PHYSICAL REVIEW E 66, 051707 (2002

Effect of mosaicity in x-ray studies of critical behavior at the nematic to smecticA transition
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Previous studies of critical behavior at the nematic to smétiansition by high-resolution x-ray scatter-
ing were performed using low magnetic fields of 0.1-0.8 T. In those studies, the transverse resolution was
limited by the sample mosaicity which complicated data analysis. In order to understand the effect of sample
mosaicity on the measured values of critical exponents, the divergence of the smectic order correlation lengths
&)1 and susceptibilityr, was studied in a magnetic field ranging from 0.25 to 5 T. The use of (3igh field
reduced the sample mosaicity and improved the effective transverse resolution by almost two orders of mag-
nitude. Three liquid crystals, two mixtures of 6th and 7th homologs of-didlkylazoxybenzenéDnAOB)
and 4-n-octylcyanobiphenyBCB) were studied. 15 wt%D6.15A0B) and 40 wt%(D6.4A0B) mixtures of
D7AOB in D6AOB have a wide nematic range, while 8CB has a narrow nematic range. Analysis of the data
at different fields revealed a different and proper way to apply the mosaicity correction. The Gaussian mosa-
icity correction was found to be temperature independent but significant/q times smaller than the width
of the sharped, -scan, which has traditionally been used for mosaicity correction in all previous studies. The
values of the critical exponents measured over almost four decades of reduced temperaturg =&t
+0.02, », =0.69+0.02, y=1.46+0.04 for D6.15A0B;»|=0.79+0.02, v, =0.67=0.02, y=1.44+0.04 for
D6.4A0B; andy=0.70+0.02, », =0.52+0.02, y=1.24+0.04 for 8CB. The results for the two mixtures
suggest that in wide temperature range nematics, far from the tricritical point, the exponents may be material
independent. No significant effects of mosaicity on the values of the coeffec@drihe fourth-order term in the
structure factor were observed.
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[. INTRODUCTION and a sample mosaicity are discussed in Sec. Ill. Sec. IV
provides experimental details including the x-ray spectrom-
Liquid crystals can be simply described as anisotropic flu-€ter, sample alignment, temperature control, and the method-
ids. A wide variety of phases and phase transitions are exlogy used. The results are presented and discussed in the
hibited by liquid crystals. These transitions are physical relast section and are followed by conclusions.
alizations of a number of unique systems for which
theoretical predictions have been made. One of the most in- Il. BACKGROUND
teresting and most extensively studied phase transitions is ) . ]
the nematic to smectia-(NA) transition. It is an example of ~ The nematic(N) phase has orientational but no transla-
a simple transition at Wh|Ch a System freetm'tg in one t|0nal Order W|th |0ng mAO|eCU|ar axes a“gned, on aVerage,
dimension. However, after three decades of intense researgiarallel to the unit vecton called the director. The conven-
on this topic, the NA transition still remains poorly under- tional nematic order parameter is a symmetric traceless ten-
stood. One of the serious problems is our inability to obtainsor[1],
reliable quantitative structural information in the close vicin-
ity of the transition due to poor transverse resolution, which
is determined by the sample mosaicity. In this paper, we Qijzs(”i”j_ §5ij>’
report the results of a high-resolution x-ray diffraction study
of the NA transition under a higkbT) magnetic field. The 3 1 ,
use of a high-field improved the effective transverse resoluVhereS=(zcosf—3), ¢ is the angle between the long mo-
tion by almost two orders of magnitude over previous studiedecular axis and the directof; - -) means statistical averag-
and allowed us to obtain results, which were essentfatlg ~ iNg over all molecules and,(a=x,y,z) are the director’s
of mosaicity effectsThe low-field data, analyzed without cOmponents in the laboratory frame. The magnit@dero-
mosaicity correction, clearly demonstrated the artifact of movides a measure of the degree of orientational order.
saicity, which could be mistakenly attributed to crossover At the NAtransition, the continuous translational symme-
behavior. Using high-field mosaicity-free results as a referiry Of the nematic phase is broken, which results in conden-
ence revealed a different and proper way to correct the lowsation of a one-dimensional density waMg) alongz|n and
field data for the effects of mosaicity. formation of the smectiéx (SmA) phase. Near the transition,
This paper has five sections. The following section gives dhe density wave is often approximated by a simple sine
background of the NA transition and briefly reviews existingwave. The SmA order parameter is the coefficighof the
theoretical models and associated critical behavior. Thepacially dependent term in the Fourier series expansion of
structure factor for smectic fluctuations above the transitiorp(z) with periodd equal to the smectic layer spacifif;
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p(2)=pyil+ Re[xpeiqoz]}, the nature of the transition. Two major features of this tran-
sition are nonuniversal critical behavior and weak anisotropy
whereq,=27/d andp, is the density in the nematic phase in the critical exponents; , describing divergence of the
whereV is equal to zero. correlation Iengthsg,fH,L=§|“”Lt*”\|,L in the directions parallel
Therefore, ¥ can be represented as a complex number and perpendicular to smectic layer normal. Hetre,(T
—Tna)/ Tna is the reduced temperaturBy , is the transition
temperature, anqﬁ”L are the bare correlation lengths. Sev-
) ) ) . eral different theoretical approaches, mostly based on the
where|W¥| is the amplitude of the translational order, while | 3142 -de Gennes free energy, were developed in attempts
the phase factorou) defines the position of the smectic ; regolve these issues. Monte Carlo studies of the lattice
layers. _ model[11,17 suggest that the NA transition should be in the
Using a phenomenological Landau approach, de Gennggyerteq 31-xy universality class with isotropic U=v,
[2] wrote the following expression for the SmA free energy _ v,y) Critical exponents. On the other hand, the dislocation-

1 b mediated melting theory13] predicts strongly anisotropic
FNA:_f d3r(a|\li|2+_|\lf|4+ C”|V”qf|2 behavior f=2v,), in agreement with the existence of a
2 2 v =2v, fixed point in the anisotropic scaling theof¥4].
Gauge transformation theofyl5] predicts different diver-
+Fn(K)), (1) gences of correlation lengths measured by x-ray diffraction
and light scattering and predicts that the x-ray correlation
. . . lengths should display a crossover from isotropi¢= v,
wherea, b, andc), are typical Landau expansion coeffi- — 1yy) 1o strongly anisotropic #=2v,) divergen?:ig. Self-

cients with the gradient term having different contributions : : .
. . . nsistent one-| IculatiohB6] predict a gradual cross-
from the directions parallel and perpendicular to smectic Iay—CO sistent one-loop calcu 1 p 9

