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Abstract 

Superfluid 3He has important implications in studying condensed matter physics, 

specifically in its phases at very low temperatures. The understanding of these phases not 

only expands our knowledge of 3He itself, but is also a paradigm for recently discovered 

unconventional superconductors such as strontium ruthenate (SrRuO3) and uranium 

platinum three (UPt3). Superfluid 3He’s relation to superconductors is not in its pure form, 

but in dirty superfluid 3He, where impurities from external sources are present. This is 

because real superconductors, unlike ideal ones, contain unavoidable impurities. In 3He, 

however, we can control the number of impurities and how they are distributed in space. 

These impurities are introduced by filling the extremely porous structure of silica aerogel 

with 3He. The aerogel pore size is on a scale that causes 3He particles to scatter, similar to 

the behavior brought about by impurities in other unconventional systems. The 

microstructure of the aerogel plays an integral role in the modification of the 3He system. 

Presented here are aerogel growth methods developed to control this microstructure, and 

the employment of optical birefringence as an aerogel characterization technique.  



Introduction and Motivation 

Aerogel  

Silica aerogel is an extremely porous, low-density material, which is formed by 

synthesis of silica clusters that form a network of strands which have a diameter of 

approximately 3-5 nm and average separation of ξ ≈ 30-100 nm, called the correlation 

length [1]. The porosity of these gels can range up to approximately 99.5% and have been 

used in a vast array of scientific and engineering disciplines including civil and 

environmental engineering, chemical engineering, materials science, astrophysics, high-

energy physics, and condensed matter physics. The extremely low thermal conductivity 

of silica aerogel has made it useful as insulation in civil and environmental engineering, 

with potential commercial applications [2]. In chemical engineering, silica aerogel can be 

engineered to include metal or metal oxide particles in its structure, often for use in 

catalysis [3]. Aerogels are significant in materials science for their fractally correlated 

structure [4] as well as their use in ceramics manufacture [5]. In astrophysics and particle 

physics, aerogels have found applications in the collection of cosmic dust from the 

81P/Wild 2 comet by NASA [6] and the detection of Cerenkov radiation [7]. In 

condensed matter physics, aerogels have been used to understand the effect of impurities 

on phase transitions in liquid crystals, and, as in the case of this work, act as an impurity 

in superfluid 3He systems. 

Optical Birefringence 

Optical birefringence is a well known characterization method for many materials, 

such as liquid crystals [8, 9]. A transparent material is birefringent if it possesses an 

anisotropic dielectric constant, which leads to the presence of an optical axis in the 



material. The illumination of a material that is optically birefringent with white light 

results in transmission of two components with orthogonal polarizations, parallel and 

perpendicular to the optical axis. Birefringence can be explained by exploring how 

electromagnetic waves propagate in homogeneous, anisotropic dielectrics. 

In a homogeneous isotropic dielectric,E
�

, the electric field strength andP
�

, the 

polarization vector, can be assumed to be parallel. In a homogeneous anisotropic 

dielectric, however, this assumption cannot be made and therefore the electric 

displacement D
�

 must be written 

 0D E Pε= +
� � �

 (1) 

The three orthogonal components of D
�

 can be related to those of E
�

 by the following 

equations, 

 1 0u uD Eκ ε=  2 0v vD Eκ ε=  1 0w wD Eκ ε=  (2) 

For principle directions Ou, Ov, and Ow. Where κ1, κ2, and κ3 are the principle dielectric 

constants, 
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These conditions apply to all anisotropic dielectrics as long as the displacement 

D
�

 is linear with the electric field strength and the dielectrics exhibit no distinguishable 

asymmetry between right-handed and left-handed forms. 

To understand how plane waves propagate in anisotropic dielectrics, we look for 

solutions of Maxwell’s equations in which the electric and magnetic vectors are only 

functions of x and t. To do this, we first assume a dielectric with ρf and Jf both equal to 

zero. Maxwell’s equations then become, 
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We can choose an arbitrary coordinate system, so we will take a Cartesian one. 

