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Liquid 3He in Aerogel: Crossover from Drude’s to Hagen-Poiseuille’s Law
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Charge flow in metals and mass flow in a neutral Fermi liquid show distinct profiles and are governed
by different conservation properties. The connections between these two aspects of flow become
apparent when we study the viscous flow of normal ligtite in the presence of aerogel. While
the thermal flow is trivially affected, we predict that the resistance to mass flow shows a crossover
from Drude’s to Hagen-Poiseuille’s law with varying temperature and low aerogel concentration. This
crossover should be observable in dc-flow experiments. [S0031-9007(98)07528-0]

PACS numbers: 67.55.Hc, 47.55.Mh

One of the remarkable aspects of the Fermi liquidphenomena. The theoretical description deals with both
behavior of liquid*He is the fact that the mean free electronic transport in metals and the mass transport of
path of its thermal excitations, the Landau quasiparticlesiquid *He in aerogel. It is treated on the simplest pos-
[1], increases<T ~% without bound when the temperature sible level compatible with the hydrodynamic conservation
is lowered because it is entirely due tmomentum laws and uses the linearized Landau-Boltzmann transport
conservingnelastic two-particle scattering processes. Forequation. We first investigate the transport parameters of
T — 0 it is eventually limited by the measuring cell's charged and neutral Fermi liquids with two (elastic and
dimensions, and one enters the Knudsen flow regime [2]inelastic) scattering channels. Then we specialize to the

In charged Fermi liquids scattering processes causechse of transverse stationary flow and calculate the effec-
by impurities or lattice phonons lead to the relaxation oftive viscosity of*He in aerogel. We select experimental
momentum in the bulk, whereas in the case of neutraparameters such as temperature, pressure, and aerogel con-
Fermi liquids momentum relaxation is confined to thecentration which would allow the observation of different
boundaries of the flow channel. As a result, Drude’sregimes of flow behavior.
law for electronic transport in metals (finite current decay We start with the usual description of normal Fermi
rate, flat velocity profile) and Hagen-Poiseuille’s (HP’s) liquids, characterized by charge Fermion massn, par-
law for the flow of neutral Fermi liquid quasiparticles ticle densityn = N/V, quasiparticle excitation spectrum
through a flow channel (vanishing current decay rate inthe;, = u + ve(p — pr) = & + u with u the chemical
bulk, parabolic velocity profile) are traditionally viewed as potential, u(0) = Eg, Fermi velocityvg = pr/m* with
entirely distinct descriptions of flow dissipation. m”* the effective mass angy the Fermi momentum, and

The connection between the two kinds of flow behaviorgroup velocityv; = iik/m*. In a state of global thermo-
was not clear until the discovery that low density correlateddynamic equilibrium the Fermi liquid is described by the
silica (aerogel) [3], immersed in liquidHe serves as a Fermi distributions) = n°(¢,) = [exp(&y/ksT) + 117!

random distribution of short ranged impurity potentialsand its derivativep, = {4kgT cosh(&,/2ksT)} . In
[4,5]. The aerogel provides a new (approximately elasticjvhat follows we shall abbreviate momentum sums as
scattering channel for the quasiparticles, and leadsina.  (-.-) = (1/V)3, ,.... A relevant quantity is(e) =

type of Fermi liquidn which the transport mean free paths N = m* pr /725, the density of states at the Fermi sur-
acquire an upper bound given by the aerogel-limited meaface. Let us now introduce elastic

free path in the low temperature limit [6]. In contrast re =1/7° 1)

to other currents, the mass current (momentum denSItyind inelastic (only Fermi liquid two-particle scattering is

loses its conservation property in the presence of aeroge 1scussed here)