. : : : over from isotropic to strongly anisotropie(=2v, ) behav-
ers; Fy(K;) is the Frank elastic energy of director fluctua- jor, and a broad region of weak anisotropy <(¥/,

V=|¥|e Y,

+c, [(V,—igeon) |2

tions[3] =<4/3) consistent with experimental observations. Finally,
1 Garland et al. [17] showed that possible corrections-to-

Fn(Ki)= Ef d3r{K1(ﬁ.ﬁ)2+ Kz(ﬁ.ﬁxﬁ)2 scaling terms also could play an important role in describing

critical behavior at the NA transition. Though some aspects

n K3[ﬁx(ﬁxﬁ)]2}. of experimental results agree with predictions of one or an-

other model, none of the existing theories can explain all
features of the resulf4.0] obtained by x-ray diffraction, light

Here Ki=K?+ 6K;, whereK's are the bare values of the . :
scattering, and heat capacity measurements.

splay, twist, and bend elastic constants.
There are several factors complicating the nature of the

NA transition compared to the other transitions which are ll. SMECTIC STRUCTURE FACTOR, SAMPLE

also described in terms of a two component complex order MOSAICITY, AND DATA ANALYSIS

parameter. First of all, the coupling between the orientational

and translational orders, so-callddS coupling, can change

the sign of the fourth-order coefficiehtin Eq. (1) and drive

Our theoretical understanding of the NA transition, as de-
scribed in the preceding section, is very complicated, quite

. ! i controversial, and far from complete. This emphasizes the
the NA transition first ordef1]. The crossover from critical P P

S . ) . . importance and need for reliable, high-precision experimen-
to tricritical and then to first-order behavior with decreasing al measurements, which would help one select the most ap-
hematic range was_also predicted W'th.m the framework Oti)ropriate theoretical approach. Experimental data in the
microscopic mean-ﬁeld.theory bnycMHIa[f]hand Koba- . close vicinity of the transition is of special interest, since a
}{(ash_| [5] Anoth_er very important eatur(_e 0 .t e NA trans- crossover to strongly anisotropic behaviof€2v, ) in this
ion is the coupling betweeW and nematic director fluctua- region is predicted by some modéls5,16. One of the
tions, or the én-W coupling. Inclusion of this coupling  sources of reliable results is high-resolution x-ray diffraction
described byc, |(V, —ig,6n)¥|? in the SmA free energy experiments, which directly probe the smectic density fluc-
allowed de Gennes to recognize the analogy betweeltlEq. tuations in the nematic phase. However, to extract correct
and the Landau-Ginzburg free energy for superconductorgalues of the smectic order correlation lengths and suscepti-
[2]. Using this analogy Halperin, Lubensky, and M8 pre-  bility, one has to know both, the structure factor and the
dicted that the NA transition should always be at leastexperimental resolution. The latter is strongly affected by the
weakly first order. The superconductor analogy, however, isample mosaicity in the vicinity of the transition.

not complete because of the broken gauge invarignicand Using the harmonic approximation and neglecting the
the absence of true long-range order in the smectic phase dtieermal fluctuations of the director, one obtains a simple
to the Landau-Peierls instabilify,9]. Lorentzian form for the structure factor of smectic fluctua-

In spite of these complications, the NA transition was, attions in the nematic phagé]. However, McMillan[18] ob-
first, expected to be in thed3xy universality clas§2]. How-  served a non-Lorentzian behavior of the x-ray scattering pro-
ever, experimental observatiofi] contradicted this predic- file in the g direction. He also reported anisotropy of the
tion and indicated a profound effect of the two couplings oncritical exponents for the correlation lengths. These interest-
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ing features were later confirmed in all x-ray studies of thesmectic phaseand the line shape should be dominated by

critical behavior at the NA transition. . the quartic term originating fron,(V - 5n)2. On the other
In a later study with significantly improved instrumental hand, further away fronTy,, the above assumption is not

resolution and temperature stability, Als-Nielsenal. [19]  yqjig and the contribution of thé? 2 term originating from
found that the x-ray scattering data were adequately de-

. d " . ¢, |(V, —ig,6n)¥|? becomes more important. Thus, it can
scribed by the following modified Lorentzian structure factorbe concluded24] that, for a givenq, , the contribution of

the quartic term becomes dominant closeTigy. This is
= 2) quite opposite to the earlier discussed statement fiy22]

1+ &/ (q— o)+ &2 0% +célal that the transverse line shape changes from a Lorentzian near
. . . ) Tna to a Lorentzian squared at largeThis statement was
con_voluted with _th_e_ instrumental r_esolunon function. He_rebased on the small value of the parameter the vicinity of
o, is the susceptibility of the smectic order parameter, whichr For that reason, a modified form of the structure factor,
diverges at the transition with the critical exponentso  jifferent from Eq.(2) in the quartic term, was usd@4]
go,=0ot”? (o) is the bare value Als-Nielsenet al. showed
that the empirical fourth-order correction term with freely
adjustable parameterimproved the goodness-of-fit param- S(q)= > 7 7 A
eter x2 for the transverse scan by 10—30 times and could be 1+&7(q—aqo)°+&7a7 +&5a7]
as large as 10% of the second termgin. They suggested _ _ . L
that the large fourth-order corrections originated from splay-H€ré, the magnitude of the quartic term is given explicitly by
mode director fluctuations and represent a precursor to th@" independent correlation length (s for splay, which is
anticipatech;‘”z” line shape in the smectic pha29]. The f'issumed to diverge Wlt_h its own cr!tlcal exponent It is
structure factor of Eq(2) became well established and was |m£)o‘rltant to n'ote that this approach is equwalent to using the
used in the majority of subsequent x-ray studies of the NACE1d1 term withc as a free parame/ter, since E(®.and(4)
transition[10]. are algebraically identical with;=c'*, . Indeed, Nounesis