Remembering that we want a solution only dependent on x and t, we can consider an area 

S parallel to the yz-plane. In this plane E
�

 is constant (because ρf = 0) and so we have, 

 0SS
E ds=∫�  (8) 

Therefore, 
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And because Hx has the same value at all points on S, 
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Similarly, 
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If we apply equation (5) to a rectangle TUVW with two sides of infinitesimal 

length dx and parallel to the x-axis and two sides of length h parallel to the y-axis, where 

x is the x-coordinate of TW and x+dx is the x-coordinate of UV, then ( )E x
�

 has a 

constant value along TW and a different constant value ( )E x dx+
�

along UV. Therefore, 

the line integral of E
�

 along TUVW reduces to 
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The right side of equation (5) represents the flux of dH dt
�

 through TUVW and can 

similarly be written 

 n z

S

H H
dS h dx

t t

∂ ∂=
∂ ∂∫  (14) 

And so 

 0
y z

E H

x t
µ

∂ ∂= −
∂ ∂

 (15) 

Equation (5) can also be applied to a rectangle T’U’V’W’ with sides parallel to the z- and 

x-axes. In this case we obtain, similarly 

 0
yz

HE

x t
µ

∂∂ =
∂ ∂

 (16) 

Equation (7) also allows us to obtain equations using the same rectangles used for 

equation (5). This gives us 
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Two more equations can be obtained by using (4) and (6) using a parallel piped 

with a closed surface S. Where x and dx are the coordinates of the two planes TUVW and 

T’U’V’W’ respectively, which are perpendicular to the x-axis. The lengths of the sides 



parallel to the y- and z-axes are h and k respectively. The flux of D through T’U’V’W’ 

will then be 

 ( )xD x dx hk+  (19) 

And through TUVW it will be 

 ( )xD x hk−  (20) 

The total flux through the sides perpendicular to the x-axis will be  
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Because D is only dependent on x, the fluxes of D through surfaces TT’U’U and 

VV’W’W have equal magnitudes but opposite signs and therefore cancel each other. This 

is also true for the fluxes through UVV’U’ and TWW’T’. Therefore, we have the 

equation, 
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In the same way 
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Gives us 
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The results from Maxwell’s equations provide us with a system of differential 

equations which we will now use to explain the propagation of a wave in a homogeneous, 

anisotropic dielectric.  
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We can use the equations from (25) to conclude that Dx and Hx = 0. Therefore, D 

and H are perpendicular to the wave’s direction of propagation. However, because we 

can no longer assume that E and D are parallel, the electric field can have a component 

which is perpendicular to the wave front.  

The equations from (25) also tell us that, in a linearly polarized wave, E, D, and 

the direction of the wave’s propagation are coplanar. (Case 1)  

And, if we make the assumption that κ2 and κ3 are equal, then E, D, and the optics 

axis are coplanar (Case 2) 

Given the above two cases, there are only two linearly polarized waves which 

satisfy both of the above cases. 

• A wave with an electric vector perpendicular to the optic axis, called an “ordinary 

wave.” 

• A wave with an electric vector that lies in the plane that contains the optics axis 

and the direction of propagation, called the “extraordinary wave.” 

We can now consider the velocities of the extraordinary and ordinary waves, 

using the x-axis as the direction of propagation with the xz-plane containing the axis of 

the crystal. A v-axis (an arbitrary line perpendicular to the optic axis Ou) is assumed to be 

coincident with the y-axis. 



For an ordinary wave Ez = 0, Dz = 0, Hy = 0, Hx = 0, Ex = 0, and Dy = κ2єoEy. 

Therefore, equations (25 f, g) yield 

 (a) 2 0
yz

EH

x t
κ ε

∂∂ = −
∂ ∂

 (b) 0
y z

E H

x t
µ

∂ ∂= −
∂ ∂

 (26) 

If we eliminate Hz, then 
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Which we can identify as the equation for a wave traveling with the velocity  
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So the index of refraction for the ordinary wave is 

 2 2n κ=  (29) 

For the extraordinary wave Ey = 0, Dy = 0, Hz = 0, Hx = 0, Dx = 0, but Ex ≠ 0 

Therefore we are left with only equations (25 e, h). 
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If we have κ equal to 
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Then the above equations give  
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Which we can recognize as the equation of a wave traveling with velocity 
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So the index of refraction of the extraordinary wave is 

 n κ=  (34) 

By taking the scalar product of E
�

andD
�

, recalling that both lie in the uw-plane, 

and using equation (31) we find, 
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If χ is the angle between the u-axis (the optic axis) and the x-axis (the propagation 

direction, then equation (35) simplifies to 
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The Poynting vector of the extraordinary wave 

 S E H= ×
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 (37) 

Represents the energy flux density, which is not perpendicular to the plane of the wave, 

because E is not in this plane. Instead, we can expect it to coincide with the direction of 

the ray, which lies in the plane containing the optic axis and the direction of propagation 

of the wave. The angle β between D and E and the same angle β between the direction of 

propagation and S lead to the relation 
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This equation, along with the others leading up to it, show how H, D, E, S and the 

direction of propagation are all related to the indices of refraction n1 and n2 and the angle 

between the optical axis and the direction of propagation. In addition, they allow us to 

determine the way in which an electromagnetic wave will propagate through a 



homogeneous, anisotropic dielectric. Practically, this is done by placing such a material 

between two crossed polarizers to determine if a well defined optical axis exists, and how 

it is distributed throughout the sample.  