As a consequence, the mass ﬂovy a_nd viscous transpor ' | W) fﬁ + (mkgT)?
in a system as simple as normal liguidle in aerogel is N =———=>~-"——"— (2
complex. The destruction of the momentum conservation ™(&p, T) 32h M

property of the system leads to a strong modification ofollision rates, which describe the relaxation of the

the (effective) shear viscosity, which displays a non-Fermiquasiparticles to global equilibrium. Hek&/) denotes

liquid (i.e., nonmonotonic) temperature variation. the angular average of the effective two-particle scattering
In this Letter, normal liquid®He in a channel filled cross section [7]. It is sufficient to consider the energy

with aerogel is investigated as a model system for th@verage of the inelastic scattering rate

continuous breakdown of momentum conservation and 1 (o) 4 1

the consequent observability of both Drude and HP flow I" = 7 (oY 3 mn0,T) (3)

3896 0031-900798/81(18)/3896(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 18 PHYSICAL REVIEW LETTERS 2 MVEMBER 1998

Next we study deviations from global equilibriuém, = The superposition of the two different collision processes
0 ) ] ! . - :

np — n, induced by external perturbation potentials thatleads to (i) effective quasiparticle scattering rates

induce the responsén, = (aén) of the macroscopic . 5 e | i

densities of chargda, = ¢), mass(ap, = m), entropy I =1/7" =T° + I'(T) ©)

(ap = &p/T), and momentunta, = p). For this general and (ii) effective transport rates, which describe the

level of description we specify external potentials to be ofdecay or the conservation properties of the observables

the form associated with the vertex,
86p(q, @) = > apl®S (g @) + vp - AZ(q, )]. (4) = b oo e 1= A g
a Tot T¢ 7U(T)

These potentials give rise to generalized forces charagrs superposition leads to transport mean free paths
terizing the electromagnetic response and the mass flow,

reSpeC'[Ive|y, )\Z{/(T) = 'UFTZ( = P U i ’ (11)
szt _ —iq‘I)Z’“ _ ia)AZXt Fu€ + Fag(T)
I which, contrary to the behavior in ordinary Fermi liquids,
_ —iqdP" + - AT, 5 are bounded from above. This effect is shown for the
. ext vépP ( ) . * . . .

—iwomu®™t = m-—=. quantity A,,, (viscous mean free path) in the inset of
oxt oxt . Fig. 1. The kinetic equation (6) together with the model
Here ®**' and A*" are the electromagnetic scalar andqg|lision integral (7) leads to the following generalized

VeICtO'rt pote(zjn:;]als, ar|1_d|;’“ and 6P ?re trt‘ﬁ Sf?mpli cell constitutive relation between the currgigtand the fields
velocity and the applied pressure along the flow channel.gext a5 well as gradients in the densities

The linear response of the Fermi liquid to the perturba- . .
tion potentials (4) can be described by the quasiclassical o = Tou - 1F — I — Ty iq dnq . (12
limit of the Landau-Boltzmann equation [1] ¢ “ ¢ —iw + I'* " {pa?)

wdny — q - Vphp = idlp; hp = Onp + @pd&y. HereT ,, is a generalized transport tensor
2v -
) o o Qav :v
The energy changé &, contains the contribution from Ta = < o + T 0(q2)> (13)
- al

both the external potentials (4) and the molecular poten-

tials induced by the long range Coulomb and short ranggor which we list examples fow — 0 in Table I.

Fermi liquid forces for charged and neutral Fermi sys-

tems, respectively. These effects cause dielectric screen-

ing (Coulomb interaction) or become relevant only at

higher frequencies (Fermi liquid interaction) and will be L2/ I ' ! '

considered in a separate publication [8]. i
The collision integral1, = >, 81y is assumed to

consist of two separate contributions due to elastic=

e) and inelastidr = i) scattering processes and is treated

within the conserving relaxation time approximation [9]:

g

Q

=

3

v e, lah) >
BIP == + - ( w0Gp (oa) é
{avh) S

+ XMagvy ———m + ... ]. s

a1pV¥p (pa2v : v) g

(7 “

Here the quantities\,, are scattering parameters, which
describe conservatioid.; = 1) and relaxatio{A,; # 1)
properties of the observables associated with the vertex
ap and the index’ = 0 (densities){ = 1 (currents) (see Temperature (mK)