In some studie§21,27, the x-ray data were also fit to an €t al-[22] showed that the temperature dependence'6f,

alternative form of the structure factor given by a Lorentzianc@n be fit nicely by a single power law. Since both ap-
raised to the power 4 7, /2 along the transverse direction Proaches are equivalent, the contradiction mentioned above
in the interpretation of the temperature behavior of the trans-

verse line shape is artificial. However, it was claimed
== 5 CPTICEeary (3)  [24] that fixing c at its average value or at zero gives rise to
§1(q— Qo)+ (1+&1qr)" ™ noticeably larger values of the critical exponents. Their val-
ues obtained witlt=0 increased from 0.82 to 0.93 fof,
from 0.58 to 0.74 forv, , and from 1.38 to 1.64 fofy com-
ared to the values obtained whenvas left free. This dis-
grees with the resul{®2,23 mentioned earlier, where no
significant change of the values of the critical exponents was
observed.
To conclude, the empirical structure factor given by Eq.
has the simplest form and it quite adequately describes
experimental x-ray profiles. Currently, there is no theory
. hich predicts this precise form of the transverse line shape.
for both line shapes. Moreover, Nounesisal. [22] showed £ yhat reason, the introduction of an independent correla-

that even using Eq(2) with fixed valuec=0 does not o, jength¢, does not seem to be justified and would only
change the values ofj; andy. Thus, they concluded that further complicate the matter.

the prepise line shape used ir_1 descri_bing a non-ITort_-:‘ntzian Knowing the correct form of the structure factor is neces-
c?frrectlon hto th? x-ra¥ ﬁcattgrlng: profile has no.s'%n'f'camsary but not sufficient to obtain reliable values of the corre-
effect on the values of the critical exponents. A similar con-ja4ian |engths and susceptibility. The experimental resolution
clusion was made by Chaet al. [23], who used a slightly 55 15 pe taken into account in the data analysis to extract

different forr?] of C'f_g'(?’) o analyzehthe x-ray ?jaLa' ¢, anda,. In the close vicinity of the transition, the reso-
A somewhat different approach was used by Bouwmariiqn function becomes especially important. For example,

and de Jeyi24] to account for the npn-Lorentzian pr.ofile. of Als-Nielsen et al. [19] first claimed that the critical expo-
the transverse x-ray scans. Following t_he assumption INtro; g v and v, were identical and exhibited a crossover
duced by Als-Nielseret al. [19], they attributed the fourth- 3d-xy to mean-field values on approachifig, . How-

order correction in the transverse direction to splay—modeever, these conclusions did not remain valid, when the cor-

director fluctuations. It was argued that the temperature der'ect form(Lorentzian of the longitudinal resolution function

pendent line shape results from the competition between tl'\?/as used to reanalyze the data

termsc, |(V, —igoon)¥|? andK y(V - on)? in Eq. (1) for the The effective resolution function in an x-ray scattering
smectic free energy. Close Ty, thec,|(V, —iq,6n)¥|?>  experiment near the NA transition depends on two factors.
term should become very smdbince it disappears in the The first comes from the instrumental resolution of the x-ray

> o,

S(q)

- oS

4

- o,

where —2<7, <0 is an empirical exponent that is freely
adjustable in the fits. Both Eq&) and(3) have four adjust-
able parameters with weakly temperature dependent para
etersc or n, reflecting a crossover in the transverse line
shape, which changes from Lorentzian squared (
=0.25,y, =—2) at larget to Lorentzian-like ¢<0.001y
=(0) at smallt nearTy, [22]. The experimental data studied ?)
in Refs.[21,22 were fit equally well with both equations and the
the critical exponents were found to be essentially the sam,
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spectrometer and the second from the imperfect alignment afbtained without mosaicity corrections. From these findings
the sample. The layers in differeffluctuating correlated Chan et al. concluded that corrections for mosaicity were
volumes (domaing of the incipient smectic phase in the smaller than the precision of their experiments.
nematic phase are not perfectly parallel to each other but The insignificanceof mosaicity corrections was also re-
have a finite distribution, which is referred to as mosaic disfported in several other papers. Kortanal. [26] observed a
tribution or the mosaicity. mosaicity range from 0.1° to 0.4° in a 0.4 T field. They
In x-ray experiments, longitudinalg() and transverse conclude that the correction for mosaicity did not alter the
(q.) scans are performed above the NA transition. During gesults when the mosaicity was less than 0dq01qp
gj-scan, both the sample and the detector are rotated simuf=0-0208 A™*) and only affected the points closestTQa.
taneously, so the detector measures scattering from the set @¢ko et al. [21] performed experiments with various align-

smectic domains which satisfy the Bragg condition. Sincdnd field strength0.6—-0.8 7 for some of the samples. They
the width of theq-scan is proportional @”71 [see Eq(2)], concluded that the critical behavior in the nematic phase did

it decreases ab approached, until it reaches the value of not depend on the field strength, although the mosaicity in
\SES as app NA . the smectic phase did. Therefore, they assumed that the ef-
the longitudinal instrumental resolution,q;. On the other

. ; fects of mosaicity in the nematic phase can be neglected.
hand, the sample is rotated duringjascan to affect lateral Chen et al. [27] reported the mosaicity widths 2.24° (9.2