Superfluid 3He 

3He, in its pure form, has three superfluid phases: A1, A, and B, all of which are 

BCS (Bardeen-Cooper-Schrieffer) condensates of p-wave (L = 1) Cooper pairs [10] that 

form nuclear spin-triplet (S = 1) states [11]. The superfluidity is a result of the formation 

of these Cooper pair of 3He particles. The A1 phase, which only exists in a magnetic field, 

is the magnetically-polarized state, and is the state that becomes superfluid at the highest 

temperature in a magnetic field. When there is no magnetic field, there are two stable 

phases: A and B. Many of the physical properties of the A (B) phase, for example, the 

susceptibility to magnetic fields, are anisotropic (isotropic). These features of pure 3He 

phases are well-defined, but these phases are altered in fundamental ways in the presence 

of an impurity such as aerogel. 

When an impurity is introduced in superfluid 3He with high porosity silica aerogel, 

a metastable A-like phase has been shown to appear on cooling [12-15] This phase is 

thought to be like the A phase in bulk superfluid 3He, known to be the axial p-wave state., 

This metastable phase, at sufficiently low temperatures, will undergoe a transition to an 

isotropic superfluid phase similar to the isotropic state observed in bulk 3He, the B phase. 

Upon warming, though, a distinct transition from the B-like phase to the A-like phase in 

aerogel is not seen. Tracking experiments [14-17] have shown that coexistence of A-like 

and B-like phases occurs in a narrow temperature window, approximately 20–50 µK, 

near the normal-to-superfluid transition temperature in aerogel, Tca. This is contrary to 



the expectation that the B phase should be stable at all pressures and temperatures if the 

disorder introduced is homogenous and the scattering is isotropic1. However, scattering 

anisotropy from strands of aerogel may destabilize the B-like phase in favor of the A-like 

phase [18].  

It has been suggested [17] that the introduction of global anisotropy into aerogel, 

for example, by uniaxial strain, might increase the stability of the A-like phase. Aoyama 

and Ikeda have recently calculated [19] that uniaxial anisotropy, which can be achieved 

by compression along one axis, should stabilize the axial state. Radial anisotropy, 

however, achieved by radial compression or by a radial reduction in the sample due to 

preferential shrinkage during growth, might stabilize the polar state. The ability to 

produce and characterize aerogels with these specific attributes, that is the motivation for 

this work. 

Experiments and Discussion 

 This experimental work is presented chronologically to show the development 

from one stage of research to the next.  

Aerogel Growth 

Silica aerogels can be grown utilizing a variety of methods. At Northwestern, we 

have used a ‘two-step’ solvent exchange method and a ‘one-step’ sol-gel method outlined 

by Teichner [20]. Early difficulties largely were involved with aerogel shrinkage and 

cracking, as well as the inability to reproduce results.  

In a ‘one-step’ sol-gel method, a silicon oxide precursor, tetramethyl orthosilicate 

(TMOS), is dissolved in methanol and hydrolyzed, and ammonia is used as a catalyst. 

Si(CH2OH)4 + 2H2O → SiO2 + 4CH3OH 
                                                
1 E. V. Thuneberg, S. K. Yip, M. Fogelström, and J. A. Sauls, Phys. Rev. Lett. 80, 2861 (1998) 



This reaction results in a wet gel, known as an alcogel. The alcogel is then supercritically 

dried following a method that is based on the rapid supercritical extraction process 

(RSCE) of Poco et al. [21]. Specifically, the sol, the combination of TMOS, methanol, 

water, and catalyst before gelation, is poured into a cylindrical stainless steel chamber 

that has an inner diameter of 5.08 cm and a length of 4.92 cm and contains glass tubes of 

various sizes as molds. The chamber can also be loaded with other devices made with, 

but not limited to, stainless steel, gold, quartz, and tantalum, but many materials, 

including brass, can alter the gel chemistry significantly, which leads to undesirable 

results.  The chamber is completely filled with the sol and sealed using two stainless steel 

lids each having a thickness of 1.27 cm. Each lid is bolted in place using six 8-32 screws. 

The alcogel that forms is typically aged at room temperature for approximately three days. 