below). In Eq. (7),v :v denotes the dyadic product i~ 1 The normalized conductance (T)/7 (1 mK) vs

of the_ vectorsy, i.e., {v: V}gj = viv;. AS an ex:_;lmple temperature for 2um spaced parallel plates containing 99.9%
one finds the set of continuity equations, which mayopen aerogel including slip (full line), without slip (dashed
be derived from (6) and (7) using scattering parameterfine), and without aerogel (dash-dotted line). Also shown

appropriate for density conservatiafi, = 1, » = e, i. is the porma]ized slip lengthy/d (d*otted line). Inset: The
. . normalized viscous mean free pdth,,,(T)/A,.»(1 mK)] with
©wén, = q * ja; ja = (avh). (8)  (full line) and without (dashed line) aerogel.
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TABLE I. Fermi liquid transport parameters for a given thermal conductivity which saturates at low temperature.
vertexay. However, its prefactor in (15) leads to a nonmonotonic
temperature dependence 9f{'(T) because of the non-

a ‘fau . : H H A d
Eloctroni quctivit - T S vanishing contribution of the new transport rdtg, intro-
ectronic conductivity € o, = Nre'vitei/3  guced by the aerogel. In the simplest case whign= 0,
Mass conductivity m o = Ngm*viT, /3 ; o2
Thermal conductivity & )T " _ o w2773 the prefactor— 1 for high temperatures and varies’
P — LCVUET, . © .
Shear viscosity p n* = pvir/s for T — 0. This behavior is masked & — 0 by both

the superfluid and the Knudsen transition (Fig. 1).
To apply this result to the experiment we consider
the case of parallel plates at= *=d/2 and solve the
Here p = mn is the mass density an@y is the spe- associated differential equation in real space. We obtain
cific heat, andr}, = 7;, and Ty = T.2. Table | empha- the cross sectional average of the mass current
sizes the analogy between electronic transport in metals | [an
and transport in théHe-aerogel system. The electronic (g = — f
conductivityo, shows the well-known crossover from the d J-ap
impurity-limited low temperature offset to the tempera-ith an effective flow relaxation time:
ture dependence dictated by the relevant inelastic scat-

dz gx(z) = nTefmex (16)

20" d
tering processes. The neutral Fermi liquid anatof Foff 1 _ tanh(5)
represents aew transport parameter aHe which is fi- —iw + Ty 1+ £ tanh(5%)
nite only in the presence of aerogel. In contrast, the ther- . y
mal conductivity of°He in aerogel crosses from a high 0—0 Tmc}z; "/d — 0 (Drudg), (17)
temperature (Fermi liquidx7 ') to a low temperature Toger (1 + 6%); €*/d — = (HP).
(aerogel-limited»<T") behavior, because the thermal cur- . L )
rent is not conserved even in the absence of the elastfd®®¢" is a new length which is defined by
scattering channel. . et (T)
The situation is different in the case of the shear CT) = — - (18)
p( lw + le)

