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Abstract We present the first study of the phase diagram of a thick film of superfluid
3He confined within a nanofabricated slab geometry. This cryogenic microfluidic cham-

ber provides a well-defined environment for the superfluid, in which both the regular

geometry and surface roughness may be fully characterised. The chamber is designed

with a slab thickness d = 0.6 µm and 3 mm thick walls to allow pressure tuning of

the effective confinement between 0 and 5.5 bar. Over this range the zero temperature

superfluid coherence length, ξ0, decreases by approximately a factor of two from 77 to

40 nm. Samples have so far been cooled to 350 µK. We use nuclear magnetic resonance

(NMR) to ‘finger-print’ the superfluid order parameter, with the static field applied

perpendicular to the slab. To enable us to resolve high quality NMR signals from the

tiny amount of superfluid 3He in the slab, we have developed a spectrometer using a

two stage SQUID amplifier with unprecedented sensitivity. Simple NMR zeugmatog-

raphy allows the slab signal to be unambiguously distinguished from that of a small

bulk liquid region near the fill line. The measured slab transition temperature, T slab
c ,

shows a suppression proportional to ξ20 , as expected theoretically, but the absolute sup-

pression is less than expected. Below T slab
c , an A-like phase is stable over a significant

temperature range. A transition temperature, TAX , is measured on warming from a so

far unidentified phase, occurring at lower temperatures, into the A-phase. At the pres-

sures investigated (3 to 5.5 bar) the transition appears to occur at an approximately

fixed value of the effective confinement d/ξ(TAX). In this geometry we predict that the

A-phase will be stable to T = 0 at zero pressure.
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Fig. 1 (Color online) (a) Schematic diagram of the cell. The depth of the helium cavity has
been enlarged for clarity. (b) Photograph of the bonded cell, prior to attaching the fill line.
The helium cavity can clearly be seen in the centre.

1 Introduction

At a diffusively scattering wall, all components of the superfluid order parameter are

suppressed and they recover over a length scale on the order of the temperature depen-

dent coherence length, ξ(T ), away from the wall [1]. In the Ginzburg-Landau regime

ξ(T ) is given by,

ξ(T ) =
√

7ζ(3)/20ξ0

(
1− T/Tbulk

c

)−1/2

, (1)

where ζ(3) is the Riemann zeta function, Tbulk
c is the bulk superfluid transition tem-

perature and

ξ0 = h̄vF /(2πkBTc), (2)

is the zero temperature coherence length, which can be thought of as the ‘size’ of a

Cooper pair. ξ0 is a function of pressure and varies from 77 nm at zero pressure to

about 15 nm at melting pressure.

Numerous authors [2–6] have considered superfluid 3He confined to a thin slab and

the influence of confinement on the phase diagram. In the weak coupling limit, most

closely approached at p = 0 for superfluid 3He, it is found that either the A-phase or

the planar phase1 is stable down to T = 0 below a critical slab thickness of between

about 700 and 350 nm. For thicker slabs the stable phase should be a distorted B-phase.

In this work we have studied a d = 0.6 µm thick slab of 3He at pressures between 0

and 5.5 bar and down to a temperature of 350 µK.

2 Experimental Details

Previous experiments [7–9] have confined 3He between stacks of 1000–400 thin Mylar or

polyethylene sheets, separated by tiny microspheres. Our cell, shown schematically in

Fig. 1(a), consists of a single 635nm deep, 10 mm× 7 mm rectangular cavity, nanofab-

ricated into a 3 mm thick, 17.5 mm × 12 mm piece of silicon. The cavity depth was

1 These two phases are degenerate in the weak coupling limit.
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measured using a profilometer. A matching piece of 3 mm thick Hoya SD2 glass [10]

was then anodically bonded over the top to seal the cavity. The wall thickness was

chosen to avoid distortion of the cavity under pressure.

Prior to the bonding of the glass, a stepped hole for the fill line was ultrasonically

drilled through the silicon. The fill line was epoxied in, using stycast 2850FT, after

the anodic bonding and there exists a small ‘dead volume’ around the end of the fill

line in which some bulk 3He collects. The signal from the 3He in this volume (Sect. 3)

provides a useful internal measure of Tbulk
c .

