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The interracial tension tri of phase-separated 3He-4He mixtures has been 
measured between 0.5 K and the tn'critical point. The observed decrease of ori 
on approaching the tricritical point is much stronger than for ordinary critical 
points. Our data are consistent with a critical exponent tx = 2. 

As a liquid-vapor system approaches its critical point and the two 
phases become more and more similar, the interfacial tension it--which is 
the free energy associated with unit interface area--vanishes. Sufficiently 
close to the critical point, tr is described by a power law with a critical 
exponent/z (see Ref. 1 for a review): 

o" oc (To - T )  u (1) 

The same relationship holds for the interfacial tension o-i at the consolute 
critical point (the critical point for phase separation) of a binary fluid 
mixture. 

Up to now no rigorous theory links the interfacial tension to properties 
of the bulk system. However, a phenomenological approach which should 
be valid in the vicinity of the critical point has been developed by Fisk and 
Widom. 2 According to their theory, the interfacial tension for a binary 
mixture is given by 

oi = c (LIx)  (Ax)2 (2) 

where L is the thickness of the interface, X is the concentration susceptibil- 
ity, Ax is the concentration difference of the two phases, and c is some 
numerical constant of the order 1/6, the exact value depending on the 
detailed shape of the interfacial profile. The interfacial thickness is generally 
assumed to be of the order of the bulk correlation length. With v', y', and/3 

167 
© 1977 Plenum Publishing Corp., 227 West 17th Street, New York, N.Y. 10011, To promote freer access to published material 
in the spirit of the 1976 Copyright Law, Plenum sells reprint articles from all its journals. This availability underlines the fact 
that no part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
*lot~tronlo meeh~nlcal nhotocolavin~, microfilming, recording, or otherwise, without written permission of the publisher. 

http://www.springerlink.com/content/104917/
http://www.ub.uni-konstanz.de/kops/volltexte/2007/2810/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-28104


168 P. Leiderer, H. Poisel, and M. Wanner 

the critical exponents of L, X, and Ax, Eq. (2) implies the scaling relation 

/x = y ' -  v' + 2/3 (3) 

In experiments near the consolute critical point of a binary mixture like 
cyclohexane-methanol, reasonable agreement with these predictions was 
observed: Warren and Webb 3 measured a value of t* = 1.23+0.05, as 
compared to b~ --- 1.28 expected from Eq. (3); the magnitude of o'i calculated 
from (2) was found to agree with experiment within a factor of two. 

In 3He-4He mixtures near the tricritical point (temperature T , -  
0.867 K, 3He concentration X, -~ 0.675), mean-field-like exponents deter- 
mine the behavior of the system. 4'5 The exponents y ' -  1 and t3 - 1 have 
been determined in a number of experiments, 6-9 whereas the correlation 
length, and hence the exponent v', has only been determined for the 
superfluid phase from light scattering data, with the result u' - 1. 9 With this 
set of exponents the interfacial tension is expected to vanish near Tt with a 
critical exponent/x = 2, as pointed out by Papoular. 1° 

We have obtained the interracial tension of phase-separated 3He-4He 
mixtures from an interracial wave experiment. If we neglect damping for the 
moment, the dispersion relation of interracial waves (ripplons) is given by 1. 

o)2=P--O+g a-_ eri q3 (4) 
p_+p+ q ,p_+p+ 

where the restoring force in the first contribution is supplied by gravity and 
in the second term by the interracial tension. Here o~ and q are the angular 
frequency and wave number of the ripplon, p+ and p_ are the density of the 
3He-rich and 4He-rich phases, respectively, and g is the acceleration of 
gravity. 

The interfacial waves were generated by a coil of bifilar wires (cf. inset 
in Fig. 1), a setup similar to that of Boldarev and Peshkov. 12 The power 
dissipation of such an array is very small (<10 -9 W) as compared to other 
methods,13"14 which makes it well suited for investigations in the vicinity of a 
critical point. When an ac voltage U with frequency fac is applied to the 
electrodes formed by the two separately insulated wires, the interface is 
pulled up periodically. The corresponding force acting on the interface, is 
expected to vary like U2; hence the frequency of the interfacial waves 
generated in this way should be fi = 2fat. Our measurements, however, show 
quite unequivocally an elongation of the interface proportional to U and a 
frequency of the generated waves equal to fa~- This might indicate the 
presence of additional charges in our sample chamber; a more clear-cut 
explanation is lacking at present. 

