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In situ monitoring distribution and migration of 3He in liquid-solid 4He mixtures
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Helium is ideal for studies of quantum liquids and solids, with its significant advantage of being extremely pure
at low temperatures—all except isotopic impurities are frozen out. However, even tiny concentrations of isotopic
impurities have significant effects on both dynamic and thermodynamic properties. Difficulties in predicting
and measuring impurities’ distributions and motions make it hard to systematically study such effects. Here we
report a sensitive technique combining dielectric and pressure measurements to resolve concentration changes
of isotopic impurities in liquid helium with a resolution of 40 ppm. Using this technique, we observed that 3He
impurities concentrate in liquid phase of solid-liquid coexisting 4He at low temperatures, and their migration
between the liquid and solid phases when temperature is changed. This migration process is much slower than
3He diffusion in the liquid phase, suggesting the bottleneck is in the solid phase and possibly transmission across
the liquid-solid interface.
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The purity of helium makes it an ideal system to exper-
imentally study quantum phenomena in fluids and solids.
Almost all impurities are frozen out at ultralow temperatures,
the only exception being isotopic impurities. These typically
occur at small concentrations, e.g., commercial 4He contains
about 300 parts per billion (ppb) of 3He. However, even small
concentrations of 3He or 4He impurities can have large ef-
fects in helium because of their different quantum statistics.
In liquid 4He, even parts per million (ppm) of 3He dras-
tically increase the specific heat of liquid 4He below 1 K,
reflecting their added quasiparticle excitation spectrum [1].
Impurity effects can also be important in helium crystals. The
shear modulus of solid 4He has a large anomalous increase
at temperatures below ≈ 100 mK, which has been ascribed
to 3He impurities binding to and immobilizing dislocations,
thus effectively stiffening the solid [2,3]. Such an anomaly is
discernible even when the 3He concentration is below 1 ppb
[4]. Similar effects have also been observed for dilute 4He
impurities in solid 3He [5].

Isotopic impurities are extremely large mobile in solid he-
lium because of their large atomic zero-point motion. Thanks
to this high mobility, the distribution of impurities is sensitive
to local environments and can be highly variable. Recently,
considerable attention has been focused on mass flow in solid
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helium. The flow, which appears below 0.6 K, is suddenly
suppressed at a lower temperature Td [6–8]. The suppression
appears at higher temperature and becomes more obvious
when the 3He concentration x3 is increased from 10−7 to
10−3, while it disappears for very small concentration x3 <

5×10−12 [8]. The suppression of flow can exhibit hystere-
sis on temperature cycling, depending on the experimental
setup and x3. Experiments involving “superfluid leads” (liquid
helium confined in a porous glass, Vycor) [6,7,9] exhibit
stronger suppression and, for the same x3, higher Td than
measurements with no liquid helium present [8]. A recent
experiment with a micrometer-size solid sandwiched between
centimeter-size “superfluid leads” showed no suppression of
flow up to x3 = 1.5% [10], in contrast with the other experi-
ments involving minimeter- or centimeter-scale solid samples
[6–9].

The hysteresis in the flow experiments suggests that 3He
impurities are distributed differently, depending on the exper-
imental arrangements and sample histories. Inhomogeneities
in the 3He distribution are expected in experiments with liquid
and solid helium because of different impurity energies in
different environments. Taking solid hexagonal close packing
(hcp) 4He lattice as a reference, the energy of a 3He atom
bound to a dislocation is Edis/kB ≈ −0.7 K [11]. Its energy
is lower in liquid 4He, El/kB = −1.36 K [12,13], and 3He is
even more strongly bound on liquid-solid interfaces Esl/kB =
−2 ∼ −10 K [14–17]. As the temperature is lowered, impuri-
ties tend to concentrate in locations with the deepest potential.
Their movement and binding are driven by thermal activations
and involve complicated processes of 3He / 4He exchange in
various phases, making it difficult to precisely predict the
dynamics. Experimental measurements of impurity distribu-
tions and migration in solid-liquid helium mixtures would
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be valuable, but are challenging given the small impurity
concentrations and lack of direct methods to map their
distributions.

Here we describe a technique for in situ monitoring of 3He
concentrations in liquid 4He. The method is based on precise
capacitive measurements of the dielectric constant of liquid
helium and supplemented by liquid pressure measurement.
The Straty-Adams capacitive pressure gauge has been widely
used in previous studies on melting curves of 4He / 3He mix-
tures [18–22], and direct capacitive measurement of dielectric
constant has also been applied in certain studies as a scale
of liquid density [23,24]. However, these studies involved
relatively high 3He concentrations (on the order of a few per-
cent) near or at the saturated 3He concentration in liquid 4He.
By using a commercial high-resolution capacitance bridge,
our technique has a sensitivity of 40 ppm in measuring 3He
concentration, which enables us to study mixtures with much
lower concentrations. We applied this technique to study the
distribution of 3He impurities in 4He liquid-solid coexisting
samples with an average concentration between 1000 and
3000 ppm, and successfully monitored the migration of 3He
between solid and liquid. Our observations reveal that the
transfer of 3He impurities between liquid and solid 4He is
a slow and temperature-dependent process. Analyses suggest
3He diffusion is likely bottle-necked in solid phase and at the
liquid-solid interface.

