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Evidence for nonclassical critical behavior of a one-dimensional incommensurately modulated
crystal: A *Cl NQR study of bis(4-chlorophenylsulfone
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The temperature dependence®El nuclear quadrupole resonan@¢QR) spectra and the respective spin-
lattice relaxation times have been measured between room temperature and 120 K on high quality single
crystals of big4-chlorophenylksulfone[ (CsH,Cl),SO,]. Spectra with the typical incommensurate edge singu-
larities were found at temperatures below the transition temper@iurgo the incommensuratdC) phase.

This holds in particular for temperatures very closeTto The exponent describing the temperature depen-
dence of the distance between the edge singularities of the incommensurate spectruniTjsabeait 0.35
+0.03 which is identified with the critical exponegtof the order parameter. Abovig a considerable critical
contribution to the spin-lattice relaxation ratél'1/is detected which can be described by some critical expo-
nent{ of about 0.6 0.02. The data are interpreted in terms of the three-dimensi{8BalXY model. In the

IC phaseT; 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 minimufiy, afoes not occur at;. Rather, it is
shifted some degrees froifj to lower temperatures. 285CI NQR exchange spectra show no indication for
large scale fluctuations of the modulation wave above about 500 Hz.

I. INTRODUCTION Bis(4-chlorophenylsulfone (BCPS which is the topic of
the present work has recently attracted considerable interest.
Some insulating crystals pass over from a high-It undergoes a transition from a normbl phase with a
temperature norm&aN) phase to a one-dimensionally struc- monoclinicl2/a structure into an one-dimensionally modu-
turally incommensuratelyiC) modulated phase at a certain lated IC phase at a temperatuFe of about 150 K&~16 Re-
temperatureT; . In the IC phase at least one physical prop-cently, the lattice dynamics of this substance has been inves-
erty is modulated in such a way that the characteristic wavéigated by inelastic neutron scatterifgThe phase transition
numberq; is not a rational multiple of the reciprocal-lattice involves a twist of the two phenyl rings around the respec-
vectors of theN phase: The incommensurate modulation tive CI-C-S axis and small rotations and translations of the
wave is in most cases, at least closdto a single harmonic molecule as a wholé!® The IC wave vectorg;=(1/5
function of space(“plane-wave limit”). It can be repre- + §)b*, with b* being a reciprocal-lattice vector, varies be-
sented by an order paramet@P) with two thermodynamic  tweens=0.021 at 150 K and=0.014 at 20 K& Contrary to
degrees of freedom, e.g., amplitude and initial phase. In moshe behavior of most IC systems the IC phase in BCPS per-
cases, the IC phase transforms into a commensurate phasesaits to the lowest temperatures investigated so far, i.e., to
some temperature beloW . temperatures below about 1! The absence of a low-
Quadrupolar perturbed nuclear magnetic resonanceemperatureC phase is one reason explaining the attention
(NMR) (Refs. 2—-4 and nuclear quadrupole resonancewhich is presently paid to BCPS.
(NQR) (Ref. 5 have been proved to be accurate and sensi- Because of the big quadrupole interaction BEIl in
tive tools for investigating IC phases. These methods takBCPS and because sufficiently high magnetic fields are not
advantage of the coupling between the order parameter arattainable so far quadrupolar perturbed NMR could not be
the electric-field gradientEFG) at the site of the nucleus performed. Therefore only°Cl nuclear quadrupole reso-
under investigation. While the inhomogeneously broadenedance (NQR) measurements have been reported for this
spectrum of NMR/NQR frequencies is determined by thesubstancé!®?~'5They indicate rather unresolved spectra in
static part of the EFG, its fluctuating part is related to thea temperature interval up to about 10 K beldy. This ef-
probabilities of transitions between the nuclear-spin levelsfect presumably has to be ascribed to a considerable influ-
The spin-lattice relaxation rateTly of the nuclear magneti- ence of sample imperfections. Moreover, in the temperature
zation is given as a linear combination of these probabilitiesegion where the spectra could be resolved, m@rethan 10
which are a measure of the spectral density of the EFG fluck below T;, a classical mean-field-type behavior seems to
tuations at the Larmor frequency (= w /2m~100MHz)  be the adequate description of the critical behavior. This is
and the NQR frequencyro~34 MHz in the present cage contradictory to the fact that many substances different in
respectively. Extremely slow motions of the modulationcomposition and structure but equally characterized by the
wave can be detected by two-dimensiof2D) NMR/NQR occurrence of an one-dimensional incommensurate modula-
exchange spectroscopy. In these experiments tlefines tion can be described by the same critical exponents of the
the lower bound for the detectable frequencies of the mo3D XY model as required by the universality hypothésis.
tions. This model is characterized by a two-dimensional order pa-
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rameter with three-dimensional interactions and conse-
quently applies to a one-dimensionally incommensurately
modulated lattice. Note, moreover, that the critical behavior
of a substance is generally assumed to be strongly influenced
by imperfections and that its accurate detection at so big
distances fronil; may be subject to some doubts. Thus the
previous experiments failed in deriving precise results for the
most interesting temperature region ndar In order to re-

