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Abstract

Superfluid®He has important implications in studying condensediter physics,
specifically in its phases at very low temperatuiidge understanding of these phases not
only expands our knowledge e itself, but is also a paradigm for recently digered
unconventional superconductors such as strontithenate (SrRu¢) and uranium
platinum three (UR). Superfluid®He’s relation to superconductors is not in its ploren,
but in dirty superflui®He, where impurities from external sources aregmes his is
because real superconductors, unlike ideal onesaicounavoidable impurities. fitle,
however, we can control the number of impuritied how they are distributed in space.
These impurities are introduced by filling the exiiely porous structure of silica aerogel
with ®He. The aerogel pore size is on a scale that cddsegarticles to scatter, similar to
the behavior brought about by impurities in othecanventional systems. The
microstructure of the aerogel plays an integra inlthe modification of thiHe system.
Presented here are aerogel growth methods develomaahtrol this microstructure, and

the employment of optical birefringence as an aglrobaracterization technique.



Introduction and M otivation
Aerogel

Silica aerogel is an extremely porous, low-dengigiterial, which is formed by
synthesis of silica clusters that form a networkto&dnds which have a diameter of
approximately 3-5 nm and average separatidi=080-100 nm, called the correlation
length [1]. The porosity of these gels can rangéougpproximately 99.5% and have been
used in a vast array of scientific and engineedisgiplines including civil and
environmental engineering, chemical engineeringeneds science, astrophysics, high-
energy physics, and condensed matter physics. Xtrengely low thermal conductivity
of silica aerogel has made it useful as insulaitotivil and environmental engineering,
with potential commercial applications [2]. In cheal engineering, silica aerogel can be
engineered to include metal or metal oxide pariateits structure, often for use in
catalysis [3]. Aerogels are significant in mategiatience for their fractally correlated
structure [4] as well as their use in ceramics rfacture [5]. In astrophysics and particle
physics, aerogels have found applications in thlea@mn of cosmic dust from the
81P/Wild 2 comet by NASA [6] and the detection @rénkov radiation [7]. In
condensed matter physics, aerogels have beenasederstand the effect of impurities
on phase transitions in liquid crystals, and, akéncase of this work, act as an impurity
in superfluid®He systems.
Optical Birefringence

Optical birefringence is a well known character@atmethod for many materials,
such as liquid crystals [8, 9]. A transparent mateés birefringent if it possesses an

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



material. The illumination of a material that istioplly birefringent with white light
results in transmission of two components with @gtbnal polarizations, parallel and
perpendicular to the optical axis. Birefringenca ba explained by exploring how

electromagnetic waves propagate in homogeneoustampic dielectrics.

In a homogeneous isotropic dielectfg, the electric field strength aft], the
polarization vector, can be assumed to be paréliel.homogeneous anisotropic

dielectric, however, this assumption cannot be nzamktherefore the electric

displacemenD must be written

D=gE+P (1)

The three orthogonal components®fcan be related to those Bf by the following
equations,

D, = x,&.E, D, = x,&,E, D, = x&,E, (2)
For principle directions ) O,, and Q.. Wherex; «,, andks are the principle dielectric

constants,

K1:1+% K2:1+% K3:1+% 3)
0 0 0

These conditions apply to all anisotropic dielesas long as the displacement

D is linear with the electric field strength and thielectrics exhibit no distinguishable
asymmetry between right-handed and left-handeddorm

To understand how plane waves propagate in anotdielectrics, we look for
solutions of Maxwell's equations in which the ef@ztind magnetic vectors are only
functions of x and t. To do this, we first assunaiedectric withps and Jboth equal to

zero. Maxwell’'s equations then become,



[.D.ds=0 (4)

¢, Esds= 4, jsa;n ds (5)
[ H.ds=0 (6)
¢, Hsds= jsa;n ds @)

We can choose an arbitrary coordinate system, swilvake a Cartesian one.