I. DISCRIPTION OF THE TECHNIQUE

The dielectric constant ε of a nonpolar material like helium
is related to its number density n by the Clausius-Mossotti
relation

ε − 1

ε + 2
= αn

3ε0
, (1)

where ε0 is the permittivity of vacuum and α the atomic polar-
izability. 3He atoms have essentially the same polarizability as
4He atoms [25] but their larger zero-point motion gives liquid
3He a lower number density. Increasing x3 of a liquid helium
mixture lowers its average number density and the resulting
drop in its dielectric constant can be detected in capacitance
measurements.

Precise capacitance measurements have been carried out
in liquid helium using homemade bridges [25–27] or tunnel
diode oscillator circuits [28]. These techniques can measure
fractional changes of the dielectric constant or capacitance
C with a resolution δε

ε
= δC

C that can reach 10−8, although
the measurements were challenging. To demonstrate the prac-
ticality and convenience of the method, we sacrificed some
resolution and used a commercial ac capacitance bridge
(Andeen Hagerling 2500) with a resolution of 5×10−7.
Higher resolution measurements are possible using capaci-
tance bridges with long averaging times to reduce noise, but
more complicated methods are needed to eliminate drift in
reference capacitors and leads.

The resolution of the capacitance bridge determines the
sensitivity of the dielectric constant and 3He concentration
measurements. Helium atoms’ low polarizibility means their
contribution to the liquid helium’s dielectric constant is small,
e.g., at their vapor pressures, ε4 ≈ 1.06 and ε3 ≈ 1.04 for 4He

and 3He, respectively [26,27]. Since ε−1
ε+2 � 1, the Clausius-

Mossotti relation can be approximated by ε − 1 ≈ αn
ε0

and the
resolution of the dielectric measurement is related to that of
the number density by δn

n ≈ δε
ε−1 . For our capacitance bridge

with δC
C ≈ 5×10−7, this gives number density resolution δn

n ≈
10−5, i.e., 10 ppm.

In the absence of 3He impurities, the density of liquid
4He depends on pressure (via its compressibility κ) and on
temperature (via its thermal expansion coefficient αv). For
isothermal pressure changes, the resulting density change is
given by

δn

n
= e

∫ Pf
Pi

κ (P)dP − 1 ≈
∫ Pf

Pi

κ (P)dP, (2)

where Pi and Pf are initial and final pressures and the second
approximation is valid for small density changes | δn

n | � 1.
The compressibility of liquid 4He has a weak temperature
dependence at low temperatures and for pressures close to
the melting curve it can be approximated by a constant κ =
4.5×10−3 bar−1 [29]. For small pressure changes, Eq. (2)
can be simplified as δn

n = κδP, and with our capacitance
resolution, helium density changes corresponding to pressure
changes as small as δP = 2 mbar can be detected. This cannot
compete with the pressure resolution of Straty-Adams capac-
itive gauges, which can easily resolve pressure changes of
10 μbar, and even 0.5 μbar with an optimized setup [29].
However, such dielectric measurements provide a convenient
and sensitive way to measure liquid helium’s density and so,
by making measurements at different pressures, its isothermal
compressibility κ can be determined.

Temperature variations also lead to density changes due to
thermal expansion. For isobaric warming from T1 to T2, the
density change is given by

δn

n
= 1 − e

∫ T2
T1

αv (T )dT ≈ −
∫ T2

T1

αv (T )dT, (3)

where αv is volumetric thermal expansion coefficient and
the second approximation is again valid for | δn

n | � 1. The
thermal expansion of liquid 4He is dominated by phonons
below 0.4 K, where αv (T ) = 9.0×10−5T 3 K−4 [29]. The total
change in density between 0 and 0.4 K is δn

n = −5.76×10−7,
well below the resolution of capacitive measurements, but
increases rapidly at higher temperatures. By holding the
pressure constant and measuring the dielectric constant as
temperature is varied, the thermal expansion coefficient αv can
be determined.

Helium’s atomic polarizability is essentially independent
of temperature below 1 K and is only slightly pressure de-
pendent [25]. For example, when liquid 4He is compressed
at low temperature from its saturated vapor pressure up to
the melting curve at 25 bar, the polarizability α4 changes
by about 0.03% [25], which is negligible compared to the
accompanying 19% change in the density n. To high accuracy,
the pressure dependence of α4 can be ignored, and dielectric
measurements are directly related to liquid 4He’s number den-
sity n.