=
s

move these shortcomings, in the present work special em-
phasis is laid upon the growth and preparation of high qual- 20-10 0 10 20 30 4
ity BCPS single-crystal samples. By that means it will be Frequency (kHz)

shown that the*®*CINQR spectra can be considerably im-
proved. In particular, in Sec. Il we will repoi°CINQR
spectra which allow for an accurate determination of the
static critical behavior of the OP in the vicinity df .

It is well known that NQR relaxation measurements are
often very well suited for investigating the extremely soft OP
fluctuations in theN and IC phase of IC systems. In the case Frequency (MHz)
of BCPS3*CINQR T, measurements exist only in the IC
phase at temperatures below about 10 K beTow* Thus no
data are available on the influence of the critical behavior ofures (from bottom to top T;~T=32, 7, 1.4, 0.2,-0.2 K and
this substance om;. These unsatisfactory circumstances are 'ns?‘) 0'.25’. 0.1,-0.12 K. In the inset the fr.equency distance from

. . - . the irradiation frequency34.787 MH2 is given. The spectra are
very likely due to a considerable influence of sample imper- )

. L - not normalized.

fections onT, which in view of the problems with the spec-
tra just discussed can be assumed to be present in the previ- The temperature was measured with a calibrated diode
ous investigations of BCPS, too. In Sec. Ill it will be sensor with an absolute accuracy of better thah05 K. It
demonstrated that indeed a considerable improvement of \was located about 1 cm apart from the sample. The tempera-
can be achieved from corresponding experiments on higkure stability over the measuring time determined this way
quality single crystals. As in the case of the NQR line inves-as better than-0.05 K. Figure 1 shows some spectra of the
tigations mentioned special emphasis will be laid upon the®5C| NQR line above and beloW, . As it is demonstrated by
temperature interval aroung . the inset of Fig. 1, the phase-transitions temperature can be

%3CI 2D NQR exchange spectra will be reported in Sec. IVfixed with an accuracy of better than0.1 K by directly
aiming at some possible extremely low-frequency dynamicsinspecting the NQR spectra. The same result with the same
Finally, in Sec V a general discussion of our results will be accuracy is obtained by taking the temperature wherein the
given. temperature dependence Bf in Fig. 4 a sharp bending oc-
curs. Thereford T—T,| is given with an accuracy of about
+0.1 K. The temperature gradient over the sample volume is
estimated to be better than0.1 K by directly inspecting the

BCPS single crystals were grown from commercial pow-width of the edge singularities of the IC spectra. The abso-
der (Aldrich) using a home-built zone melting oven. The lute value of the phase-transition temperature as measured by
material was purified by zone melting for about ten timesthe diode wad;=148.2 K+ 0.1 K. This value is about 1.8 K
and large single crystals>10 cnt) were grown by a modi- below that usually reported. This difference is very likely
fied Bridgman method. The crystals were cut to fit into stan-due to the fact that we use single crystals of high purity.
dard 7-mm tubes®*CINQR measurements were done on a The frequency of the NQR line follows abovie essen-
Bruker CXP spectrometer with a home-built probehead irtially a linear temperature dependence with no indication for
combination with an Oxford CF1200 cryostat and an ITC502a substantial precursor effect of the phase transitiom; at
temperature controller. The high quality of our samples isFar aboveT; the linewidth is about 1 kHz and approaching
demonstrated by the very smalPCINQR linewidth full ~ T; from above starts to increase significantly at abdut
width at half maximum(FWHM) in the N phase which is + 10K reaching a value of about 10 kHzBt. Both effects
smaller than 800 Hz at room temperature. This must espeare presented in Fig. 2. The behavior of the linewidth dem-
cially be compared to the linewidth of about 11 kHz at roomonstrates that in the spectrum of the fluctuations of the order
temperature of our unpurified material. The latter order ofparameter considerable intensity is present at small frequen-
magnitude is also known from previous worKs. cies below about 10 kHz. Subtracting a constant background