Our experimental probe is nuclear magnetic resonance (NMR), which provides the

most effective means of characterising the superfluid order parameter. We use pulsed

NMR, with the static field applied perpendicular to the plane of the slab. The low

number of spins (< 1018) and very small filling factor (∼ 4 × 10−5) of our sample

require a highly sensitive NMR spectrometer in order to resolve the weak signal. To

meet this need we developed a pulsed NMR spectrometer [11], based around a two-

stage SQUID amplifier. The SQUID has a coupled energy sensitivity as low as 20 h

and the spectrometer has a noise temperature of 5 mK at 1 MHz.

The 3He inside the cell is cooled by a ∼2.5 m2 silver sinter heat exchanger, in

close proximity to the cell. Thermometry is provided by a 195Pt NMR thermometer,

calibrated against a 3He melting curve thermometer.

3 Results

We begin with a description of the signal in the normal state. Fig. 2(a) displays a typical

normal state signal at a pressure of 0 bar. The signal was qualitatively the same at all

pressures. Two signals are present, separated by about 600 Hz. By applying magnetic

field gradients we could carry out simple NMR zeugmatography (described below) from

which we could unambiguously identify the sharp signal as coming from 3He in the

slab and the broader signal as coming from the 3He in the dead volume.2

The effect of applying a gradient parallel to the plane of the slab is shown by

the bold (blue online) signal in Fig. 2(b). The slab signal is broadened and flattened

out, consistent with it coming from a large area, such as the slab. The bulk signal is

relatively unchanged and just moves to a higher frequency, consistent with it coming

from a small, localised region, such as the dead volume. The effect of applying a gradient

perpendicular to the slab is also consistent with this hypothesis, as shown by the thin

(red online) signal in Fig. 2(b). The bulk signal actually becomes somewhat sharper in

this case and we therefore maintain a field gradient perpendicular to the slab during

our measurements.

We now discuss our observations in the superfluid state; all data discussed in this

section were taken on warming. In the superfluid state, at all pressures, both signals

exhibited temperature dependent frequency shifts as shown in Fig. 3 for p = 0.75bar.

The slab signal had a negative frequency shift, consistent with that of the dipole-

unlocked A-phase (d⊥l) [12], as expected for our cell geometery and field orientation.

The bulk signal had a positive frequency shift, much larger in magnitude than the slab

frequency shift, consistent with the that of the B-phase at a wall parallel to an applied

magnetic field.

2 From this point onwards we shall refer to the signals as the ‘slab signal’ and ‘bulk signal’.
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Fig. 2 (Color online) (a) The signal in the normal state at 0 bar in absence of any field
gradients. The slab signal is on the left and the bulk signal is on the right. (b) The effect of
field gradients. The bold (blue) line shows the effect of a 3 mT/m gradient applied parallel
to the plane of the slab. The thin (red) line shows the effect of a 4 mT/m gradient applied
perpendicular to the slab. See text for further discussion.

It can also be seen from Fig. 3 that the superfluid transition temperature of the

slab, T slab
c , is suppressed compared to Tbulk

c . Kjäldman, Kurkijärvi and Rainer [13]

calculated the transition temperature of a slab of 3He between two diffusively scattering

walls. For slabs thicker than about d = 8ξ0 they found their numerical calculation to

be in good agreement with the Ginzburg-Landau result,

T slab
c /Tbulk

c = exp
(
−π2ξ(0)2/d2

)
≈ 1− π2ξ(0)2/d2, (3)

where ξ(0)2 = (7ζ(3)/20)ξ20 (Eq. 1). The suppression that we observe is proportional

to ξ(0)2, but its magnitude is less than predicted by Eq. 3. We attribute this to partial

specularity of the cell walls, since there should be no suppression of T slab
c for specular

walls [13]. The partial specularity could be related to the low surface roughness of the

silicon and glass (∼ 0.2nm). The effect of introducing a surface layer of 4He will be

explored in future experiments.