The chamber which contains the alcogel is then loaded into an autoclave which has an 

open volume of 0.46 L. 50 mL of methanol is then added into the open volume. The 

autoclave is loaded into an oven and heated through several manual adjustments and, as 

the temperature rises, the pressure in the alcogel chamber forces the lids to open slightly, 

allowing fluid to escape into the open volume of the autoclave. Once the critical point of 

methanol (Tc = 239.5 °C, pc = 80.81 bar) is exceeded the autoclave is emptied by slowly 

opening a high pressure valve. This drying typically begins from a starting temperature 

and pressure of ~270 °C and ~100 bar. The system is depressurized ~8–12 h and then 

allowed to cool to room temperature overnight. Fig. 1 depicts the typical oven 

temperature and autoclave pressure profiles during aging and drying.  



 

The ‘two-step’ solvent exchange method uses TMOS, methanol, acetonitrile, and 

water, where hydrochloric acid (HCl) is used as a catalyst. In this method the acetonitrile 

must be solvent exchanged with methanol before the gel can be supercritically dried. We 

found that achieving reproducible results using this method was difficult, though it is 

very similar to the ‘one-step’ method. The solvent exchange adds additional days to the 

process, as the alcogel must form in the chamber before beginning the solvent exchange. 

This is because the solvent exchange process involves the removal of the stainless steel 

chamber lid in a methanol bath, which can damage the alcogel if it has not fully formed. 

Furthermore, the gel continues to age until it is dried, which means the reaction of the 

TMOS and water with the acetonitrile and acid catalyst can be compromised if the 

solvent exchange is done too early. The acid catalyst used in this process might also be 



the source of problems with shrinkage an inhomogeneity in the gels. As shown in Fig. 2, 

the pH of the reaction controls hydrolysis and condensation rates, which are directly 

linked to the gel structure[22]. Acid catalysts can lead to a gel with a more polymeric 

structure, whereas a basic catalyst yields a colloidal one. Though the graph is for TEOS, 

tetraethyl orthosilicate, instead of for TMOS, the reaction principle remain the same. 

 

The decision to focus on ‘one-step’ aerogel growth was made given the 

difficulties associated with the ‘two-step’ method. To achieve consistency with ‘one-step’ 

growth, tests comparing the effect of different base catalyst concentrations were 

performed. A base concentration of 9 mL NH4OH to 1 L H2O was found to consistently 

produce a ~98%-98.5% porous gel with small amounts shrinkage using a ratio of:  

10 mL TMOS : 80 mL Methanol : 2.44 mL Ammonia-Water Solution 



With the one step method we have successfully produced silica aerogel ranging in 

porosity from ~94%–99%. A sample’s porosity is determined from its weight and volume 

after supercritical drying to an accuracy of 0.1% for a 98% aerogel. 

Optical Birefringence Characterization of Aerogel 

 To perform optical birefringence experiments on high porosity aerogels two linear 

polarizers, circular in geometry, each with indices indicating 5° of rotation up to 360° 

from the vertical polarization axis are used (see Fig. 3).  

 

These polarizers are placed on either side of a sample oriented 90° with respect to one 

another. White light is used to illuminate the polarizer-sample-polarizer array, but first 

passes through a diffusing filter, this is because the features of the light source itself (the 

filament emitting the light, for example) are distinguishable without the diffusing filter 

present. A camera is located after the polarizer furthest from the light source (Fig. 4).  



 

Intensity of light from pictures taken were plotted against the exposure time (given by the 

shutter speed) to ensure that camera was operating within a linear regime (Fig. 5). 

 



Samples of aerogel characterized using this method showed both density variations, 

manifested as colors, and inhomogeneity, shown by dark and light regions appearing 

simultaneously when looked at through crossed polarizers. Isotropic regions appear dark 

for all orientations relative to the polarizers, while anisotropic regions will change 

continuously from light to dark and back, which indicates the optical axis (Fig. 6).  

 

The discovery of such variety among the samples produced and preexisting 

samples can help to explain inconsistencies in superfluid 3He experiments done in the 

past. The ability to immediately characterize samples grown in the lab helped to motivate 

growth of aerogels with tunable anisotropy as well as homogeneity that would not only 

be useful in 3He experiments, but would directly correspond to theoretical predictions. 

Aerogel Samples for Superfluid 3He Experiments 

As discussed previously, aerogel samples which exhibit homogeneous anisotropy 

both uniaxially or radially correspond to predictions of the stabilization of new phases in 

superfluid 3He. The instant feedback mechanism optical birefringence provided allowed 

for better understanding of the aerogel growth mechanisms. To produce a homogeneous, 

uniaxially anisotropic sample, a homogeneous, isotropic sample had to be created first. 