An echo sequence with phase cycling and a pulse width ofalue of 1 kHz the temperature dependence of the remaining
3 us for a 90° pulse was used for the NQR measurements dinewidth can be well represented in terms of some critical
the line shape. The pulses were irradiated at a frequency neaexponent 0.Z 0.03. In addition, we note that the steepness
the line in theN phase or the center of the line distribution in of the outer flanks of the edge singularities observed in the
the IC phase. Because of the small linewidth in our experiiC phase which is a measure for the underlying linewidth
ments there exists a significant influence of small magnetiincreases on approachifg from below. Both effects are a
fields on the NQR line shape. Special care was taken talear indication for a critical behavior of tH€CINQR line-
exclude this effect. width nearT;.

f
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FIG. 1. CINQR line shape in BCPS single crystals at tempera-

1. °CINQR SPECTRA
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FIG. 2. Temperature dependencies of the frequency of the
35CINQR line aboveT; and of the frequencies of the edge singu-
larities of the®>*CINQR line spectra below; . Inset: Temperature
dependence of th&CI NQR linewidth aboveT, .

FIG. 3. Temperature dependence of the distance of the edge
singularities of an ideaf®CINQR IC spectrum determined as de-
scribed in the text. The line corresponds to a power law with an
exponent 0.5.

Clearly, according to Fig. 1 distinct IC spectra with typi-
cal edge singularities can be resolved as close as about 0.2

belowT; . The shape of the spectra, however, deviates Ve about 10 K belowr; . On the basis of the results presented in

close toT; considerably from a symmetric form which is Fig 3itis | inable that for th f al lit
well known from NMR experiments on other substances: 'g. 5 1L1S Imaginable that for In€ case of poor crystal quality

The intensity of the low-frequency edge singularity exceedgesumng in rather unresolved considerably broadened NQR

noticeably that of the high-frequency edge singularity. Note,leeCtra an apparent “mean” critical exponent of about 0.5

moreover, that in the middle part of the spectra some intenc2" be easily derived.
sity additional to the IC background becomes obvious at a
intensity apparently does not originate from a splitting of one
of the two edge singularities on lowering the temperature. The softening of the OP fluctuations on approachiihg
The fact that it can be detected even clos@ texcludes the  from above causes a considerable increase of the spectral
possibility to ascribe it to the formation of nearly commen-density of the thermal OP fluctuations at the NMR/NQR
surate regions in the crystal. resonance frequency and thus results in a corresponding in-
The distance of the edge singularities of the ideal IC speccrease of the quadrupolar induced spin-lattice relaxation rate
trum generally follows some critical temperature dependencd; *. Therefore the fluctuations of the order parameter
which is related to that of the order parameter. A correspondaround its static value cause an additional relaxation effect of
ing evaluation of the measured spectra must take into corthe nuclear-spin system. As long as the fast motion condition
sideration the effect of a convolution of the homogeneouss fulfilled, i.e., as long as the soft-mode frequency of the OP
line with the ideal spectrum. As a consequence, the apparepiceeds the NQR frequency, this additional relaxation pro-
distance of the edge singularities of the measured spectrum ¢&ss can be related to the static critical behavior abigve
diminished with respect to that of the ideal spectrum. ThisBelowT;, the OP has two degrees of freedom, the amplitude
effect is more pronounced the smaller the ratio is betweeand the initial phase of the modulation. Conveniently, one
the width of the spectrum and the homogeneous linewidth¢an introduce corresponding excitations, termed amplitudon
i.e., close toT;. In particular, for the case of BCPS where and phason, which are decoupled for small values of the OP
the widths of the IC NQR spectra are comparatively smallinearT;). The most interesting feature of IC crystals is the
and only weakly temperature dependent a careful deconvanergetic degeneracy of the structure with respect to a shift
lution of the spectra must be required. We carried out correef the initial phase of the modulation wave. As a result, the
sponding simulations of IC spectra on the basis of realistiphason stays soft throughout the IC pha¥e0On the other
data. As a result it can be stated that the distahge of the  hand, the amplitudon hardens beldwas a usual soft mode.
edge singularities of the ideal spectrum can be very welln the IC phase the nuclear frequencies as well as the spin-
approximated by taking for the measured spectrum the didattice relaxation rate are spatially modulated and thus one
tance of the outermost points at about 85% of the maximunobtains a characteristic frequency distribution for each line of
height of the respective singularity. This holds for boththe high-temperature phase and a characteristic variation of
Lorentzian and Gaussian lines. the spin-lattice relaxation rate over that frequency distribu-
The results for the frequencies of the edge singularitiesion.
and their distance as a function of temperature are presented For the NQR relaxation measurements a special echo se-
in Figs. 2 and 3, respectively. Figure 3 demonstrates that thguence was employed which directly gives the difference
3°CINQR edge singularity distance in BCPS does not followbetween the equilibrium magnetization and the magnetiza-
a simple power law with a single critical exponent 0.5.tion detected after a given recovery time following a 180°
Rather a bending occurs which can be described by somgulse. Thus one parameter is eliminated from the relaxation-
apparent critical exponent of about 0:36.03 nearT; (i.e., time fit.
Ti—T<15K) and 0.750.05 far above T; (T,—T We measured thé®CINQR spin-lattice relaxation time
~25K). This result which corrects previous ones is a con-T; from room temperature down to 110 K. The results are