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

S parallel to the yz-plane. In this plaBeis constant (becaupe= 0) and so we have,

Cﬁs E.ds=0 (8)
Therefore,

j M,y 4s=0 (9)

s ot

And because khas the same value at all points on S,

oH

=0 10
p (10)
Similarly,
oD
=0 11
p (11)

If we apply equation (5) to a rectangle TUVW witiot sides of infinitesimal

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

x is the x-coordinate of TW and x+dx is the x-cdpate of UV, thenE(x) has a
constant value along TW and a different constahtev& (x+ dx) along UV. Therefore,

the line integral ofE along TUVW reduces to



¢ Esds= i E( x- dx- E( } (12)

Thus
=
cﬁ E.ds= h—~ d (13)
S OX

The right side of equation (5) represents the éifidH/dt through TUVW and can

similarly be written

| Hogs= hMe g, (14)
s ot ot
And so
ok oH
Y __ z 15
X Hy ot (15)

Equation (5) can also be applied to a rectangleMW’ with sides parallel to the z- and

x-axes. In this case we obtain, similarly

coH
oE y (16)

zZ __

ox o

Equation (7) also allows us to obtain equationagighe same rectangles used for

equation (5). This gives us

oH
y — oD, a7
OX ot
And
oD
oH, _ Dy (18)
OX ot

Two more equations can be obtained by using (4X@ndsing a parallel piped

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

T'UV'W’ respectively, which are perpendicular tbe x-axis. The lengths of the sides



parallel to the y- and z-axes are h and k respagtivhe flux of D through TU'V'W’
will then be
D, (x+dx) hk (19)
And through TUVW it will be
-D,(x)hk (20)
The total flux through the sides perpendiculah® x-axis will be

AKCD,(x+ d§ - BN = h: o (21)

Because D is only dependent on X, the fluxes dibugh surfaces TT'U’U and
VV'W'W have equal magnitudes but opposite signs thetefore cancel each other. This

is also true for the fluxes through UVV’'U and TWW. Therefore, we have the

equation,
oD
X =0 22
OX (22)
In the same way
L, H dS=0 (23)
Gives us
oH, =0 (24)
OX

The results from Maxwell's equations provide uswatsystem of differential
equations which we will now use to explain the @ggtion of a wave in a homogeneous,
anisotropic dielectric.

oH oD
a =0 b =0
@) OX (b) OX




c x 20 d Dy _o 25
(© p (d) p (25)
GE, OH, oH oD,
e —Z = Tz
©) ox o M x ot
oE oH oH, @D
Yy _ _ z h y _ z
@ T M ox ot

We can use the equations from (25) to conclude@kaind H = 0. Therefore, D
and H are perpendicular to the wave’s directiopropagation. However, because we
can no longer assume that E and D are parallegldutric field can have a component
which is perpendicular to the wave front.

The equations from (25) also tell us that, in adifly polarized wave, E, D, and
the direction of the wave’s propagation are coplaf@ase 1)

And, if we make the assumption thatandks are equal, then E, D, and the optics
axis are coplanar (Case 2)

Given the above two cases, there are only twoipngalarized waves which
satisfy both of the above cases.

e A wave with an electric vector perpendicular to tipic axis, called an “ordinary
wave.”

e A wave with an electric vector that lies in ther@ahat contains the optics axis
and the direction of propagation, called the “estdénary wave.”

We can now consider the velocities of the extrawdi and ordinary waves,
using the x-axis as the direction of propagatiotinthe xz-plane containing the axis of
the crystal. A v-axis (an arbitrary line perpendéeuo the optic axis () is assumed to be

coincident with the y-axis.



For an ordinary wave £ 0, D,= 0, H,= 0, H= 0, K= 0, and [)= «e.Ey.