For the detection of the interfacial waves, the attenuated beam 
(10 -4 W )  of a He-Ne-laser was reflected from the interface at a small angle. 
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The waves act like a phase grating on the reflected beam and give rise to a 
Debye-Sears- l ike  as pat tern of interference fringes, the fringe distance 
yielding the wavelength of the interfacial waves. 

Knowing the wavelengths corresponding to several frequencies at 
constant temperature ,  one can in principle obtain o'i and Ap = p _ - p +  f rom a 
fit to the dispersion relation of Eq. (4).* We preferred,  however,  to deter-  
mine Ap independently by measuring the limiting angle of total reflection at 
the interface, which gives the ratio of the refractive indices of the 3He- and 
4He-rich phases. By means of the Clausius-Mosott i  relation and the known 
molar  volumes, 16 &p can then be calculated quite accurately. Since in the 
vicinity of the tricritical point ap  ~ Tt - T, this method allows in addition a 
precise and independent  evaluation of the tricritical tempera ture  Tt. 9 We 
found T, = 0.867 + 0.001 K, the error being mainly due to uncertainties of 
the 3He vapor  pressure calibration• 

In Fig. 1. the angular frequency of the interfacial waves is plotted versus 
wave number  q for the tempera ture  Tt - T = 72 mK. At  large wave numbers  
the "capillary contribution" in the dispersion relation (4) dominates and 
leads to an to ~q3/2 behavior. The changing slope at small q is mostly due to 
the growing influence of the gravity te rm in (4). 

In experiments at l iquid-vapor interfaces Bouchiat and Meunier  17 and 
Wu and Webb is observed that for a detailed analysis of their data they had 
to take the damping of the interfacial waves into account• Then the simple 
relation (4) has to be modified and is implicitly given by'~ 

y - -2p~P+, 2S(1 + 2S)~+/~[1 + (1 + 2S)~+/~] (p-+p+) 

- 

p_ q'p+] (5) 

where S = S,+iSi = r o [ ( - 1 / r ) + k o ] ,  r is the lifetime of the wave, ( • .  "~1/2 • j(+) 

means the square root  has a positive real part,  and % and y are defined as 

ro = (p+ + p-) /207 + + r/_)q 2 

y : ([(p- - p +)g + o'iq 2]/4q 3}[(p_ + P +)/(r t -  + n +)2] 
(6) 

*In the investigated temperature range, 0.5 K < T < T,, the sum of the densities p+ + p_ can be 
considered to be nearly constant. 

tin this approximation, retardation effects of the bulk flows are neglected. We have used Eq. (5) 
in this preliminary analysis to avoid the mathematical complications involved in solving the 
exact relation (see Ref. 18). Within our experimental accuracy we canr.ot distinguish between 
the exact form and (5): 
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Fig. 1. Dispersion of interfacial waves in a phase-separated 3He- 
4He mixture. Circles show the experimental values, while the solid 
line reflects the theoretical dependence according to Eq. (5), 
including the measured damping of the waves. The insert schemati- 
cally shows the experimental array. 
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Equation (5) contains as an additional parameter  ~/+ + ~7-, the sum of 
the viscosities of the 3He- and 4He-rich phases. To be able to determine the 
damping and hence rl÷ + ~7- experimentally, we used a detection technique 
different from the interference method described above. The incident laser 
beam was focused at the interface to a diameter much smaller than the 
interracial wavelength, and was therefore slightly deflected periodically by 
the propagating wave. The amplitude of this angular modulation is directly 
connected with the wave amplitude at the focal volume, whereas the phase 
of the modulated signal is equal to the phase of the interracial wave at that 
point. Therefore,  shifting the focal volume away from the wave generator 
allows a measurement of both wavelength and attenuation. 