changes irﬁ. Far fromTya, where the mosaicity effect is 153 A=Y, 0.72° (3.0<103*A1) and 0.26° (1.1
S|:nlaII, the width of theq, -scans is roughly propo_rti_onal t0 %1073 A~1) for their three samples studied in a 0.25 T
&, [see Eq(2)]. However, close td'y, the mosaicity be-  fie|d. They applied a Gaussian mosaicity correction for the
comes significant and the width of -scans saturates at the g.72° mosaicity sample. The exponents obtained after mosa-
mosaicity limit, say,Aqy, rather than at the instrumental city correction were essentially identical to those for the
transverse resolutiondq, . Since typical high-resolution sharpest mosaicity (0.26°) but without using mosaicity cor-
x-ray spectrometers havaq, =10 ° A~1 the effective rection.
transverse resolution in the scattering plane is always deter- ynlike the results discussed above, Bouwman and de Jeu
mined by the sample mosaicity. Thus, the mosaicity sets thep4] indicated that correction for the mosaicity has a strong
lower boundary on the reduced temperature below which remfluence on the extracted parameters. They studied the NA
liable values of§) , ando, can no longer be obtained. transition for two different materials in a 0.4 T field and
All previous x-ray studieg10] of critical behavior near gptained the mosaicity values of 0.4° (x50 3 A1) for
the NA transition have been performed in a magnetic fieldpne and 0.56° (2010 2 A1) (for a different sample
rangeB~0.1-0.8 T with the reported values of the mosaic-Since the experimental mosaicity profiles were well de-
ity full width at half maximum (FWHM) (Aqy) varying  scribed by a Lorentzian, Bouwman, and de Jeu used a
from 1.7° (61073 A7) [25]t0 0.1° (410 * A™") [26].  Lorentzian rather than Gaussian mosaicity correction. The
These values are substantially larger than the instrumentgbrrected values of the critical exponents for the material
transverse resolutiomq, ~107°> A% In the first study with the wider mosaicity of 0.56° increased from 0.82 to
[25], low magnetic fieldsB=0.08 T andB=0.18 T were .91 for »| from 0.58 to 0.72 forv, and from 1.38 to 1.62
used to align the samples. The mosaic width was estimatefr y. The corrections for the material with narrower mosa-
from the limiting transverse line width @s-0 and was as- icity (0.4°) affected only the values of, andy. Concerned
sumed to be temperature independent for0. Davidov  with the large effects of mosaicity corrections, Bouwman and
et al. [25] mentioned that the last assumption was likely ade Jeu questioned the validity of the assumption that the
poor approximation far frorTy,. The mosaicity profile was sharpest mosaicity observed remains unchanged in the nem-
modeled by a Gaussian of the corresponding width and inatic phase. They argued that the mosaicities in the two phases
cluded in the data analysis to deconvolve the structure factohave different origins. The mosaicity in the smectic phase is
The correction was found to be negligible over the completeaused by effects of the boundaries penetrating into the bulk
temperature range (610 °<t<1x10 °) for the 0.18 T  of the sample. On the other hand, the penetration length for
experiment. However, it was substantial ter2x 10" * for  defects in the nematic phase is of the order of microns and
the 0.08 T measurements. the mosaicity in the nematic phase should only depend on
Mosaicity was also taken into account by Cheral.[23]  the nonuniformity of the magnetic field. Thus, the director
who used a 0.45 T aligning field. They argued that the nardistribution in the nematic phase should be close to zero,
rowest observed mosaicity (049x10* A~ FWHM)  while the limiting linewidth of aq, -scan should depend on
remains unchanged in the nematic phase. This argument wasmperature gradients in the sample. Using these arguments
based on the assumption that the precise sample alignmentBéuwman and de Jeu concluded that the measured mosaicity
or above the transition temperature, though unknown, shouli an overestimation.
depend only on the uniformity of the magnetic field. The So far, we have only discussed the consequences of the
Gaussian mosaicity correction used in RéB] affected the  mosaicity correction on the values of the critical exponents.
points Wherefj1 was less than or comparable to the mosa-A different effect of the mosaicity on the line shape of trans-
icity width. However, the corrected results did not improveverse x-ray scans was pointed out by Dasgyipgd. During
the power-law fits and, in fact, made them slightly worse. Intime evolution of his Monte Carlo simulation of the NA tran-
addition, when the transition temperature was allowed taition, parts of the system sometimes fluctuate into the vicin-
vary, the critical exponents became identical to the valuegy of one of the ground states corresponding to small global
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(D6.15A0B) and 40 wt%(D6.4A0B) mixtures of D7AOB
CuaHagyy N=N CaHza  (DnAOB) in DBAOB with Tya/Ty;=0.89 and 0.91, respectively. Here,
é D6.XAOB represents a mixture of D6AOB and D7AOB,

with x being the weight fraction of D7AOB. The results of a

previous study31] indicated that the NA transition becomes
CsHy, C=N (8CB) first order for approximately 46% concentration of D8BAOB
in D7AOB. Thus, both of our mixtures had the NA transi-

tions well removed from the tricritical point and were good
FIG. 1. Chemical formulas of 44dialkylazoxybenzene candidates for critical behavior studies. The NA transition in
(DNAOB) homologous series andnrtectylcyanobipheny(8CB). 8CB (Tya/Tn=0.98) is believed to be very close to the
tricritical point [21,32 and perhaps weakly first ordg83—
l:‘:"6]. It was studied to compare the results of high-field mea-
surements with previous results obtained by x-fag,25
O:fmd light scatterind37]. The values ofTy for all three

rotations of the system. These fluctuations cause the sim
lated correlation functiorg(q,) to fall off faster than a
Lorentzian for relatively large values of, while g(q)) re-
mains unaffected. Dasgupta showed that the imposition . :
constraints, which suppress these fluctuations, brg{gs) samples were in the_ conveme_ﬂtZO—SO C range. .

closer to the Lorentzian form and also causes an increase jn Th? x-ray scattering e_xperlments were done using a 12
¢, . He suggested that similar effects in real systems may b/ Rigaku RU-200 rotating anode generator, a two-circle
produced by the sample mosaicity. He argued that the effedtUP€r goniometer with a pair of 3111 single crystals as
of averaging over a sample with finite mosaic distributionMonochromator and analyzer, and a 5 T superconducting
would essentially be the same as that of time averaging duf@gnet. A schematic diagram is presented in Fi¢k 2 lines

ing evolution where parts of the system undergo small uni€mitted by the targetCu or Mo) Bragg diffracted from the
form rotations. He also claimed that convoluting a Lorentz-Monochromator. Severaly slits were used to collimate the
ian with a Gaussian mosaicity function produces theb®am and define its crosscection. The Slibefore the mag-
lineshape in experiments. Based on this analysis, it was sudtet was also used to block the Bur, line. This resulted in
gested that a careful experimental study of the effects ofssential loss of intensity(75% due to partial overlapping

mosaicity should provide important insight into the puzzling©f the two lines but simplified the data analysis. Unfortu-
critical behavior at the NA transition. nately, we could not block the M& a5 line as it was spa-