Therefore, equations (25 f, g) yield

oH oE, oE oH
a Z=— — b —L = z 26
(a) o (b) = Mo (26)
If we eliminate H, then
0’E, 0°E,
o Kefoto o (27)

Which we can identify as the equation for a waeedting with the velocity

1 _C (28)

V= =
\/Kzgo/uo \/K_z

So the index of refraction for the ordinary wave is

n, =k, (29)

For the extraordinary waveg, E 0, ,=0, H=0, H,=0, D,= 0, but E# 0

Therefore we are left with only equations (25 e, h)

OE, OH, oH, oD
a 2 = b L= 30
(@) Ho— (b) ot (30)

If we havek equal to

K=—H=% 31
i (31)
Then the above equations give
O°E, 0°E,
aXZ = KgO’uO atZ (32)
Which we can recognize as the equation of a waaxesling with velocity
vt - C (33)




So the index of refraction of the extraordinary was
n=x (34)
By taking the scalar product & andD , recalling that both lie in the uw-plane,
and using equation (31) we find,

E ED,__ ED+ED, 1D 1D
D, DI " |5f  wm[p] o

(35)

If ¢ is the angle between the u-axis (the optic axid)the x-axis (the propagation

direction, then equation (35) simplifies to

1_Sin2;(+00§;(

K K, K,

(36)

The Poynting vector of the extraordinary wave

S=ExH (37)
Represents the energy flux density, which is nopgadicular to the plane of the wave,
because E is not in this plane. Instead, we caaaipto coincide with the direction of
the ray, which lies in the plane containing thempkis and the direction of propagation
of the wave. The anglebetween D and E and the same afigbetween the direction of

propagation and S lead to the relation

2 2
tanﬂ:w (38)
n +n tany

This equation, along with the others leading up,tshow how H, D, E, S and the
direction of propagation are all related to thaaed of refraction nand i and the angle
between the optical axis and the direction of pgapian. In addition, they allow us to

determine the way in which an electromagnetic waMepropagate through a



homogeneous, anisotropic dielectric. Practicahig is done by placing such a material
between two crossed polarizers to determine if lhdedined optical axis exists, and how
it is distributed throughout the sample.
Superfluid®He

®He, in its pure form, has three superfluid phasesA, and B, all of which are
BCS (Bardeen-Cooper-Schrieffer) condensates ofyeyia = 1) Cooper pairs [10] that
form nuclear spin-triplet (S = 1) states [11]. Buperfluidity is a result of the formation
of these Cooper pair 6He particles. The Aphase, which only exists in a magnetic field,
is the magnetically-polarized state, and is theedtaat becomes superfluid at the highest
temperature in a magnetic field. When there is agmatic field, there are two stable
phases: A and B. Many of the physical propertieshefA (B) phase, for example, the
susceptibility to magnetic fields, are anisotrofiotropic). These features of pdkée
phases are well-defined, but these phases aredltefundamental ways in the presence
of an impurity such as aerogel.

When an impurity is introduced in superfliide with high porosity silica aerogel,
a metastable A-like phase has been shown to appeavoling [12-15] This phase is
thought to be like the A phase in bulk superfittite, known to be the axial p-wave state.,
This metastable phase, at sufficiently low tempees, will undergoe a transition to an
isotropic superfluid phase similar to the isotrogtiate observed in bufie, the B phase.
Upon warming, though, a distinct transition frore 8-like phase to the A-like phase in
aerogel is not seen. Tracking experiments [14-avelshown that coexistence of A-like
and B-like phases occurs in a narrow temperatundaw, approximately 20-50K,

near the normal-to-superfluid transition tempemtaraerogel, & This is contrary to



the expectation that the B phase should be stalalik@essures and temperatures if the
disorder introduced is homogenous and the scatésiisotropic. However, scattering
anisotropy from strands of aerogel may destabiheeB-like phase in favor of the A-like
phase [18].

It has been suggested [17] that the introductiogla@bal anisotropy into aerogel,
for example, by uniaxial strain, might increase stability of the A-like phase. Aoyama
and Ikeda have recently calculated [19] that umilsanisotropy, which can be achieved
by compression along one axis, should stabilizeati@l state. Radial anisotropy,
however, achieved by radial compression or by araeduction in the sample due to
preferential shrinkage during growth, might staailthe polar state. The ability to
produce and characterize aerogels with these gpatifibutes, that is the motivation for
this work.