When damping is taken into account in this way, our experimental data 
are well represented by the dispersion relation (5), as is indicated in Fig. 1. 
The only parameter  in fitting the solid curve is the interracial tension o'i, 
which for this temperature was evaluated as 4 .73× 10-4erg /cm 2. The 
dynamics of the 3He-4He interface is obviously well described by the 
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classical dispersion relation, although here the interface is a boundary 
between a superfluid and a normal quantum liquid. On the other hand, this 
might not be too surprising, because the classical relation was also found to 
hold at the surface of pure 4He. 13,14,19,20 The sum of the viscosities ~/+ + ~/_ at 
T t -  T =  72 mK as determined from the attenuation is 40+5/~P, in good 
agreement with the value 38/~P found by Lai and Kitchens 21 with a vibrating 
wire viscosimeter. An amplitude dependence was observed neither for the 
damping nor for the wavelength A when the amplitude a of the interfacial 
wave was varied at fixed frequency by two orders of magnitude in the range 
10-4<a/A < 10-2; therefore we believe that the measurements are not 
disturbed by nonlinear effects. 

With the described method the interfacial tension was determined for 
temperatures 20 < Tt - T <  370 mK. As is displayed in Fig. 2, in this interval 
o-i decreases rapidly by three orders of magnitude on approaching the 
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Fig. 2. In te r fac ia l  t ens ion  tr i of a 3 H e - 4 H e  mix tu r e  
(x = 0 .675)  a t  s a t u r a t e d  v a p o r  p ressu re  versus  t e m -  
p e r a t u r e  d i f ference  A T =  T t - T. The  s t ra igh t  l ine  
ind ica tes  a s lope  of two. 
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tricritical point. Close to Tt the value for o-~ is, to our knowledge, the smallest 
observed for an interfacial or a surface tension so far (and is about 10 -6 of 
the surface tension of water at room temperature).  A comparison with 
existing data far away from Tt shows good agreement with the result of 
Guo et  aL, z2 o- i=0 .011+0 .003  erg/cm 2 at 0 .515K,  and also with the 
measurement  of Boldarev and Peshkov,~2 whereas the values for o-~ quoted 
by Dickson et  al. z3 differ from ours by one order  of magnitude. 

In the whole temperature range investigated o-~ (T) can be represented 
by 

=O-ot ~ , 2 .3x  1 0 - 2 < t < 4 . 3  x 10 -1 (7) 

where/x  = 2.0 + 0.12, O'o = 0.076 erg /cm 2, and t = 1 - (7"/Tt) .  
This is a much stronger variation with temperature than observed near 

conventional critical points, where Ix - 1.28,1 and indicates the influence of 
the tricritical point. The  value of/x is consistent with the expectation from 
scaling, t~ = 2.1° 

The apparent  wide range of the tricritical region for 0-~ is unexpected, 
since the properties of the interface should be determined by both the 
superfluid and the normal phases. The latter has a relatively wide critical 
regime of t ~< 10 -1, where the expected asymptotic power laws hold. How- 
ever, in the superfluid phase that regime is known to extend only to 
t ~< 10-2. 9 Therefore  we consider the exponent /x  in our measurement  as an 
effective exponent,  which might depend partly on cancellations in the 
temperature dependences of bulk properties like the coherence length and 
the concentration susceptibility. Measurements closer to the tricritical point 
have yet to demonstrate whether/x as determined here has already reached 
its asymptotic value. 

For binary mixtures, where the properties of the two coexisting phases 
are symmetric with respect to the critical point, the numerical value of 0-~ can 
be estimated by means of Eq. (2). An extended theory is necessary, however, 
for 3He-4He mixtures, because these are highly asymmetric: The amplitudes 
of the concentration (x - x t )  for the 3He-rich and 4He-rich branches of the 
phase diagram differ by a factor of five, the amplitudes of the concentration 
susceptibility by a factor of ten, and a similar situation seems to exist for the 
correlation length. Regarding these asymmetries, it cannot be excluded that 
one of the two coexisting phases dominates the behavior of the interfacial 
tension near the tricritical point. 

