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Abscract

A summary is presented of a study of critical fluctuations using

laser light scattering te-hniques urder contract N0O0014-67-4-0239-0014

o s B A b

and NOOOl4-76~C~0304 with ONR. Hkighlignts of the arcomplishments are

v,

+ el

experimcatal verification £ exponential dwcay of critical fluctuations
and of the hypothesis of dynamical scaling, e«perimental observation »~

an effect of a viscosity anom2ly on the decay rate of the fluctuations
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and experimental evidence for the principle of universality of the crit-
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ical correlation function.
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I. Introduction

This report summacizes the research and accomplishments conducted at the
University of Maryland under contract NO0014-67-A-0229-0014 from August 1970
till Augvst 1975 and under contract NOO('14-76-C~0304 from ugust 1975 till
August 1976 with the Office of Naval Research.

The research was concerned with studias of fluctuations in materials
near a critical point phase tramsiticn using laser light scattering technicu.
The resezrch was conducted under the supervision of Professors C.0. Alley and
J.V. Sengers as co-principal investigators with Professor R.F. Chang as their
main collatorator o this project. The experiments were conducted by Prcfessor
Chang in the quantum electronics laboratory of .:ofessor Alley. Professor
Sengers supervised the ‘nterpretation of the exp.:rjuental results. During
the course of the project the investigators were assisted by «wo postdoctoral
aseonintes, namely Dr. C. “sendjaballah (1972-1773) and Dr. A.J. Bray (1974-1976)

and by three graduate students, namely P.H. Keyes, M. Wigdor and H. Burstyn.

I1. Sumnary of Accemplishmunts

Critical point phase traucitiors occur in a large variety of di“fere-*
kinds of physical systems such as fervcmagnets near the Curie point, awnti-
ferromagnets near the Néel point, allovs exhibiting order-disorder transitions
(e.g. ammonium chloride), binary liqu’d mixtures nesar the critical point of
mixing and fluids near the gas-liquid critiral psint. These diverse physical
systems have a number of phenomena in common near their respective criti-al
points. une important common featu.:» is the existence of large thermal

tluctuwtions in all these systems near the critical point.
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The main purp:se of the research was %o study the nature of these critical

-
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fluctuations. The fluctuations may be characterized by a correlation length

wvhich diverges at the critical point. This implies that in the vicinity of

",
iy

a critical point the correlation length becomes much larger than the rarnge

it P By

of intermolecular forces. Hence, the fluctuations near the critical pucint

become insensitive to the detzilis of thes: interactions. It is believe-.
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+herefore, that the critical fluctuaticn behavior in the various different

s ¢

syscems h-s an :ssential similaritw, rcferred to as the principle of uni-

versality of critical behavior.

Th¢ existance of diverse physical systems displaying anaiogous critizal
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phenomona orovides the experimenter with the upportunity to choose both the

best material and the Dest technique for studvir~ -pecific aspects of crit-
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{cal phenomera. 1he size of the fluctuations in magnetic soiids far fri .

the critical point can be readily measuredi with neutron scattering (such

'»rnL.r .
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experiments were -~mducted sim-ltaneously by Professor Hinkiewicz ani are

e

continued by Prof. .o Lynn at the University of Maryland). Howeve-, this

tectinique has serious limitations very close o the critic' . peint becaase
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the fluctuations extend over distances much larger than the wavelengtis ..

rhe neusr ms. Moreover, very c.ose to the criticsl point all experiments on

| St

solids are limited by latta.ce strains which result from impurities, vacancies,

'“

ete. On the other hand, fluctuations in gases and liquids, which continuously

"annezl" themselves can be studied accurately by laser light scattering
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techniques. However, experiments recr the gas-liquid critical point are

i s

-

severely affected by multiple scatterirg. Henca, experiments in binary
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iiquids near the c¢-itical poirt, where multiple scattering can be minimized

e
i

by refractive index matching, secmed to offer the best cpportunity for
studying the fiuctuations in .e close vicinity of the critical point. Hence,

f it was decided to measure the critical fluctuations in the binary liquid
®
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3-methylpentane-nitroethane. The wisdom of this choice has been confirmed
by the experimental results as we skall see below,

Here we give a brief surviry of the resuits of the 1.search. For the
details of our accompl ishments we refer t) the publications and reports
listed in Section IIIL.