tially too close toKa; line and the loss of intensity was
unacceptable. The monochromatic and well collimated x-ray
beam impinged on the sample placed inside the oven inserted
In our study, we used two mixtures of the sixth and sev-in the superconducting magnet. The magnet had a special
enth members of the 4,4ialkylazoxybenzendDnAOB)  split-coil design, which features horizontal field and two or-
homologous series, as well as ndbctylcyanobiphenyl thogonal horizontal bores. The x-ray beam passed through
(8CB). Their chemical formulas are shown in Fig. 1. The one of the bores, while the field was parallel to the axis of the
three members of the DnAOB series<6,7,8), which are second bore. The magnet was mounted ongtle&cle of the
also referred to as D6AOB, D7AOB, and D8AOB exhibit a two-circle Huber goniometer. The anglésand 20 were
simple isotropicN-SmA phase sequence. The sixth homologchanged with a precision of 0.000 25°. X-ray photons scat-
has the widest nematic range wilfya/Ty;=0.88. Light tered from the sample were Bragg reflected from the ana-
scattering studie§28] of the twist elastic constant provide lyzer and counted with a Na&l)l scintillation detector. To
evidence that the NA transition in D6AOB is continuous to avoid effects of any power fluctuations in the x-ray source,
within at least 0.1 mK. The optical birefringen¢29,30, the intensity of the scattered beam was measured against the
diamagnetic susceptibilifyd1], and x-ray measuremer®7]  incident monochromatic beam flux.
on D6AOB and D6AOB- D7A0B mixtures were also con- The longitudinal resolution of the spectrometer whg
sistent with second-order behavior. However, the SmA phase-2x 10" * A~ FWHM. For the Cu target, the longitudinal
in pure D6AOB is monotropic and addition agE10%wt  resolution function has a single peak corresponding to the Cu
D7AOB is necessary to ensure the SmA phase stability reK«; line, which is well described by a sum of three Lorent-
quired for x-ray measurements. We prepared 15 wt%zians[21] convoluted with the energy broadening Lorentz-

IV. EXPERIMENTAL DETAILS

monitor SCM oven

m Si (111)

x-ray
source

FIG. 2. The x-ray scattering setup.

two-circle
goniometer
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ian. However, for the Mo target, both lines of the May, , 5 ' ' ' T ' ' ' ]
doublet can be resolved because of dispersion at nonzer T=33. 623°C T=33. 622°C
angles, and the longitudinal resolution was modeled by a
sum of six Lorentzians. The transverse in-plane resolution is
smaller by a factor of sifl (~40 times ford~1.5°) than the
longitudinal resolution and can be approximated by a delta
function. However, in practice, the resolution in the trans-
verse direction is limited by the sample mosaicity rather than
the instrumental resolution. The effective transverse resolu-;
tion and, thus, the sample mosaicity, was measured and thefé’
used in the data analysis. The out-of-plane instrumental reso °
lution can be modeled by the convolution of two square £
waves, which produces a trapezoidal function, usually ap-= 12
proximated by a Gaussid®,24]. Our calculations gave the
Gaussian widthr,=4x10"2 A~* for the CuK«; line and
0,=8x10"2 A~ for the MoK« doublet. In principle, the
vertical resolution may also be affected by the sample mosa:
icity, which should have similar shape in all directions per-
pendicular to the aligning field. However, the mosaicity
width is almost always negligible compared to the instru- s 1 _
mental values ofr,.

The sample, typically 1 mm thick and 6 mm in diameter, 2
was sealed between two thin-8um) Mylar sheets spaced
with a Teflon O-ring. The Mylar windows and th@-ring ) , ) ) ) ,
were held between two aluminum plates, thus sealing the -0.01 0 0.0l -0.01 0 0.0l
sample. The sample cell was placed inside a two-stage ovel q, (Al q, a4
and the oven was inserted horizontally in the superconduct-
ing magnet. The sample was positioned exactly in the center FIG. 3. Transverse in-plane scans for 8CB very riggx ob-
of the magnet. tained using a one-stage oven without Be windows. The “spikey”

The sample was first heated to the isotropic phase an@ppearance indicates the coexistence ofNfamd SmA phases, i.e.,
then cooled down slowly in the presence of a predeterminethe presence of temperature gradients.
magnetic field to a temperature albd@®i K aboveTy,. In . .
ordgr to make measurengents in different fields, thNeAmagnetiIhe scattering from thél phase and the quasi-Bragg scatter-

field was first lowered to 0 T, the sample temperature wag 9 from the SmA phase give different contributions to

) . . { -scans. As a result, in the presence of large enough tem-
then raised to the isotropic phase, and then the MadNSerature gradient the escans should display a sharp smectic
charged to a new field. This precaution was necessary B 9 1B play P

avoid any possible memorgremnant alignmenteffects in Spike on top of a relatively broad nematic-peak. If the gradi-
the sample ents are larger than the temperature stability very figar,
The tvl?/o-.stage cylindrical oven, B.5ong and 1.9 in di- g, -scans for at least one temperature point should exhibit

ameter was specially designed to fit inside tHe r@agnet this “spikey” shape. The signature of such coexistence be-

bore. The inner stage had beryllium windows and the C)utepawor was, indeed, observed in the preliminary studies done

stage openings were covered with thin Mylar films. Bothngcveie?ni'it:gioﬁvgger\ﬁv';gcél:]t vateh mgdtsvuogs-g'?a F(algév%n de-
stages were controlled independently by home-made tem-_. ' 9 i

scribed above. Thus, we concluded that temperature gradi-
perature controllers. The temperature of the outer stage was

set about 1° belowly,, while the inner stage temperature ents in our experiments were less than 0.1 mK/mm.

i . Small drift in the phase transition temperature was ob-
was monitored and controlled by the computer during the . . .
. - served in all three samples and taken into account in the data
experiment. The temperature stability was found to=be

analysis. The initial drift in the D6.15A0B sample was about
ti;rlnrwn(li ?];/er along tern(24 by and=+0.5 mK over a short 5 mK/day but stabilized at 0.5 mK/day for subsequent scans
The D6.15A0B sample had a phase transition temperac-)]c this sample. The D6.4A0B sample hadrg, drift of 3

ture ~ 20 °C, a few degrees below the room temperature. InmK/day for a large part of the measurements. Later it re-

. . "duced to the same small rate0.5 mK/day. Finally, the 8CB
order to control the temperature of this sample, two Coo“ngsample had the drift rate of 2 mK/day. This slight drift in
coils made of thin copper tubing were inserted inside th :

magnet bore, one on each side of the oven. A refrigerat:téizgiltlon temperatures could be related to sample decompo-

circulating bath was used to flow cold liquid at a constant
temperature through the coils in order to lower the ambient
temperature outside the oventol5 °C.