Experiments and Discussion

This experimental work is presented chronologyctdlshow the development
from one stage of research to the next.
Aerogel Growth

Silica aerogels can be grown utilizing a varietyrathods. At Northwestern, we
have used a ‘two-step’ solvent exchange methodadade-step’ sol-gel method outlined
by Teichner [20]. Early difficulties largely werevolved with aerogel shrinkage and
cracking, as well as the inability to reproduceutiss

In a ‘one-step’ sol-gel method, a silicon oxidequiesor, tetramethyl orthosilicate
(TMOQOS), is dissolved in methanol and hydrolyzed ammonia is used as a catalyst.

Si(CHzOH)4 + 2H,0 — SO, + 4CH;0OH

LE. V. Thuneberg, S. K. Yip, M. Fogelstrém, andJSauls, Phys. Rev. Lett. 80, 2861 (1998)



This reaction results in a wet gel, known as aagdt The alcogel is then supercritically
dried following a method that is based on the ragpidercritical extraction process
(RSCE) of Poco et al. [21]. Specifically, the gbk combination of TMOS, methanol,
water, and catalyst before gelation, is poured @nbylindrical stainless steel chamber
that has an inner diameter of 5.08 cm and a leodh92 cm and contains glass tubes of
various sizes as molds. The chamber can also dedoaith other devices made with,

but not limited to, stainless steel, gold, quaata] tantalum, but many materials,
including brass, can alter the gel chemistry sigaittly, which leads to undesirable
results. The chamber is completely filled with su and sealed using two stainless steel
lids each having a thickness of 1.27 cm. Eacthslidalted in place using six 8-32 screws.
The alcogel that forms is typically aged at roomperature for approximately three days.
The chamber which contains the alcogel is thenddanto an autoclave which has an
open volume of 0.46 L. 50 mL of methanol is thedextlinto the open volume. The
autoclave is loaded into an oven and heated threegéral manual adjustments and, as
the temperature rises, the pressure in the alabgehber forces the lids to open slightly,
allowing fluid to escape into the open volume @& #utoclave. Once the critical point of
methanol (Tc = 239.5 °C. 80.81 bar) is exceeded the autoclave is empiesiowly
opening a high pressure valve. This drying typicaigins from a starting temperature
and pressure of ~270 °C and ~100 bar. The systeepiessurized ~8—-12 h and then
allowed to cool to room temperature overnight. Biglepicts the typical oven

temperature and autoclave pressure profiles dagmgg and drying.
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The ‘two-step’ solvent exchange method uses TMO&hamnol, acetonitrile, and
water, where hydrochloric acid (HCI) is used agialyst. In this method the acetonitrile
must be solvent exchanged with methanol beforgéhean be supercritically dried. We
found that achieving reproducible results using thethod was difficult, though it is
very similar to the ‘one-step’ method. The solvexthange adds additional days to the
process, as the alcogel must form in the chamiderdéeginning the solvent exchange.
This is because the solvent exchange process ewdihe removal of the stainless steel
chamber lid in a methanol bath, which can damagealtogel if it has not fully formed.
Furthermore, the gel continues to age until itriedl which means the reaction of the
TMOS and water with the acetonitrile and acid gettatan be compromised if the

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



the source of problems with shrinkage an inhomoigemethe gels. As shown in Fig. 2,
the pH of the reaction controls hydrolysis and @sétion rates, which are directly
linked to the gel structure[22]. Acid catalysts ¢ead to a gel with a more polymeric
structure, whereas a basic catalyst yields a calaine. Though the graph is for TEOS,

tetraethyl orthosilicate, instead of for TMOS, tkaction principle remain the same.
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Fig. 2 - Hydrolysis and condensation of TEOS as a function of pH [Ref]

The decision to focus on ‘one-step’ aerogel gromés made given the
difficulties associated with the ‘two-step’ methdah achieve consistency with ‘one-step’
growth, tests comparing the effect of differenteébaatalyst concentrations were
performed. A base concentration of 9 mL JHH to 1 L HO was found to consistently
produce a ~98%-98.5% porous gel with small amosimtsikage using a ratio of:

10mL TMOS: 80 mL Methanol : 244 mL Ammonia-Water Solution



With the one step method we have successfully medisilica aerogel ranging in
porosity from ~94%-99%. A sample’s porosity is det@ed from its weight and volume
after supercritical drying to an accuracy of 0.186d 98% aerogel.
Optical Birefringence Characterization of Aerogel

To perform optical birefringence experiments aghhporosity aerogels two linear
polarizers, circular in geometry, each with indigedicating 5° of rotation up to 360°
from the vertical polarization axis are used (sgg 8).

