!, whereas, disregarding fluctuations,V2i j is
proportional to the square of it. Taking into account fluctu
tions of the order parameter leads to a different exponen
V2i j which is calledb̄. Generally,Vi j (x) is therefore domi-
nated by the term linear in the OP at least in the vicinity ofTi
in the case that no symmetry restrictions exclude the lin
term.

Performing a principal axes transformation of the EF
given in Eq.~3!, generally, all Fourier amplitudesV1i j and
V2i j and corresponding initial phases enter into the orien
tion of the EFG principal axes system and its principal co
ponents. All these quantities are modulated and the mod
of
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tions of Vzz and h lead according to Eq.~2! to the
inhomogeneous distribution of the IC NQR spectra. Thus
temperature dependence of the spectra and, in particula
the distance between the edge singularities is determine
the temperature dependence of all EFG Fourier amplitu
and the phase relations between them.

For the case that the OP is small, i.e., close toTi , an
elementary calculation on the basis of Eqs.~2! and~3! shows
thatnQ is proportional to the OP. As a consequence, also
distance of the edge singularities of the IC spectrum is p
portional to the OP. Thus the apparent critical expon
given in Sec. II for the temperature region nearTi is a strong
indication for the applicability of the 3DXYmodel to BCPS,
too. Accordingly, within the limits of experimental accurac
BCPS fits to the universal critical behavior known from oth
one-dimensionally modulated IC systems.2–4 On the basis of
the same arguments one can understand the increase o
apparent critical exponent becoming obvious in Fig. 3 at
creasing distance fromTi . This is due to the fact that higher
order terms must be taken into account.

Moreover, we did some calculations of the IC line sha
on the following basis: In a previous work,28 for theN phase
the asymmetry parameterh'0.2 was estimated. Taking
from Fig. 2 the frequencynQ'34.8 MHz close aboveTi ,
Eq. ~2! results in uVzzu534.8 MHz, uVxxu520.8 MHz, and
uVyyu514 MHz. This complete diagonal EFG was used a
basis for the simulations of the spectra in the IC phase
doing this we disregard the weak temperature dependenc
nQ aboveTi . The modulation functions were introduced a
cording to Eq.~3!, whereVNi j50 for iÞ j . Whereas above
Ti the Laplace condition is fulfilled by definition it was en
forced belowTi . The temperature dependence of the Four
amplitudesV1i j and V2i j were assumed to be given by th
critical exponentsb50.345 and b̄50.83 of the 3D XY
model.27

According to this ansatz, each of the five independ
EFG elements is determined by four independent fit para
eters~two amplitudes and two initial phases! resulting in a
total of 20 parameters. Therefore it is self-evident that it
not meaningful to try a real fit to the experimental spect
Instead, we guessed at some of the parameters while d

FIG. 8. 35Cl NQR spectra calculated at temperaturesTi2T57,
1.4 0.2 K ~bottom to top! as explained in the text. The spectra a
not normalized.
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garding others. A calculation of the resulting NQR freque
cies on the basis of an equipartition of the phaseF(x) be-
tween 0 and 2p leads to the theoretical IC spectra. In order
enable comparison between the measured~see Fig. 1! and the
ideal IC spectra the latter were folded with the homogene
line shape in the way explained above. In addition, the
rameters of the model must result in reasonable widths
shapes of the spectra for different temperatures if the t
perature dependence of the Fourier amplitudes mentio
before is used.

Many spectra calculations of this type were done. Figu
8 and 9 give the results for a set of parameters which lea
spectra most similar to the measured ones. As to be expe
from the outset, the calculated spectra do not coincide
actly with the experimental ones. Nevertheless, they v
much resemble the qualitative behavior. The spectra s
the appearance of the broad additional intensity in the mid
of the spectrum and hint at the asymmetry of the intensity
the edge singularities. The former can be related to the
that higher-order terms become important. The occurrenc
this additional intensity is obviously correlated to the succ
sive deviation of the local slope in Fig. 3 from the initial on
Moreover, we note that the temperature dependence of
distance of the edge singularities of the calculated ideal s
trum cannot be represented by a power law with a sin
exponent.

These considerations demonstrate that the spectra fo
by experiment in BCPS are consistent with the critical b
havior to be described by the 3DXY model. Due to the
limitations given by the NQR method they are, however,
a rigorous proof for that model.

We now turn to a discussion of the critical behavior
T1c in the N phase as given in the context of Eq.~1!. Fol-
lowing the argumentation given in Ref. 2 we can write fo
system with three-dimensional interactions

1

T1c
}T2eDU/kBT

x2

j3 E
0

jkc x2dx

~11x22h!2 . ~4!

Here we have assumed order-disorder~relaxational! fluctua-
tions of the OP with relaxation times fulfilling the conditio
2pnQt(q)!1 ~fast motion limit! for all wave vectorsq, a
direct process for the relaxation of the nuclear-spin sys
and the well-known van Hove theory for critical dynamic
The symbols in Eq.~4! have the usual meaning: byx andj

FIG. 9. Temperature dependence of the distance of the e
singularities of the calculated35Cl NQR IC spectra~Fig. 8!. The line
corresponds to a power law with an exponent 0.42.
-
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we denote the static order-parameter susceptibility and
correlation length of the order-parameter fluctuations,
spectively. Moreover,DU is the activation energy of the
uncoupled system,kc is a constant cutoff wave numbe
whose magnitude is of the order of the radius of the Brillou
zone andh is the critical exponent which characterizes t
long-range behavior of the correlation function. Rewritin
Eq. ~4! we get

1

T1c
}T2eDU/kBT~T2Ti !

2zS E
0

` x2dx

~11x22h!22C~T! D .

~5!

The critical temperature dependence ofT1c is given by the
exponentz52g23n. The corresponding term in Eq.~5!
dominates in the vicinity ofTi demonstrating the importanc
of having reliable data close toTi . In a practical determina-
tion of the critical exponent, however, one must take in
consideration the influence of the weak temperature dep
dence of the other quantities occurring in Eq.~5!. In particu-
lar, the quantityC(T) which, generally, is a small correctio
to the constant integral arises from the fact that the corr
tion length j depending critically on the temperature h
some finite value aboveTi : The smaller the correlation
length the stronger the influence ofC(T). In this way the
apparent exponentz in corresponding plots of experimenta
results is increased. In a similar manner also the first t
terms in Eq.~5! limit the accuracy in the determination of th
true exponentz. The critical exponentz50.6960.02 derived
above from the experimental data differs noticeably from
valuez50.624 derived for the 3DXY model.29 The latter is
near the lower limit of the experimental error interval di
cussed in Sec. III. If one assumes that the discrepancy
tween the experimental and theoretical value is real on
basis of the argumentation just presented it can be ascr
to an influence of the temperature dependence of the co
lation length.

VI. CONCLUSION

We have measured the temperature dependence
35Cl NQR spectra and the respective spin-lattice relaxat
times between room temperature and 120 K on high qua
BCPS single crystals. The interpretation of the data in ter
of the 3DXY model is convincing. Nevertheless, it is des
able to have data which avoid the principle shortcomings
the NQR method. Principally, quadrupolar perturbed NM
may be looked upon as an adequate method. Given
35Cl NQR frequency of about 35 MHz and the fact that
NMR frequency of about 200 MHz is therefore desirable
such an experiment, an unreasonably high magnetic fiel
about 45 T is required. A more promising approach would
to apply extremely small magnetic fields, i.e., Zeeman p
turbed NQR.
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