sgquence of the high quality of our crystals which render it
Rossible to derive reliable data in a temperature interval of
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FIG. 4. Temperature dependence of €INQR spin-lattice FIG. 5. Double logarithmic plot of the temperature dependence

relaxation timeT;. Inset: local extreme values df; (Fig. 6) as  of the 3°CINQR critical spin-lattice relaxation tim&,. aboveT; .
measured in the inner part of the spectr(@handA) andT; values

measured at the edge singulariti&s$ and O). . .
g g ( ) ments. Using the most probable temperaflireesults in the

|pest fit of T, to a power law, i.e., that with the smallest
margin of error. Moreover, no deviation from this power law
aeLven close tdr; is shown in Fig. 5. Consequently, in BCPS
ere is no transition to the slow motion limit which for
stance is well known to occur in another systéat and

shown in Fig. 4. As in the present case we are dealing wit
NQR on nuclei with spiri =3 only one transition exists and
thus the magnetization recovery is always single exponenti
in the N phase. On the contrary, in the IC phase at eacH_
frequency of the inhomogeneous broadened spectrum t
maqgnetizétion recovery is %enerally not a single epxponentiaﬁ us the soft-mode frequency stays well above the NQR fre-
The reason for this behavior is the fact that nuclei with theduency of a(?g“t. 35 MHz. Following the previous
same NQR frequency can be located at different sites in thérgumentatmﬁ,' . this means that the phason gap.frequenc.y
modulation wave and thus generally will have different re-"" the '.C phase is alsq well abovg this va[ue. This result is
laxation times which are superimposed in the magnetizatioﬁ?narad'Ctory to a previous offestating that in the IC phase
recovery. Since the relaxation times occurring in the magnef[- e H.NMR T, Is frequency dependent dovyn to 500 kHz
tization recovery differ only little, in the IC phase a mean ndicating a phason gap fre5quency below this value.
relaxation time can reasonably be given. Accﬁolrdlng. to F|g_. 6 the*>*CINQR s!om-lattlce relaxation

Between ambient temperature and about 180 K the relaxate T~ varies noticeably over the incommensurate spec-
ation is governed by a noncritical background mechanism{frum even at temperatures négr. The general character of
Then on approaching; over a temperature region of about this variation is essentially the same for all tempe(atures aI.—
20 K a very efficient critical contribution takes over. &t thou_gh the spectra change considerably. The main result is
the background value df, extrapolated from the behavior at thatin the IC phase all, values are small compared to those
higher temperatures is about ten times the values actuallff€asured about 20 K aboUe (see also Fig. # This result
measured. An analysis of the temperature dependence of tHigmonstrates that the soft phason excitations contribute
effective additional relaxation mechanism therefore can b&lominantly to the relaxation of the whole IC NQR spectrum.
reasonably achieved: Assuming as usual two independeHﬁ particular, the weak temperature dependence obs_erved for
processes the measured relaxation Tté is represented as the smallestT, value below the temperature where it takes
the sum of a critical relaxation raf€;;" and a noncritical its minimum indicates that the corresponding p@agproxi-

one. The latter can be obtained by fitting the values measurelfgately in the middlg of the spectrum is predominantly re-

at higher temperatures where the background mechanism i xed by the phason excitation.