0 = Vertical
Polarization

270 90

Fig. 3 180

These polarizers are placed on either side of gsaomiented 90° with respect to one
another. White light is used to illuminate the par-sample-polarizer array, but first
passes through a diffusing filter, this is becaisefeatures of the light source itself (the
filament emitting the light, for example) are digjuishable without the diffusing filter

present. A camera is located after the polarizehdést from the light source (Fig. 4).
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Fig. 4 - Cartoon of Optical Birefringence Setup

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

shutter speed) to ensure that camera was opevaitinigp a linear regime (Fig. 5).
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Samples of aerogel characterized using this methodied both density variations,
manifested as colors, and inhomogeneity, shownall dnd light regions appearing
simultaneously when looked at through crossed zeles. Isotropic regions appear dark
for all orientations relative to the polarizers,il@hanisotropic regions will change

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

Fig. 6 - From left to right: an aerogel sample exibiting both local density
variations and anisotropy, an aerogel with inhomogeneously distributed
anisotropy, an acrogel with an isotropic core and anisotropic surroundings

The discovery of such variety among the sampledymed and preexisting
samples can help to explain inconsistencies inrfiufie*He experiments done in the
past. The ability to immediately characterize sasgrown in the lab helped to motivate
growth of aerogels with tunable anisotropy as welhomogeneity that would not only
be useful ifHe experiments, but would directly correspond &ptietical predictions.
Aerogel Samples for Superfluiide Experiments

As discussed previously, aerogel samples whichoéxmdmogeneous anisotropy
both uniaxially or radially correspond to predict®of the stabilization of new phases in
superfluid®He. The instant feedback mechanism optical birgéirte provided allowed
for better understanding of the aerogel growth rme@ms. To produce a homogeneous,
uniaxially anisotropic sample, a homogeneous, agitrsample had to be created first.

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



aspect to produce these samples was engineeringmiape boundary conditions within
the chamber containing the alcogel. The flow oftraabl out of this chamber during the
drying process is a likely cause of anisotropyhm derogel. Therefore, regions of the gel
that experience isotropic fluid flow are more lkébd be isotropic themselves.
Homogeneous, isotropic aerogels with ~98% porasése grown utilizing these
principles. (Pictures of these samples under dpbicafringence are not shown, as the
sample is black in every orientation.) Once homeges, isotropic aerogels were
obtained, uniaxial compression of them was simpégogels grown to be
homogeneously radially anisotropic were grown m$hme way, with the addition that
catalyst concentration was systematically increasetithe desired amount of shrinkage
was obtained.

Fig. 7 shows optical birefringence of a 98% posoa#rogel as it was axially
strained to 18.6% in 2.3% increments. The crosséatipers were oriented with one
polarizer at 45° and the other at 135° relativethtovertical cylinder axis of the gel. The
sample did not exhibit any radial shrinkage aftgyescritical drying. Panel 1 of Fig. 7
indicates that the unstrained gel is homogeneasstyopic as described above. We have
also found no transmission of light propagating ddie cylinder axis for this isotropic
aerogel when placed between crossed polarizergl®2R9 of Fig. 7 demonstrate that
strain can be used to effectively convert this nmaatty isotropic aerogel into a polarizer,
which we attribute to optical birefringence. Thdgvzation effect increases with
increasing strain, the result of structural anispigs on optical length scales.
Furthermore, it is evident from the approximatatyform intensity of the image that this

anisotropy is a global property of the entire saargrid is homogeneously distributed.