viscosity. In the presence of aerogel, the momentum
density relaxes(I',,; > 0), similar to the current in a In the derivation of (17) we used a slip boundary
metal with imperfections. An effective shear viscosity condition g,(+d/2) = *{g.(+d/2) with { the Fermi
of liquid 3He in aerogel can be defined but differs from liquid slip length [9]. The flow of liquid®He in aerogel is
the ordinary viscosity in a nontrivial way. To explore determined by the ratio of*(T) and the plate separation
this further we consider the situation of transverse masg. For¢*(T) < d flow is dominated by aerogel scattering
flow (ap = m) in thex direction with spatial variation in and follows Drude’s law. Only whew*(T) > 4 will
the z direction. An inspection of (13) shows that in the the contributions from wall scattering events become
limiting case wherd™,,; = 0 (momentum conservation in significant [10], and the flow resistance will show a
the absence of aerogel), it is important to evaluate théransition from Drude’s to HP’s law as modified by the
O(q?) term explicitly. The result for the mass current slip effect.
gx = (mv.h) reads Although experiments at Cornell [4,11,12], Northwest-
nF,, 14 ern [5,13], and M?chester [14] have explored the prop-
— % erties of superfluidHe in aerogel, there have been no
i + Dy + [ (T)/plaz + 0(gz) corresponding investigations of norméHe. Theoreti-
and can be obtained by solving the coupled equationgal work has also concentrated on the superfluid phases
(8) and (12) for(ap = m). In Eq. (14) the denominator [6,15-17]. To estimate the mean free path, we have to
describes relaxation due to both a Drufig,;) and a rely on models of aerogels [18], which show that for
viscous contribution to the flow resistance. The latter ishe most dilute aerogel (99.9% open) the mean free path
characterized by an effective viscosity#ie in aerogel A1 = A4 = 7.2 um. Such an aerogel could be grown in
off r«r)y—-ro;,,;, 1 . a2 umtall, 1 cm wide, 0.5 mm long micromachined flow
nz (T) = ) — iw g”PFUFTn(T) : (15)  channel. A measurable [19] flow of abot®~'2 kg/s
would result for a pressure differential @b* dyn/cn?
and ¢!t of 0.02 poise.
In the absence of elastic scattering procedggs= 0 the At a 3He pressure of 30 bar7’(1 mK) = 180 ns,
mass current response function (14) is dominated by ther = 33.6 m/s [20], d =2 um, A4 = 7.2 um, and
usual viscous diffusion pole which is characterized by, = 0.579--- A,,,. For these experimental parameters,
the normal Fermi liquid viscosity and reflects the mo-we plot in Fig. 1 the normalized flow conductance as a
mentum conservation law.n> (7T) displays a simple function of temperature, together with the conductance
temperature crossover behavior analogous to that of theithout slip in both the presence and the absence of

8x =

15(T)
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1.2 verts to the Hagen-Poiseuille behavior as corrected for
slip. Knudsen flow would dominate if the inelastic scat-
tering length were much longer than the flow channel
dimension. In puréHe (in the absence of slip and super-
fluidity), the mean free path and viscosity increase without
bound. In contrast, the mean free path (and viscosity) are
restricted resulting in the larger low temperature relative
conductance (Fig. 1) of the channel containing aerogel.
In summary, we have demonstrated that the flow
properties of normal liquiHe in aerogel can display
a rich complexity of phenomena including Drude’s and
Hagen-Poiseuille’s lawmanifested in the same system.
We have shown that charge transport in metals and
, ) ' mass flow of puréHe through flow channels are closely
%3 0.25 0 0.25 0.5 related. With aerogel present the mass flow of Landau
Normalized Distance (z/d) quasiparticles occurs in an intermediate regime between
. , _; Drude’s and Hagen-Poiseuille’s law. We predict that the
f,ﬁ, Si 3Bh§ar2°\fvrﬂﬁ"g%%02r‘gggflg)‘éz)r{)'gﬁ'f-‘;t(13"r,:f() (fg\r,ver)’transition f(om Drude *to Poiseuille flow occurs for aerogel
10 mK (middle), and 50 mK (upper curves). Full lines concentrations wher,;/d > 1. Such a transition could
represent the general result including slip, and dashed linebe seen in dc flow experiments at not too low a pressure.
are the scaled profilebg?(z)/¢%(0)]g:(0) in the absence of  This work was supported by NATO (CRG960127) and
aerogel, withg(z) = lim¢—. 8.(z) = nFyu. 7 (d?/8C?)[1 + by the NSF under DMR-9424137. J. M. P. acknowledges

4(Zo/d — z2/d*)]. The dashed lines are normalized to the Al Meai _ ;
calculated flow in the center of the channel and illustrate thethe hospitality of the Walther-MeiRner-Institute.

difference between Poiseuille flow and the flow with aerogel
present.
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