dominating to the smoothly varying functi@T>—b where BelowTi_the relaganon time shows a very u_nusual behav-
a and b are positive constants. This relation was derived'°" According to Fig. 4, the_ v_alues oF continue to de-
previously for quadrupolar relaxation by two phonon Rama crease even below; . T_h_e minimum ofT, is foun_d about
processes? The critical temperature dependenceTaf, can -9 K below the transition temperature. There is no doubt
be represented by a critical exponénaccording to

400 00r 400 ®
T1ex (T T4, (D , EA

. . . o L . @WQ}C’ I s fdﬁ N ) S
According to Fig. 5 this relation is verified in a critical tem- £ s N @ Iy %%j $ e &
perature region of more than 10 K aboVewith the expo- + | ° ol ¢ 200} g@ ”
nent{=0.69+0.006 where the margin of error is given by = |
the scatter of the points. It should be noted, however, that the 200} toor
critical exponents determined this way depend strongly on L ST R =
the determination ofT;. A slight variation of T; of only 15005 0 505 210 As(k—gz)—zo 30 10080 60 40 20 0 2040-60

+0.1 or —0.1 K leads to critical exponentg=0.622
+0.011 or{=0.73+0.01, respectively. Given the fact that  FIG. 6. Variation of the®®CINQR spin-lattice relaxation rate
T; is determined through our experiments with an accuracyr;* over the IC spectruntAv is the distance from the irradiation
of better than+0.1 K these values can be regarded as thérequency at temperature$;— T=0.7, 7, 32 K(from left to righi.
extreme exponents which are consistent with our measurenote that for convenience different scales have been used.
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that the measured relaxation rates belong to the IC phas DTS e .
because the corresponding spectra clearly show the typice 10F
IC line shape(see Fig. 1 The usual argumentation is the
following: With the susceptibility of the OP taking its maxi-
mum atT;, the relaxation timer, is expected to have a
minimum atT;. Below the phase transition the phason con- 250
serves the fluctuation spectrum of the soft modeTat N 5t
whereas the amplitudon will get harder with decreasingE
temperaturé:*® This is reflected by the fact that the relax-
ation time due to phason excitations remains constant belov 2
T;, whereas the relaxation time due to amplitudon excita-
tions increases on lowering the temperaftfr@herefore on
the basis of this usual argument the observed decreabe of
below T; cannot be understood.

15
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IV. 3CINQR 2D EXCHANGE SPECTRA
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The continuum theory of IC phases predicts the existence '
45 35 25 15 5

of a gapless phason motfelt is generally assumed, how-
ever, that in a real IC crystal several effects lead to a pinning
of the modulation wave and therefore to a nonzero gap in the Frequency (kHz)

phason spectrum. This implies that the modulation wave is FIG. 7. 351 2D NQR exchange spectra for two different tem-
actually §tat|c and cannot move freely through the crystal. Iberatures(top: T.-T=1.2K, bottom: T,—~T=4K) and mixing

IS Somet,'mes assumed, however, that ,at I_eaSt clo3e tiee times (left: 0.1 ms, right: 1.2 ms The contour plots are drawn
modulation wave can overcome the pinning effect by thergown 1o very low intensities where the influence of noise becomes
mal excitation and undergoes a kind of Brownian or diffu- gready visible.

sionlike motion termed “floating.”