When the experiments were initiated, Pirofessor Koremman made a theor. -
cal analysis of what type of information could be obtained from the applica-
tion of sophisticated photon counting technig.es near the critical point of
fluids.1 At the same time Professor Sengers made an analysis of the nature
of the transport processes and the decay rate of the fluctuations near the

critical point of fluids on the basis of existing experimental data.2’3

In
particular, he found that the decay rate data ccurd indeed be described in
terms of the modern concepts “or treating critical point pheaomena provided
the decay rate was separated in an anomalous and a regular part.

The correlation length, determining the spatial extent of the critical
fluctuations, can be measured by determining the intensity of scattered light
as a function of the scattering angle. The decay rate can be obtained fror
the frequency distribution of the scattered light. A theory for the deca:

rate of the critical fluctuations was originally develcped by Kawasaki at

Tunple Unlversity ard Ferrell at the University of Maryland. This theory

it

related the decay rate to the correlation length and the shear viscosity of

el

the system. In the literature it was claimed that this theory gave an ade-

iy

(e oo

quate account of the experimentally observed decay rate. However, due to

the difficulty of obtaining accurate light scattering data, and hence accurate

data for the correlating length, the theory was always applied using adjus-

a5

table parameters for the temperature dependence of the correlation length.

ot e o i

In our opinion, in order for a crucial test of the theory, it was isperative

that the correlation length and the decay rate of the critical fluctuations
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both be measured simultaneously for the same physical system. This was the
purpose of our first series of experiments completed in 1972 and reported in
refereaces 4,5,6. These expec.iments showed fur the first time that the
theoretical expressions derived by Kawasaki and Ferrell in fact were in-
sufficient to account for the experimentally observed decay rate of che
critical fluctuations. This result was caused, in part, by effects from a.
anomalous viscosity behavior on the decay rate and it led to considerable
activity by a number of theoretical investigators at the University of
Maryiand as well as elsewhere and several refined formulations were proposed
yielding improved agreement with the experimental data.6

These theories suggested that also the assumption of exponential decay
of the fluctuations might break down close to t}. :ritical point. With an
improved photon count iug detection procedure we started to investigate the
nature of the time dependence of the critical fluctuations more accurataly
and we were able to verify the exporential nature of this decay up to very
close to the critical point.?

Yevertheless, a number of questions remained unanswered. First, al-
though the new i1efined theories led to an improved agrcement between tiieu. .
and experiment, the various theories (sometimes referred to 4s mode-coupling

and decoupled-mode theories) vielded, in fact, predictions different from

each cther. However, it was impossible to discriminate between these theories

based on the existing experimental capability. Secondly, the long range

character of the critical correlation function is characterized by an exponent

n
» which appeared to be a ve. - elusive property to be measured experimentally.l‘

Finaliy, therc remained the nagging question whether the difference between
the critical expenents deduced experimentally for fluid syvstems and the

theoretical values calculated for the Ising model indicated a small but
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fundim:ntal difference between fluid systems and lattice s;stemg. It was
eviden: that inorder to answer these questfons satisfactorily, vons{derably
more a:curate light scattering intensity measurements would be regulrved.
This gral has been the object of our research during the past thrce rears
and we are pleased that we have succeeded in obtaining light .cattering
data with a precision of 0.2% which represents an improvement of the proc
by one order of nagnitude.ll

Wien data are to be obtained with such precision, many small offects,

teviosly ignored, must be taken into account. Most important is a precise

. g
assessoent of the effect of double scattering which was studied extonsively.