Very nearTya @ sample temperature gradient should re- By charging the superconducting magnet at different cur-
sult in “appearant” coexistence of thid and SmA phases. rents we could vary the applied magnetic field over a large
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' ‘ can estimatet,, from the condition &, (ty)~(Aqy) 3,
D6. 15A08 which givesty~ (£2Aqy) L. Thus, the mosaicity correc-
| tions become important and should be taken into account
0. 257 if t=ty is accessed during an x-ray experiment. On the
0.5T other hand, they are expected to be insignificant for
é data points in the regiob>t,, . We have to point out that
for the typical value » ~0.6 the estimate
gives ty (5 T)/ty(0.25 T)~[(Aqy(5 T)/Aqy(0.25 T)]":
7 =(1/60)Y°6=10"3. Therefore, a 5 T field allows one to ac-
cess three more decades of reduced temperature than a 0.25
T field. However, there are two more characteristic reduced
temperatures in experiments. The first is the temperature sta-
bility AT of the oven {~AT/Tya), While the second is
related to the longitudinal instrumental resolutidigy; and
can be estimated aﬁv(gﬁ’Aq”)l’VH. The largest value out of
. ts, ty andt; sets the lower boundary on the range of reduced
temperature, where reliable data can be obtained.
. The critical divergence of the correlation lengths and sus-
° ceptibility in the D6.15A0B sample was studied under three
1 ‘ | ‘ . ] different ;trengths of magnetic.fie(a T,05T,and 0.25
-0.010  -0.005 0 0.005 0.010 The longitudinalg-scans and in-plane transverge-scans
were performed over-3.5 decades of reduced temperature.
To obtain reasonably good statistics the counting time varied

~ 102 - ;
FIG. 4. The sharped, -scans for D6.15A0OB obtained at the from . th p(Tr scar_l fa_r fro;_erA (t 1%95 ) EI?h 30 min per
temperature point closest By, and normalized for comparison. scan in the close vicinity 0Ty, (t~ ). The representa-

These scans represent the effective transverse resolution at differdhf® scans 'r,] thg different regions bfor t,he ST EXpe“mem
fields. The solid lines are the fits to a triple Lorentzi&nT) and a &€ shown in Fig. 5. The data were first analyzed without
single Lorentziar(other fields. mosaicity correction by fitting botly- andq, -scanssimul-

taneouslyto the convolution of the structure factor given by
0.25-5 T range and study the field dependence of the sampi&y. (2) with the instrumental resolution function. Data analy-
mosaicity. Figure 4 shows the sharpgstscans at different sis was carried out with the commercial software packages
fields for the D6.15A0B sample. These were recorded at the-pLoT[38] and Mathematic&39], which both produced al-
experimental temperature closestTiga and normalized for most identical results. The fitting parameters were the corre-
easy comparison. Sincg —» at Ty and the correlation Jation lengthsé| , , the susceptibilityo,, the fourth-order
function S(q, ) [see Eq.(2)] becomes infinitely sharp, these coefficientc, the smectic wave vectay, (nearly temperature
scans represent the effective transverse resolution at differemidependent in our studigsand a constant background term.
field strengths and their widthqy (B) is closely related to  Fixing the values ofg, at the experimental value did not
the mosaicity width at the transition. It is important to noteinfluence the fitting results. Using this procedure for every
that the 5 T scan is several times sharper than the longitudtemperature, we obtained the temperature dependences of
nal resolutionAq; and is essentially limited by the instru- ¢ | and o, for different magnetic fields. The phase transi-
mental transverse resolutidmqy(5T)~Aq,]. The 5 T  tion temperature was located with 1 mK precision by moni-
scan was better fit by a triple Lorentzians just as the resolutoring the width and the shape of tige-scans. Upon enter-
tion limited gj-scan, while all other scans were reasonablying the SmA phase the alignment imposed by the magnetic
well fit by a single Lorentzian. The use of a 5 T field im- field is distorted by thermal expansion and boundary effects
proved the effectivémosaicity limited transverse resolution penetrating into the bulk. As a result, te-scans become
by 80 times compared to a 0.1 T field used in R&6] and  slightly wider and often asymmetric immediately below
by 60 times compared to a 0.25 T field used in R@fZ].  Ty,. Thus, the transition was identified by the sharpgst
Thus, the effects of sample mosaicity on the 5 T data wergcan, while the appearance of the asymmetric skegeFig.
found to be negligible. However, the sample mosaicity be) provided extra evidence for the system entering the SmA
came more important in low-field experiments. phase.

To make this argument quantitatively, we found it reason- Figure 7 shows the log-log plots of the dimensionless
able to define the reduced temperattyje at which the ef-  quantitiesq,) | (t) and o,(t). Here, the reduced tempera-
fects of mosaicity become significant. As we have discussedure t was calculated using the experimental valueTgf, .
the scattering from smectic fluctuations in the nematic phasghe 5 T data fall on straight lines indicating simple power-
is well described by the structure fact&®(q) given by law divergences, i.e.,o0,=0ot” 7, gnzgﬁ’t*VH, and ¢,

Eqg. (2). The mosaicity effects have to be considered when=£%t~"1. As expected, no mosaicity effects were seen in the
the width ofS(q, ) (roughly proportional tct, ) is compa- 5 T data, which are in>ty~ 10 8 regime. These data are
rable toAqy, . Sinceé, is known to diverge ag’t~":, we free from the effects of sample mosaicity and represent the
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) o ) FIG. 6. The transverse in-plarg -scans for samples ina 5T
FIG. 5. Representative longituding|- and transverse in-plane  fig|q very near the transition. The assymetry in shape is a clear

q,-scans for D6.15A0B in a 5 T field at different values of the j,gication of entering the smectis-phase, where the sample devel-
reduced temperature The solid lines are the fits to the structure 55 gomain structure. The solid Lorentzian lines are symmetry
factor Eqg.(2) convoluted with the appropriate resolution function. guides for the eye.

true divergence of the correlation lengths and the susceptiarger than the uncertainty iﬁ'ﬁﬁ\", Clearly, fitting the
bility. On the contrary, the low-field data at 0.5 T and 0.25 T mosaicity-affected results to straight lines with floatifig
clearly indicate the signature of mosaicity. Far from the tran-produces wrong transition temperatures. This causes the data
sition, int>t,, region, the mosaicity effects are insignificant points to shift to larger values of reduced temperature mak-
and the values ofj , ando, for high and low fields are the ing it impossible to approach as close to the transition as
same. However, as one approaches the transition and enteffowed by the temperature stabilitgee Fig. 8 This seems
the t=<ty, regime around~10 >, the effects of mosaicity to be the case in the majority of previous x-ray studies,
become important and cause the bending of the curveghere the data points were shown only for the range
&, (1) ando,(t) away from the 5 T data. Similar behavior =10° with the reported temperature stability of 1 mikr
was also observe[®21] in weekly first-order systems. How- smallestt~3x 10 °).