On certain conditions this should give rise to a motionalthe mixing time due to a sliding or an oscillating modulation
averaging of the static IC spectra négr. As it has been wave leads to an off-diagonal intensity where the distance
argued recentl§?>a deviation from the static distribution of from the diagonal in the 2D spectrum is given by the change
NMR lines in the IC phase is obtained if the following two of the frequency of the nucleus. For a continuous spectrum
conditions are simultaneously fulfilled: The amplitude of thelike an IC spectrum one expects a broadening of the diagonal
phase fluctuations must be sufficiently large. Additionally,intensity surpassing the homogeneous linewidth. If the
the characteristic frequencies of these fluctuations must beodulation slides during the mixing tintg, over 180° for a
comparable to or exceed the interval of NQR frequenciesinear coupling to the EFG or 90° for a quadratic coupling
which results from the amplitude of the phase fluctuationghe intensity will be distributed over the whole area of pos-
via the coupling of the EFG to the modulation wave. If onesible cross peaks, resulting in a filled rectangle around the
or both of these conditions are not fulfilled the measureddiagonal. On the other hand, if the modulation wave is static
spectrum is the static one. with relatively small phase fluctuations around the average

According to Fig. 1 static IC spectra with a width of about value, the spectrum should consist of the diagonal part only
10 kHz and distinct edge singularities can be resolved abowthich is identical to the one-dimensional NQR spectrum.
0.2 K belowT;. There is no indication for motional averag- The same holds if the modulation wave is floating but its
ing. Thus the frequency of the phase fluctuations of the IGnean free path during the mixing time is small compared to
modulation wave must be smaller than 10 kHz and/or thdts wavelength. Therefore principally a motion of the modu-
amplitude of the phase fluctuations of the modulation wavdation wave cannot be excluded by two-dimensional ex-

must be small compared tor2 change experiments. Rather, only an upper limit for the am-
To extend the studied frequency range down to everplitude of this motion during the mixing time can be given.
smaller frequencies we recordetfCI2D NQR exchange A standard three-pulse 2D exchange NMR sequence in-

spectra in the incommensurate phase of BCPS for two difeluding an appropriate pulse cycling was slightly modified
ferent temperatures close g with different mixing times by using a spin-echo sequence instead of the last 90° pulse to
defining the time scale of the experiment. detect the magnetization, thus leading to a four-pulse se-
Employing two-dimensional exchange NQR spectroscopyjuence. The high-frequency pulses were irradiated outside
allows one to study the exchange of nuclear magnetizatioand near the IC NQR spectrum. The width of the pulses was
between different positions in the spectrum during the sosuch that the whole IC spectrum was uniformly excited. The
called mixing timet,,, by inspecting the off-diagonal intensi- spectra we obtained are presented in Fig. 7. The change in
ties in a two-dimensional NQR spectrum. The time constantshe relative intensity for different parts of the spectrum for
ty, must be of the same order of magnitude or smaller thamlifferentt,, is caused by the variation of the spin-lattice re-
the spin-lattice relaxation tim&;. Thus within this limita- laxation rate and the spin-spin relaxation rate over the spec-
tion 2D experiments provide the possibility to choose freelytrum. The shortesT;~2 ms (Fig. 4) defines the maximum
the time scale probing the motion of the modulation wave. Avalue oft,,. In all cases, even for the longer mixing time, a
change of the resonance frequency of a given nucleus duringpticeable off-diagonal intensity cannot be resolved. More-
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over, a loss of diagonal intensity exceeding that duf{o tions of V,, and 7 lead according to Eq.(2) to the
effects is not detectable. This result restricts the frequency dhhomogeneous distribution of the IC NQR spectra. Thus the
possible large scale phase fluctuations to the range belotemperature dependence of the spectra and, in particular, of
about 500 Hz. Similar results were obtained in previous twothe distance between the edge singularities is determined by
dimensional exchange experiments in the IC phases dhe temperature dependence of all EFG Fourier amplitudes
Rb,ZnBr, and RBZnCl, (3RbNMR satellite spectyd?®*  and the phase relations between them.

and biphenyl fH NMR spectra.?* For the case that the OP is small, i.e., closeTfo an
elementary calculation on the basis of E(.and(3) shows
V. DISCUSSION thatvq is proportional to the OP. As a consequence, also the

distance of the edge singularities of the IC spectrum is pro-

Discussing first the shape and width of the inhomogeportional to the OP. Thus the apparent critical exponent
neous line distribution in the IC phase we have to start ougjiven in Sec. Il for the temperature region ndais a strong
with the well-known relation for the NQR frequenay, of indication for the applicability of the 3IXY model to BCPS,

anl=3$ nucleus® too. Accordingly, within the limits of experimental accuracy,
o 1o BCPS fits to the universal critical behavior known from other
, :eQsz( 1 77_) ) one-dimensionally modulated IC systef&On the basis of
Q" 2h 3/’ the same arguments one can understand the increase of the

i , apparent critical exponent becoming obvious in Fig. 3 at in-
where the symbols have the usual meaning. In particylar, creasing distance froffi . This is due to the fact that higher-
=(Vxx=Vy)/Vy, is the asymmetry parameter and,,  order terms must be taken into account.