Tie new experimental results are reported in the Appendix of this ro-

“t. The interpretation of these results was gr. .tly facilitated by the
Ti-t tiwat Dr. Bray at the University of Maryland had been able to develop an

* .arale theoretical formulation for the correlation function of the Ising

=-del. When the data were interpreted in terms of this theoretical corre-

vation function, 1t appeared that the critical exponents deduced from sur Jata

for tha binary liquid were extremely close to a recent calc:lation of
“hese 2xponents for the Using model. For details we refer ro the Apponuix.
e thus have obtained at the conclusion of the present phase of the proiect
trong experimental evidence that the critical correlation funcrion is indeed
- iversal and the same in fluids and solids. This is the first time that
c¢h expecimental information for the correlation function of fluids has heen
~traired. We may confidently expect that our further experimeatal work on
tie critical fluctiations in liquids may yield valuable information for

fluids and solid systems alike.
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Experimental Determination of the Critical Correlatic:
Function for a Binary Liquid Mixture: Evidence for

Universality
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Experimental Determination of the Critical Correlation Function

for a Binary liquid Mixture: Evidence for Universality*

R. F. Chang, H. Burstya, J. V. Sengers and A. Jj. Bray?

Department of Physics and Astronomy
aad
Iestitute for Physical Science and Technology
University of Maryland, College Park, Md. 20742

Abstract

Using light scattering techniques We have measured the correlation
function of a binary liquid near the critical point with a precision of
0.2%. The data cover a range of 0.18 < kf < 26 in terms of the scaling
variable k¢ and yield the critical exponent values y = 1.240 % 0.007,

v = 0.625 + 0.003 and n = 0.016 % 0.007. The results indicate that binary

liquids belong to the came universality class as the Ising model.
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Mear z second order phase transition the intensity of scattered radiation

for scattering vector !}t is proportional to the Fourier transform x(k) of the

order parameter correlation function. Sufficiently close to the critical

temperature 'Ic one expects the scaling form
X&) = Tt g(ke) ()

vhere t = (T~Tc) /'I‘c, ¥ the susceptibility exponent , £ the correlation length

and g(x) the correlation scaling fzmction}'.

According to the universality hypothssis, systems having the same basic
sympetries are expected to have identical critical exponents and scaling
functions, and are said to belong to the same universality clalsg It is
widely assumed that universality classes for bomogeneous, isotropic systess
may be assigned according to the spatial dimensionality & and the number of

components n of the order parameter. Tnis assumption implies that fluids near

the gas-liquid critical point and binary liquids near the comsolute point
should belong to the same universality class (d = 3, n = 1) as the three-
dimensional Ising model. The critical exponents for this universality clas.
have been calculau 4 using high-temperature series expansion tec‘nniquesB’&

s . s 5,6 .
and renormalization group technigques™’ . The various calculations yield

numerically similar results although some small unresolved discrepancies
do exist.

During the past years the values reported for the critical exponents of
gases7 35 well as binary 11'.quids3 appeared to deviate from those att-ibuted to
the ising model. However, recent experiments of Hocken and Moldover on Xe,
SF6 and C02 extremely close to the gas-liquid critical point indicated that

the exponents do approach Ising like valuesg. In addition, recent co~-

existence curve data obtained by Greer for the isobutyric acid and water




nixture showed good agreement between the experimental and the Ising value
for the exponent B8 10.

In order to further investigate the hypothesis of universality, with
particular emphasis on that Zor the critical correlation function, we have
obtai:ed a series of accurate light scattering measurements for the binary
liquid 3-methylpentane-nitroethane. The zcasurements enable us to determine
the critical exponents and the correlation scaling function. The values
obtained for the critical exponents are +very close to those cbtained from
the GCinzburg-Landau-Wilson formulation of the Ising model by Baker et g.s
indicating that binary liquid mixtures do indeed belong to the same univer-
sality class as the Ising model.