From Fig. 7 we can measure the relative intenditigbt passing through the sample
averaged over a central region of the image oa#vegel as a function of strain. These
results are presented in Fig. 8 and indicate til@transmitted intensity increases linearly

with increasing strain up to the largest valuetcdin, 18.6%.

1 2 3 4 3 B 7 8

9
Fig. 7 Optical birefringence of a 98% porosity aerogel. nominally isotropic before it
was subjected to increasing axial strain. The strain increases from left to right:
| (unstrained). 2 (2.3% strain), 3 (4.7%). 4 (7.0%). 5 (9.3%). 6 (11.6%).
7 (14.0%). 8 (16.3%). 9 (18.6%)

Relative Intensity
T
1

Strain (%)

Fig. 8 Relative inensity averaged over a central
region of the image of the sample versus
strain for the sample presented in Fig. 7

By rotating both polarizers, keeping them crossezican determine the direction
of the anisotropy axis. Fig. 9 presents such giost@aequence for the sample at its
maximum compression, i.e. 18.6%. The fact thairtensity maxima (minima) are seen
when the polarizers are oriented at 45° and 138 §8d 180°) is consistent with the

anisotropy axis being oriented along the cylindrain), axis.
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Fig. 9 Optical birefringence of a 98% porosity aerogel strained by 18.6%. The
labels are associated with the roatation of the polarizers relative to the
cylinder axis: 1 (45°, 135%). 2 (60°, 1507), 3 (75°, 165%), 4 (907, 1807),

& (105°,. 195°), 6 (120°, 210%), 7 (135°, 225%)

Optical birefringence was also used to investigatgsible intrinsic anisotropy in
a sample exhibiting radial shrinkage. As before,blarizers were initially oriented with
one at 45° and the other at 135° relative to thiedgr axis. They were then rotated
together, keeping them crossed. We have foundairaigels exhibiting radial shrinkage
polarize transmitted light and this can be obsewil cross polarizers, indicating the
existence of a well defined optical axis. Again at&ibute this effect to optical
birefringence. Fig. 10 shows an aerogel cylindeictviexhibits 12.7% radial shrinkage
and shows that axial intrinsic anisotropy is présethe sample. It is noteworthy that
this intrinsic anisotropy seems to be less uniftiimughout the sample than that induced
by strain as displayed in panels 2, 3, 5, andfEagf10. For the intrinsically anisotropic
samples, i.e. those exhibiting radial shrinkagepb&erved only a small amount of
transmission through crossed polarizers for ligbppgating down the cylinder axis. This,
along with the rotation series presented in Fig.iddicates that the cylinder axis is

predominantly the optical axis in the case of samixhibiting anisotropy due to radial

shrinkage.
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Fig. 10 Optical birefringence of a 98% porosity aerogel exhibiting 12.7%
radial shrinkage. The labels are associated with the roatation of the
polarizers relative to the cylinder axis: 1 (45°, 135°), 2 (60°, 150°), 3
(73°, 165°), 4 (90°, 180°), 5 (105°, 195%), 6 (120°, 2107),'7 (135°, 225°)
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Conclusion

The aerogel growth and characterization methodasugdéed here provide a useful
and necessary tool for performing experiments @eluid *He. Additionally, the
ability to grow aerogels of specific charactersti@as implications for applications in a
wide array of physical systems. Bhupathi et al. elcample, have suggested that
uniaxially strained aerogels can be used to makeplates [23]. Optical birefringence
gives a clear picture of the principal directiorishe anisotropy on optical length scales
and has the advantage of displaying an image tioatsthe homogeneity of this
anisotropy as it is distributed over the samplee Tdchnique has been complemented by
data from x-ray scattering, further discussion afcli can be found in Pollanen et al.
[24]. Furthermore, some aerogel samples grown ubiase techniques have already been
implemented in experiments. For example, David.atsed transverse acoustic
impedance methods to stuttye in an aerogel compressed 17% uniaxially [25]. To
conclude, the aerogel growth and characterizatiethads presented have allowed, and
will continue to allow, for new and relevant exmeeints on superfluitHe to be

performed.
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