Vyy, andV, are the diagonalprincipa) elements of the Moreover, we did some calculations of the IC line shape
EFG in the principal axes reference frame which obey,, the following basis: In a previous wofkfor the N phase
[Vz4=[Vyy|=|Vy. Moreover, the Laplace conditioNyx the asymmetry parameten~0.2 was estimated. Taking
+Vyy+V,,=0 h_olds in every reference frame. In the IC ¢ Fig. 2 the frequencyo~34.8 MHz close abovd,,
phase the five independent EFG components are generalllé/q_ (2) results in|V,,=34.8 MHz, |V,,| =20.8 MHz, and
spatially modulated. As a consequence, the orientation of thﬁ, | =14 MHz. Thiszcomplete dia’gonxaxl EEG was u’sed as a
principal axes reference frame is modulated, too. This modugagis for the simulations of the spectra in the IC phase. In
lation has no influence on the distribution of NQR frequen—doing this we disregard the weak temperature dependence of

cies. Rather, according to E@), the distributions oV, and vo aboveT; . The modulation functions were introduced ac-
n determine completely the distribution of the NQR line. cording to Eq.(3), whereVy;; =0 for i#]. Whereas above
This implies that, in general, from the measured NQR line !

ok ) . T, the Laplace condition is fulfilled by definition it was en-
distribution no unambiguous conclusion can be drawn on the, .. LalowT. . The temperature dependence of the Fourier
distribution of the EFG elements. '

amplitudesVy;; andV,;; were assumed to be given by the
In general, we can expand the EFG tensor as a local quan- P Ll 2 g y

tity in a Fourier series. Consequently, we can write the Spacgritidczallz7exponentsﬁ =0.345 and$=0.83 of the 3DXY
dependence of the componevif; as given in some fixed el di hi h of the five ind d
crystal reference frame taking into account only the IeadingE According to this ansatz, each of the five independent

terms a& FG elements is determined by four independent fit param-
eters(two amplitudes and two initial phagesesulting in a
Vij ()= Vi + Vi + Vaij co§ D (x) + D] total of 20 parameters. Therefore it is self-evident that it is
not meaningful to try a real fit to the experimental spectra.
+Vyij c0g 20 (x) + Dy (3  Instead, we guessed at some of the parameters while disre-

By Vyij we denote the tensor element in tNephase,Vy;;
are the corresponding Fourier amplitudé{x) is the space
dependent phase adg;; are the respective initial phases. In
the plane-wave limit®(x) =q;x.

If one takes into account the coupling between the Fourier
amplitudes and the OfRefs. 26 and 2)7it can be shown that
V3j; is proportional to the amplitude of the modulatigmiti-
cal exponentg), whereas, disregarding fluctuations,; is
proportional to the square of it. Taking into account fluctua-
tions of the order parameter leads to a different exponent for

V,i; which is calledg. Generally,Vj;(x) is therefore domi-
nated by the term linear in the OP at least in the vicinityl of
in the case that no symmetry restrictions exclude the linear L
term. _ o _ 34.75 34.8 34.85 34.9

Performing a principal axes transformation of the EFG Frequency (MHz)
given in Eq.(3), generally, all Fourier amplitudeg,;; and
V,i; and corresponding initial phases enter into the orienta- FIG. 8. 3°CINQR spectra calculated at temperatufes T=7,
tion of the EFG principal axes system and its principal com-1.4 0.2 K (bottom to top as explained in the text. The spectra are
ponents. All these quantities are modulated and the modulaot normalized.
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100 we denote the static order-parameter susceptibility and the
. correlation length of the order-parameter fluctuations, re-
spectively. MoreoverAU is the activation energy of the
uncoupled systemk. is a constant cutoff wave number
whose magnitude is of the order of the radius of the Brillouin
zone andy is the critical exponent which characterizes the
long-range behavior of the correlation function. Rewriting
Eq. (4) we get

5v,.. (kHz)

10 L L ) 2
0.1 1 10 1 ocTzeAU/kBT(T—T»)g( f x“dx
i

—Cc(T)|.