Using photon counting techniques the scattered intensity at a scattering
angle of 90° was measured as a function of temperature. Data points taken in
the range 1 x 10—6 <t <3x 10-3, corresponding to 0.18 < kE < 26, were used
in the analysis. In order to obtain accurate absolute scattering data each
scattering intensity reading was normalized with respect to the incident

intensity measured with the same photodetector. The r.m.s. uncertainty of

each data point is roughly 6.2X, determined from twenty consecutive readings

collecteéd at 100-second counting intervals at a fixed temperature. The tem-

1.1&“ il

perature was stabilized to within 0.2 millidegrees. The concentration of

the mixture was within 0.4X of its critical value. Experimental details will

be presented elsewhere.
When the precision of the data is a fraction of one percent, many small

effects, previously ignored, must be taken into account. Therefore, the

T ORI ST

data are corrected for the following effects: (1) turbidity, (2) dcuble

-1 w2
scatteringu, (3) temperature dependence of the intensity prefactor T¢ (3¢/3c)

where 0 is the density, € the dielectric constant and ¢ the concentration
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(order parameter), and (4) entropy fluctuations, Brillouin scattet1n312

and
cell wall srattering. These effects were either measured or estimated from
known physical properties of the mixture. The magnitudes of the turbidity and
double scattering corrections are, respectively, about 4% and 1% at kf = 10,
22 and 0.4% at k£ = 3, and tecome progressively smaller as ki decreases. The
temperature dependence of the prefactor causes it to deviate from its value at
Tc by 0.1% at k£ = 1 and 2% at kf = 0.1§. The extraneous contributions t-om
entropy fluctuations and Brillouin scattering are estimated to be roughly twi-
thirds of the scattering intensity at TBTC = 10 K and are nearly constant in
the temperzture range of the experiment.

Past determinations of the exponent n from scatte-ing experiments have
been difficult, partly due toc the lack of a scalin), function g(x) of suffic-
ient accuracy13. This deficiency may be remedied by using a "truncated Fishar-
langer" approximant recently proposed by one of the authorslb. This repro-
duces to high accuracy the theoretically knows Ising model correlation functions
in 2 and (4-c) dimensions. To facilitate the analysis we use a2 form linearized
in n. A numerical check confirms that the linearization is valid for the smai.

values of n considered here. The reciprocal of the scaling function is given by:

5 =nf2

2
~1 2 x5 { W 1+ x/9 (2)
g (x) =1+x"(1 +73) 1 +ns,(x) -< ln{-———-- l}
5 el g )
vhere sz(x) is given by
» [ 5
s (x) =% — 1 - F(w)] (3
2 9 u(u2 + x2/9)
1
14, 15

Here F(u) ${= the spectral function , truncated so as to vanish for u < 2,

which is derived from the Fisher-Langer scaling function16

o i ol 22K bl A B by
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through the relation Tn gy (1)x}) = [sta(wn/2/c,] |x!*™ F(|x|/3). The

Wy e

spectral function may bz "finc-tuned" by adding a constant contributiou of

strength w > 0 in the range 1<u<2. This contrihutica leads to the final term

in the square brackets in Eq. (2).

The data analysis is carried out 'y means of a non-linear least squares

firting procedure using five free parameters: an overall proportionality

copstant Io. the critical exposents v and n, the correlation length amplitude

i

ZO, and an extranecus intensity contributicn AI. “(he best fit waluex for
AI turn sut to be very close to the estimates discusscl above. Preliminary

analysls indicared that the best fit values of 5 and v are cleze to 0,015 and

0.625 respectively. Subsequently for the final analysis we used an sz(x)

st TR ovionain

evaluated with v = 5/8 and a = 1/8, the latter derived froam tle hyperscaling re-

lation 2 - a = 3v, and the values i = 1/5& = 0.0185, C2 = 1.773 and C_, = -2.745

3
s derived from the e~expansion to 0(52) 17. The use of these values leads to
— a3 spectral function of the expected shapeu. Since the best Ti:t values of

the critical exponents were found to be insensitive to the choice of v within

: a physically reasonable range (0 < w < F(2) ~ 0.17), the value w=0 was used

in the final analysis. The closeness of the best fit vaiues of v and n to

=
=
g
=

those used in calculating sz(x) supports 3 posteriori the self-consistency

» 3
|

il

of the analysis.