To produce this kind of sample, the ‘one-step’ growth method was used. The crucial 



aspect to produce these samples was engineering appropriate boundary conditions within 

the chamber containing the alcogel. The flow of methanol out of this chamber during the 

drying process is a likely cause of anisotropy in the aerogel. Therefore, regions of the gel 

that experience isotropic fluid flow are more likely to be isotropic themselves. 

Homogeneous, isotropic aerogels with ~98% porosity were grown utilizing these 

principles. (Pictures of these samples under optical birefringence are not shown, as the 

sample is black in every orientation.) Once homogeneous, isotropic aerogels were 

obtained, uniaxial compression of them was simple. Aerogels grown to be 

homogeneously radially anisotropic were grown in the same way, with the addition that 

catalyst concentration was systematically increased until the desired amount of shrinkage 

was obtained. 

Fig. 7 shows optical birefringence of a 98% porosity aerogel as it was axially 

strained to 18.6% in 2.3% increments. The crossed polarizers were oriented with one 

polarizer at 45° and the other at 135° relative to the vertical cylinder axis of the gel. The 

sample did not exhibit any radial shrinkage after supercritical drying. Panel 1 of Fig. 7 

indicates that the unstrained gel is homogeneously isotropic as described above. We have 

also found no transmission of light propagating down the cylinder axis for this isotropic 

aerogel when placed between crossed polarizers. Panels 2–9 of Fig. 7 demonstrate that 

strain can be used to effectively convert this nominally isotropic aerogel into a polarizer, 

which we attribute to optical birefringence. The polarization effect increases with 

increasing strain, the result of structural anisotropies on optical length scales. 

Furthermore, it is evident from the approximately uniform intensity of the image that this 

anisotropy is a global property of the entire sample and is homogeneously distributed. 



From Fig. 7 we can measure the relative intensity of light passing through the sample 

averaged over a central region of the image of the aerogel as a function of strain. These 

results are presented in Fig. 8 and indicate that the transmitted intensity increases linearly 

with increasing strain up to the largest value of strain, 18.6%. 

 

 

By rotating both polarizers, keeping them crossed, we can determine the direction 

of the anisotropy axis. Fig. 9 presents such a rotation sequence for the sample at its 

maximum compression, i.e. 18.6%. The fact that the intensity maxima (minima) are seen 

when the polarizers are oriented at 45° and 135° (90° and 180°) is consistent with the 

anisotropy axis being oriented along the cylinder (strain), axis. 



 

Optical birefringence was also used to investigate possible intrinsic anisotropy in 

a sample exhibiting radial shrinkage. As before, the polarizers were initially oriented with 

one at 45° and the other at 135° relative to the cylinder axis. They were then rotated 

together, keeping them crossed. We have found that aerogels exhibiting radial shrinkage 

polarize transmitted light and this can be observed with cross polarizers, indicating the 

existence of a well defined optical axis. Again we attribute this effect to optical 

birefringence. Fig. 10 shows an aerogel cylinder which exhibits 12.7% radial shrinkage 

and shows that axial intrinsic anisotropy is present in the sample. It is noteworthy that 

this intrinsic anisotropy seems to be less uniform throughout the sample than that induced 

by strain as displayed in panels 2, 3, 5, and 6 of Fig. 10. For the intrinsically anisotropic 

samples, i.e. those exhibiting radial shrinkage, we observed only a small amount of 

transmission through crossed polarizers for light propagating down the cylinder axis. This, 

along with the rotation series presented in Fig. 10, indicates that the cylinder axis is 

predominantly the optical axis in the case of samples exhibiting anisotropy due to radial 

shrinkage.  



 

Conclusion 

The aerogel growth and characterization methods discussed here provide a useful 

and necessary tool for performing experiments on superfluid 3He. Additionally, the 

ability to grow aerogels of specific characteristics has implications for applications in a 

wide array of physical systems. Bhupathi et al., for example, have suggested that 

uniaxially strained aerogels can be used to make waveplates [23]. Optical birefringence 

gives a clear picture of the principal directions of the anisotropy on optical length scales 

and has the advantage of displaying an image that shows the homogeneity of this 

anisotropy as it is distributed over the sample. The technique has been complemented by 

data from x-ray scattering, further discussion of which can be found in Pollanen et al. 

[24]. Furthermore, some aerogel samples grown using these techniques have already been 

implemented in experiments. For example, Davis et al. used transverse acoustic 

impedance methods to study 3He in an aerogel compressed 17% uniaxially [25]. To 

conclude, the aerogel growth and characterization methods presented have allowed, and 

will continue to allow, for new and relevant experiments on superfluid 3He to be 

performed. 
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