ever, our previous arguments and the 5 T results completely To correct the D6.15A0B data for the effects of the

rule out thi_s possipility for D6.15AOB. It is important t'o' sample mosaicity, the smectic structure fac(q) was con-
note that this bending is a pure artifact of sample mosaicity,q| teq with the instrumental resolution function and the
and has nothing to do with any type of crossover beha‘”or-sample mosaicity modeled by a Gaussian. The Gaussian mo-

The .Iow-f(ijeld data rEusgPehproperly cor:;acted for tne MO-gajcity width o, was first set to the width of the sharpest
saicity in order to “unbend” the curves and restore the trueq "_scansgie.. o= Aqy) as it has been previously done

values of¢) , (t) and a,(t). One must be cautious against (55 53 27, The corrections for the 5 T data were found to be
fitting the low-field data to straight lines and treatifig, as negligible, in full agreement with our expectations. On the
a fitting parameter. This can artificiafllly yield single power- jipar hand, the mosaicity correction with, = Aq,, applied
law fits by forcing the best fit value dfy, to be significantly 1 the Jow field data resulted in unexpectedly large changes
lower than the experimental valdgg'". The larger the effect in the values of the correlation lengths and the susceptibility.
of mosaicity, the larger is the differencATya=TRX'  Not only the fits to the data very nediy, produced ex-
—Tm. For 5 T field, we foundATya<0.5 mK, which is  tremely large values of) , ando, with =100% uncertain-
well within experimental uncertainty. However, for the 0.25 ties, but also the rest of the data were found to have unreal-

T data the average value AfT, is about 3 mK and is much istically larger values o ; and o, than the corresponding
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FIG. 7. Log-log plots ofo§j , ando, vs reduced temperatute FIG. 8. Log-log plots ofy,& , ando, vst=(T—Tya)/Tya for

for D6.15A0B without a mosaicity correction at different fields D6.15A0B in a 0.25 T field without a mosaicity correction. Two
(0,=0.237 A™1). The solid lines are the single power-law fits for sets of plots correspond to the valuesTgf, determined from ex-
the 5 T data only. The bending of the low-field data=at10™° is periment TS and from fits with floatingTy, (THY). The solid
due to the mosaicity effect. lines are the single power-law fits wifi{{,. As the experimental
curves are forced to “unbend,” the data points shift away from their
5 T values(see Fig. 9. These calculations indicate that fixing true values on the axis.
the mosaicity widtho, from the sharpest], -scan is not a
proper correction for the mosaicity. It is interesting to notewith the Bouwman and de Jej24] assumption that the
very large effects of the mosaicity correction previously re-sharpesty, -scan overestimates the mosaicity.
ported by Davido\et al.[25]. Bouwman and de Jd@4] also The values of the critical exponents obtained for the
obtained very large corrections fér ando, which resulted D6.15A0B sample werey=1.46+0.04, v=0.79+0.02,
in ~10% increase in the values of andy. In addition, » =0.69+0.02. The temperature dependencestof and
Chanet al.[23] mentioned that the mosaicity correction did ¢, are described well by single power-laws oveB.5 de-
not improve the power-law fits, but made them worse.cades of reduced temperature. Reliable values dar away
Clearly, previous researchers had encountered simil&tom the transition could not be obtained, because in this
anomalies in data analysis. region theq, -scans required a wide range of scattering
Since the traditionadry, = Aqy, correction failed, we tried angles which were not accessible because of the magnet bore
a different approach. We chose one data point in the vicinitydimensions. Though the truncated gcans, fitted simulta-
of the transition and varied), until the corrected values of neously with grscans, produced larger uncertainties in the
&L and o, became close to the corresponding values obvalues ofé&, , they were very useful and helped to obtain
tained with 5 T field. Once such a value of, had been correct values o and o,. The reported errors in the ex-
found, it was used to correct the rest of the data. Using thiponents were estimated from temperature range shrinking.
procedure, we obtained an excellent agreenteee Fig. 10 The values ofy; and v, appear to be slightly larger than but
between the corrected low-field data and the mosaicity free §ithin the range of error bars of the values=0.75+0.05
T data. In addition, the average valuesTé\l‘A obtained with  andv, =0.65+0.05 previously reported for a slightly differ-
this method were less than 0.5 mK away fraifif' giving us  ent concentration D6.1AOR7]. This small increase can be
another half decade of useful data. However, the valugpf attributed to the different mosaicity correction. It is not rea-
necessary to obtain such a good agreement was roughly 3s®nable to expect a large manifestation of mosaicity, since a
times smaller than measurédy,, for both sets of the low- small number of mosaicity-affected data points negx can
field (0.5 T and 0.25 Tdata. Thus, our results support one of not significantly change the values of the critical exponents.
the previously used assumptions that the mosaicity width The critical divergence of , and o, in the D6.4AOB
does not vary with temperature in tié phase, but reveal sample was also studied under different fie(dsT, 0.75 T,
that the actual mosaicity width is significantly smaller thanand 0.5 7. These studies were done using the Mo target to
the width of the sharpest, gscanAq,,. This is consistent access a wider qrange. Peaks corresponding to the two,
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FIG. 9. Log-log plots ofy,¢) , ando, vs reduced temperatute FIG. 10. Log-log plots ofj,¢),, ando, vs reduced temperature

for D6.15A0B in a 0.5 T field are shown for both without a mosa- t for D6.15A0B at different fields . The low-fiel@.5 Tand 0.25 T

icity correction and with the Gaussian mosaicity correctiog data were corrected for mosaicity using the 5 T results as a refer-
=Aqy, where Aqy is the width of the sharpedi, -scan. The ence. The appropriate Gaussian mosaicity width was found to be
corrected values of), and o, very nearTy, became unrealisti- oy~Aqy/3.5. The solid lines are the single power-law fits with
cally large and could not be obtained because of big uncertaintiethe exponents given in the text.