FIG. 9. Temperature dependence of the distance of the edge ®
singularities of the calculateiCI NQR IC spectrdFig. 8. Theline  The critical temperature dependenceTaf, is given by the
corresponds to a power law with an exponent 0.42. exponent/=2y—3v. The corresponding term in Eq5)

dominates in the vicinity o; demonstrating the importance
garding others. A calculation of the resulting NQR frequen-of having reliable data close 5 . In a practical determina-
cies on the basis of an equipartition of the phdge) be-  tion of the critical exponent, however, one must take into
tween 0 and z leads to the theoretical IC spectra. In order toconsideration the influence of the weak temperature depen-
enable comparison between the measusee Fig. 1and the  dence of the other quantities occurring in 5. In particu-
ideal IC spectra the latter were folded with the homogeneougyr, the quantityC(T) which, generally, is a small correction
line shape in the way explained above. In addition, the pato the constant integral arises from the fact that the correla-
rameters of the model must result in reasonable widths angon length ¢ depending critically on the temperature has
shapes of the spectra for different temperatures if the temsome finite value abovd,;: The smaller the correlation
perature dependence of the Fourier amplitudes mentionq@ngth the stronger the influence 6fT). In this way the
before is used. apparent exponeritin corresponding plots of experimental

Many spectra calculations of this type were done. Figuresesults is increased. In a similar manner also the first two
8 and 9 give the results for a set of parameters which lead t@rms in Eq(5) limit the accuracy in the determination of the
spectra most similar to the measured ones. As to be expectegle exponent. The critical exponent=0.69+0.02 derived
from the outset, the calculated spectra do not coincide exaphove from the experimental data differs noticeably from the
actly with the experimental ones. Nevertheless, they veryajue ¢=0.624 derived for the 3DXY model?® The latter is
much resemble the qualitative behavior. The spectra showear the lower limit of the experimental error interval dis-
the appearance Of the broad additional intensity in the middl%ussed in Sec. Ill. If one assumes that the discrepancy be_
of the spectrum and hint at the asymmetry of the intensity ofween the experimental and theoretical value is real on the
the edge singularities. The former can be related to the fagiasis of the argumentation just presented it can be ascribed

that higher-order terms become important. The occurrence @b an influence of the temperature dependence of the corre-
this additional intensity is obviously correlated to the succestation length.

sive deviation of the local slope in Fig. 3 from the initial one.
Moreover, we note that the temperature dependence of the
distance of the edge singularities of the calculated ideal spec- VI. CONCLUSION

trum cannot be represented by a power law with a single \we have measured the temperature dependence of
exponent. _ _ 35CINQR spectra and the respective spin-lattice relaxation
These considerations demonstrate that the spectra fouRghes petween room temperature and 120 K on high quality
by experiment in BCPS are consistent with the critical be-gcps single crystals. The interpretation of the data in terms
havior to be described by the 3®Y model. Due to the of the 3DXY model is convincing. Nevertheless, it is desir-
limitations given by the NQR method they are, however, notap|e to have data which avoid the principle shortcomings of
a rigorous proof for that model. the NQR method. Principally, quadrupolar perturbed NMR
We now turn to a discussion of the critical behavior of may be looked upon as an adequate method. Given the
Tyc in the N phase as given in the context of Hd). Fol- 35| NQR frequency of about 35 MHz and the fact that an
lowing the argumentation given in Ref. 2 we can write for aNMR frequency of about 200 MHz is therefore desirable in

T-T (K) Tic o (1+x°77)?

system with three-dimensional interactions such an experiment, an unreasonably high magnetic field of
about 45 T is required. A more promising approach would be
iocTzeAU/kBTLngkc x2dx @) to apply extremely small magnetic fields, i.e., Zeeman per-

Tic E o (1+x2 12" turbed NQR.

Here we have assumed order-disor¢tetaxational fluctua-
tions of the OP with relaxation times fulfilling the condition
2mvq7(q)<1 (fast motion limiy for all wave vectorsy, a We are indebted to the Deutsche Forschungsgemeinscharft
direct process for the relaxation of the nuclear-spin systenfor financial support. Stimulating discussions with U. Hae-
and the well-known van Hove theory for critical dynamics. berlen, C. Meinel, D. Michel, and H. Sillescu are gratefully
The symbols in Eq(4) have the usual meaning: hyand¢  acknowledged.
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