§ Eight experimental runs were available for this analysis, the results =
0 of which are presented in Table I. The vaiues for y and Ny vhich are the %
- L basic exponents calculated by Baker et _a_1_.6 were deduced from v and n using ;
' g the scaling law v = v(2 - n) ar® the definition Ny = n~241/v. The first E i
S ¥

8ix runs were obtained with tiie scatteriig beam located at the level wvhere the 33,
¢

; =
e G e e—




meniscus would appear. In the last two runs this position was varied by 2 and
5 m from the earlier position. The results appear to be independent of the

level of the beam confirming the absence of gravity effects. The average

E
Z
:
3
s
}S
=
2
3

values and r.m.s. errors of the critical exponents from the eight runs are

v = 0,625 = 0.003 Y = 1.240 * 0.007 4)

n =0.016 £ 0.0C7 m, =-0.384 + 0.010

6, 18

When an extended scaling correction factor (1 + Ctél) with 4, = 0.5

sl Pl 'LIEH“ 1

wvas included in the analysis, we obtained C = 0.3 £ (.3 with insignificant

shifts in the exponent values indicating that the data are within the -range

WAL B R
43

of asymptotic simple scaling.

Our results are rather similar to the exponent values calculated by

Baker et al. from the Ginzburg-Landau-Wilson nodel using the Callan-Symanzik

equation6 :

v = 0.627 * 0.01 Y = 1.2410 *+ 0.002 (5)

n = 0.021 + 0.02 n, = -0.3843 + 0.003

g R ] i o O T 0 T Rl 0o Pt I
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The data were also compared with the predictions of uigh temperature series
expansions >** by fixing v and n at 0.638 and 0.041 and using an appropriate
scaling function 14. For cruparison, two deviation plots of a representative
experimental rin (tun no. 3) are presented in Fig. 1. Whereas tie upper plot

with v = 0.625 and n = 0.01" dres not show any significant deviations, small but

it ' s, b

noticeable systematic deviations do appear in the lower plot with v = 0.638 and

Al

n = 0.041. Our data thus seems to support the Ising exponents as computed by

Baker et _al..6.

B BT 0 OSSO A S

o e o o o bt ol

Our exponent v is also in good agreement with the value of this exponent

H

found by Hocken and Moldover for gases asymptotically near the critical

pointg. However, unlike gases where the asymptotic behavior is not approached
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unless t = 10.5, we ftind that for binary liquidc rhe range of asymptotic

3

_behavior extemds to t = 10 - in agreement with Greer's analysis of the co-

-existence curve cf a binary J.iquidm.

In conclusion we note that our analysis d.:termines both the exponents

and che correlation scaling {unction. The clos¢ agreement between our results

and those of Baker et al. indicates that hinary liquids and the Ising wodel
do belong to the same universality class. Moreover, unlike gases this
universal behavior is observable in a temperature range that is readily
accessibie experimentally. '
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TABLE I. EXPERIMENTAL CORRELATION FUNCTION PARAMETERS

Run v " Eo(z) . ny r.m;z.fizror
1 0.6218 0.r288 2.324 1.2257 -0.3630 0.242

2 0.6295 0.0200 2.196 1.2463 -0.3913 0.232

3 0.6252 0.0169 2.275 1.2398 -0.3835 0.22%

4 0.6227 0.0175 2.315 1.2344 -0.3765 0.122

5 0.6250 0.0058 <.319 1.2460 -0.3937 0.202

6 6.6278 0.0122 2.274 1.2479 ~0.3949 0.15%2

7 0.£250 0.0108 2.313 1.2432 -0.3891 0.162

8 0.6237 0.0158 2.317 1.2376 -0.3809 0.18%
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FIGURE CAPTION
Percentage deviaticns beirwcen the measured scattering intensity

and the theoretical prediction using two different choices for

v and n.
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