For p > 3 bar we have observed a phase transition from a so far unidentified low

temperature phase into the A-phase. The nature of the low temperature phase and the

transition will be described elsewhere in these proceedings [14]. The reduced thickness

at the transition d/ξ(TAX), where ξ(T ) is given by Eq. 1 and TAX is the transition

temperature observed on warming, has only a weak, linear dependence on pressure.

In Fig. 4 we show our measured values of TAX at several pressures on the bulk phase

diagram [15]. Clearly the domain of the A-phase has been greatly increased. The lines

through our data points are generated from a fit to d/ξ(TAX) as a function of pressure.

The dash-dot line is a result of using the Ginzburg-Landau temperature dependence of

ξ(T ) from Eq. 1. This line reaches T = 0 at a non-zero critical pressure, pc = 0.66 bar,

below which only the A-phase should be stable in our cell. At this pressure ξ0 = 69 nm,

corresponding to d/ξ0 = 9.2. Therefore, at p = 0 bar we would expect the A-phase to

be stable down to T = 0 for d less than a critical thickness of dc = 9.2× 77 nm = 708

nm, in reasonable agreement with the upper limit of the theoretical predictions.
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Fig. 3 (a) Evolution of the slab and bulk signals as a function of reduced temperature, close
to Tbulk

c , at p = 0.75 bar. The increased noise on these signals compared to those of Fig. 2
is a result of us using less averaging for these signals since their frequency is shifting as the
cell warms up. (b) Frequency shifts of the slab and bulk signals, relative to the slab Larmor
frequency, ν0,slab, as a function of temperature near Tbulk

c . All data taken on warming.

However, for p = 2.18 bar (not shown on Fig. 4) we observed only the A-phase down

to a temperature of 350 µK; significantly below TAX as predicted by the Ginzburg-

Landau line in Fig. 4. One possible explanation could be suppression of the transition on

cooling [14]. Alternatively this result could be related to the temperature dependence

of the coherence length. The Ginzburg-Landau temperature dependence is expected

to only be valid near Tbulk
c . A potentially more accurate expression for ξ(T ) at lower

temperatures, which results in the dashed line in Fig. 4, is

ξ(T ) = h̄vF /(π∆(T )), (4)

where ∆(T ) is obtained using the interpolation formula for the gap function as given

by Einzel [16]. Using this form of ξ(T ) we obtain a higher critical pressure of 2.47 bar,

which would explain why we do not observe a transition for p = 2.18 bar.

4 Conclusions

We have established that it is possible to effectively cool a thin slab of 3He, confined

inside a regular, well characterized, nano-fabricated geometry, into the superfluid state.

Good quality NMR signals were observed using SQUID based NMR techniques devel-

oped in our laboratory. The A-phase is stabilised at low pressures close to the weak

coupling limit, and the conditions for its stability to T = 0 established. Details of the

pressure dependence of the A-phase frequency shift, an analysis of the suppression of

the gap by confinement from that data, and an examination of the consistency with

the observed suppression of T slab
c , will be reported elsewhere. The walls of the present

cell appear to be partially specular and an attempt to demonstrate full specularity by
4He preplating will be the subject of future work. This is also required for future exper-

iments in more confined geometries, where elimination of Tc suppression is important.
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Fig. 4 (Color online) Comparison of our data to the bulk phase diagram. The thin solid and
dashed lines represent Tc and TAB for bulk liquid respectively [15]. The filled (red) circles
are our measurements of TAX . The bold dashed (red) line represents our fit to TAX using
the Ginzburg-Landau temperature dependence for ξ(T ), and the bold dash-dot (red) line from
using ξ(T ) as given by Eq. 4. The bold solid (green) line represents a fit to our values of T slab

c .
The inset shows a close-up of the region for p ≤ 6 bar.

This will open the possibility to study quasi-2D superfluid 3He, where confinement

gives rise to size quantization of the normal state and where new order parameters are

expected.
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