A C K N O W L E D G M E N T S  

We are pleased to acknowledge many helpful discussions with P. C. 
Hohenberg,  H. Kinder, M. Papoular, W. W. Webb, and B. Widom. 



Interracial Tension Near the Tricritical Point in 3He-4He Mixtures 173 

R E F E R E N C E S  

1. B. Widom, in Phase Transitions and Critical Phenomena, C. Domb and M. S. Green, eds. 
(Academic, New York, 1972), Vol. 2, Chap. III. 

2. S. Fisk and B. Widom, J. Chem. Phys. 50, 3219 (1969). 
3. C. Warren and W. W. Webb, J. Chem. Phys. 50, 3694 (1969). 
4. R.B. Griffiths, Phys. Rev. Lett. 24, 715 (1970); Phys. Rev. B 7,545 (1973); and references 

cited therein. 
5. E. K. Riedel, Phys. Rev. Lett. 28, 675 (1972). 
6. E. H. Graf, D. M. Lee, and J. D. Reppy, Phys. Rev. Lett. 19, 417 (1967). 
7. T. A. Alvesalo, P. M. Berglund, S. T. Islander, G. R. Pickett, and W. Zimmermann, Jr., 

Phys. Rev. A 4, 2354 (1971). 
8. G. Goellner and H. Meyer, Phys. Rev. Lett. 26, 1534 (1971); G. Goellner, R. Behringer, 

and H. Meyer, J. Low Temp. Phys. 13, 113 (1973). 
9. P. Leiderer, D. R. Watts, and W. W. Webb, Phys. Rev. Lett. 33, 483 (1974). 

10. M. Papoular, Phys. Fluids 17, 1038 (1974). 
11. H. Lamb, Hydrodynamics (Dover, New York, 1932), p. 363. 
12. S. T. Boldarev and V. P. Peshkov, Soy. Phys.--JETPLett. 17, 297 (1973). 
13. K. A. Pickar and K. R. Atkins, Phys. Rev. 178, 399 (1969). 
14. S. Cunsolo and G. Jacucci, in Low Temperature Physics--LT13 (Proc. 13th Int. Conf. Low 

Temp. Phys., Boulder, 1972), K. D. Timmerhaus, W. J. O'Sullivan, and E. F. Hammel, eds. 
(Plenum Press, New York, 1973), Vol. 1, p. 337. 

15. P. Debye and F. W. Sears, Proc. Nat. Acad. Sci. U.S. 18, 410 (1932). 
16. H. A. Kiersteadt, J. Low Temp. Phys. 24, 497 (1976). 
17. M.A. Bouchiat and J. Meunier, J. Phys. (Paris) 32, 561 ( 1971 ); J. Phys. (Paris) 33, C1 - 141 

(1972). 
18. E. S. Wu and W. W. Webb, Phys. Rev. A 8, 2077 (1973). 
19. P. J. King and A. F. G. Wyatt, Proc. R. Soc. A 322, 355 (1971). 
20. F. Wagner, J. Low Temp. Phys. 13, 317 (1973). 
21. C. M. Lai and T. A. Kitchens, in Low Temperature Physics--LT13 (Proc. 13th Int. Conf. 

Low Temp. Phys., Boulder, 1972), K. D. Timmerhaus, W.-J~ O'Sullivan, and E. F. 
Hammel, eds. (Plenum Press, New York, 1973), Vol. 1, p. 576. 

22. H. M. Guo, D. O. Edwards, R. E. Sarwinski, and J. T. Tough, Phys. Rev. Lett. 27, 1259 
(1971). 

23. D. P. E. Dickson, D. Caroline, and E. Mendoza, Phys. Lett. 32A, 419 (1970). 


	Text1: 
	Text2: First publ. in: Journal of Low Temperature Physics 28 (1977), 1-2, pp. 167-173
	Text4: 
	Text5: Konstanzer Online-Publikations-System (KOPS)URL: http://www.ub.uni-konstanz.de/kops/volltexte/2007/2810/URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-28104
	Text6: 