(>100%) and very slow convergence of the fits.

Ka; andKea,, lines were resolved in thg-scans close to
the transition. The fits were obtained the same way as for the 107
D6.15A0B sample but included one extra adjustable param-
eter for the intensity ratio of the tw&« lines, while the
separation between the two peaksy,) was calculated. The 10° -
results obtained without mosaicity correction are shown in
Fig. 11, where the avera '}\ was only 0.4 mK away from
Tr&. Since the Mo target gave us access to a widerange,
the values o€, were not truncated at lardeas in the case of
the D6.15A0B sample. Unfortunately, the Mo target devel- 10t F
oped a pin-hole leak before we could perform scans at 0.25 T
field, where the effects of mosaicity are most profound. The
results for the D6.4A0OB sampl@t relatively higher fields 10° -
were not noticeably affected by the mosaicity. This is con-
sistent with the fact that the effective transverse resolution at
0.5 T for D6.4AOBAQ,=6.0x10"% A~ was almost half 10° |-
of the valueAqy=1.1x10"3 A~* obtained for D6.15A0B

at the same field. Since the mosaicity effect at 0.5 T for
D6.15A0B was already marginal and the value tgf [
x(Aqy)¥*+] even smaller for D6.4AOB, the mosaicity af- L . . | .
fected regime=<t,, was not accessed in our experiments for - . . L 5
D6.4A0B. The temperature dependenceg of and o, ob- IUReduced Tleom emture“i 10
tained over almost four decades of reduced temperéthee P
largest range of for any x-ray study are fit very well by FIG. 11. Log-log plots ofj,& , ande, vs reduced temperature
single power-laws suggesting the absence of any crossovefor D6.4AOB without a mosaicity correction at different fields
behavior as predicted by theories. The values of the criticajg,=0.232 A~%). The solid lines are the single power-law fits with
exponents obtained for higl T) and low (0.5 T) fields are  the exponents given in the text.
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FIG. 12. Log-log plots ofy,¢; , ando, vs reduced temperature duced temperatureat different fields.

t for 8CB in a 5 T field without a mosaicity correctiong{
=0.198 A™1). The solid lines are the single power-law fits with the
exponents given in the text.

the same. This indicates that there is no noticeable effect on
the critical behavior up to a field of 5 T. Finally, the values of
the critical exponentsy;=0.79+0.02;», =0.67+0.02; and
v=1.44+0.04 for D6.4AOB are the same as those for
T g T y T D6.15A0B within experimental errors. It appears that, far

D6. 1SA0B at B=S T from the tricritical point, the critical exponents are the same
for the two mixtures studied, and perhaps in general.

We have to admit here that critical behavior studies of the
© expt. data DnAOB mixtures are not complete without experimental
T__fit with c#0 data on heat capacity. Such data would help to understand

7 the importance of corrections-to-scaling terms in describing
the NA transition. This was pointed out by Garlaet al.
[17], who used both high-resolution x-ray diffraction and
heat capacity experiments to study several SmA materials.
They showed that critical behavior of the correlation volume
gugf and the susceptibilityr, could be equally well de-
scribed by simple power-law fits and fits, which use expo-
nents fixed at @8-xy values and corrections-to-scaling terms
fixed at the values taken from the heat capacity data and
theory of correction amplitude ratios. In our data analysis we
only used simple power laws to describe the critical diver-
gence of¢ , (and, hencefngf) and o, . It would be inter-
esting to see if the analysis from Refl7] holds for the
DnAOB mixtures. It would also be interesting to check the
validity of the hyperscaling)|+2v, =2— «, which appears
to be violated if the heat capacity data would show tdex¥y
value of a.

FIG. 13. The transverse in-plagg scan for D6.15A0B in a 5 T_he_ _crit_ical divergence of the correl_ation lengths and_sus—
T field att=9x10"°, The fits to the structure factor E) con-  Ceptibility in the 8CB sample was studied only ata 5 T field.
voluted with the appropriate resolution function are shown both!he fits without the mosaicity correction are presented in
with the fourth order coefficient being a fitting parameterc(  Fig. 12, where the averagg, was 0.8 mK less thaiyg.
#0) and withc being fixed at zero. Itis clear that teez O fit gives ~ The temperature dependences &f and o, were fit to
a more adequate description of the experimental profile. single power laws to calculate the critical exponem{s

3L t=9x107® i

Intensity [arb. units]

0
q, (K1
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=0.70=0.02;», =0.52+0.02; and y=1.24+0.04. These the oven stability sets a considerably higher limittdnThe
values are in good agreement with the previous x-ray resultsigh-field results were not affected by the mosaicity, while
reported by Ock$21] and Davidowet al.[25] and the results the effect of mosaicity on the low-field data for the
from light scattering experiments of Sprugital. [37]. D6.15A0B sample was clearly observed. The proper Gauss-
Now, as we have mentioned, Dasgufitd] suggested that ian mosaicity correction was found to be temperature inde-
the non-Lorentzian behavior &g, ) in the nematic phase is pendent but significantly 43.5 times smaller than the
related to the sample mosaicity and that a detailed experiwidth of the sharpedt, -scan. No significant effects of mo-
mental investigation of the effect of mosaicity on the x-raysaicity on the values of the fourth-order coefficientvere
scattering profile is required. Our experiments provide abserved. The values of the critical exponents obtained from
good test of this assumption. If Dasgupta’s argument were thigh- and low-field experiments were the same indicating no
hold, there should be a significant decrease in the values ofhigh-field quenching of the director fluctuations. For all
with increasing field. However, our studies of the threesamples the divergence éf , ando, over the whole range
samples under 5 T field indicated that th&' q? correction  (~4 decadesof reduced temperature were fit well by single
term was necessary to obtain acceptable (e Fig. 13 power laws. Thus, our data did not exhibit any evidence of a
Moreover, the high- and low-field values of the coefficient crossover to the strongly anisotropic regime=<2v,) for
were essentially the sanigee Fig. 14 ruling out any sig- t<10 °. The values of the critical exponents for D6.15A0B
nificant effects of mosaicity on the x-ray scattering profile. and D6.4AOB were found, within experimental uncertain-
ties, to be the same indicating that different materials with
VI. CONCLUSION the NA transitions far from the tricritical point may have the

" . same exponents.
The critical exponentsy and v, for the NA transition

were measured under a strof@T) field in materials with
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