The atomic polarizabilities of the 3He and 4He isotopes,
α3 and α4, are almost equal, e.g., α3

α4
= 1.000135 at their
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FIG. 1. (a) Schematic drawing of the experimental setup. (b) Pic-
ture of the cell’s top, with the concentric cylindrical capacitor in the
center. (c) Picture of the assembled cell. Two capacitive pressure
gauges and the inlet capillary can be seen.

saturated vapor pressures [25]. For most measurements, the
small difference between α3 and α4 can be ignored. In isotopic
mixtures, the dielectric constant is then determined simply by
the average number density n. When 3He impurities are added
to pure 4He, their effect on the liquid’s dielectric constant is
just due to the difference between the isotopes’ atomic vol-
umes. At low temperature and saturated vapor pressure, pure
3He has a molar volume of 36.5 cm3/mol, compared to liquid
4He at 27.6 cm3/mol and the corresponding dielectric con-
stants are related by ( ε−1

ε+2 )3He
= 1.401×10−2 and ( ε−1

ε+2 )4He
=

1.851×10−2 [26]. If we assume that a 3He impurity occupies
the same volume in liquid 4He as an atom in liquid 3He, then
a capacitive measurement with a density resolution δn

n ≈ 10
ppm corresponds to an impurity concentration resolution of
about 40 ppm.

II. TEST ON PURE 4He WITH LIQUID
AND SOLID IN COEXISTENCE

In order to demonstrate the technique in practice, we first
used it in liquid 4He in coexistence with solid phase in the
temperature range from 16 to 850 mK. The experimental
cell is shown in Fig. 1. A concentric cylindrical capacitor is
integrated into the top of the cell [shown in Fig. 1(b)]. Two
capacitive pressure gauges are located in the upper half on side
wall and at the bottom center to monitor pressures in the liquid
and solid phases respectively. Liquid helium is admitted into
the cell via a capillary entering the side wall, initially kept at a
higher temperature, pressurized, and cooled down to partially
freeze. By adjusting the initial liquid pressure before samples
start to freeze, the solid 4He fraction is controlled to be less
than 60%, to avoid having solid covering the liquid pressure
gauge. Since liquid and solid coexist in the cell, the liquid
is always at the melting curve pressure, so there is no need
for other pressure control. The melting curve of 4He exhibits
a shallow pressure minimum (about 8 mbar deep) at about
0.78 K, in contrast to that of 3He, which has a much deeper
minimum (about 4 bar) around 0.32 K. At low temperatures,
where phonons are the only thermal excitations in the liquid

FIG. 2. (a) Melting pressure of the pure 4He sample with a solid
fraction of 34% between 16 and 850 mK. The red dashed line is a
fitting curve in the form of P(T ) = P(0) − AT 4 with P(0) = 25.4
bar with A = 0.032424 bar/K4. (b) Temperature dependence of the
capacitance of the concentric liquid density capacitor. The value for
an empty cell was Ce = 8.66543 pF at 16 mK, and it increased to C =
9.25709 pF after the sample was made. The increase due to filling
of liquid helium in the gap was �C = C − Ce = 0.59166 pF. The
red dashed line represents the fitting using Eq. (4), and the orange
and olive dashed lines represent the calculated capacitance change
contributed by pressure change and thermal expansion, respectively.

and solid, 4He’s melting curve pressure depends on tempera-
ture as P(T ) = P(0) − AT 4.

The 3He concentration in the commercial 4He gas used
to fill the cell is 120 ppb, so the impurities’ effect on the
dielectric constant is far below our resolution and the sample
can be considered as pure 4He. Any observable capacitance
change (�C = C − Cempty ∝ ε − 1 ∝ n, considering ε−1

ε+2 ≈
ε−1

3 ) is due to density variations from pressure changes along
the melting curve and thermal expansion. The change can be
written as

�C(T ) = �C(0)

[
1+ κ (P(T ) − P(0)) −

∫ T

0
αv (T ) dT

]
.

(4)

Simultaneous measurements of the pressure and the liq-
uid dielectric constant were carried out using the capacitive
pressure gauge (with a resolution of about 0.1 mbar) and the
cylindrical density capacitor. Results are shown in Fig. 2. The
temperature dependence of the melting pressure agrees with
theoretical expectations and with previous measurements,
showing a T 4 decrease (the red dashed line) at temperatures
up to about 0.6 K, and a minimum at around 0.78 K. The
T 4 decrease at low temperatures is attributed to the phonon
entropy in the solid (contributed by one longitudinal and two
transverse modes), which is larger than that in the superfluid
(with only one longitudinal mode); phonon densities in both
phases have a T 3 dependence. The slope becomes positive
above 0.78 K where the liquid’s entropy surpasses the solid’s
as roton excitations start to play a role.
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The blue curve in Fig. 2(b) is the measured values from the
cylindrical liquid density capacitor. Contributions to this ca-
pacitance from both pressure variation and thermal expansion
are calculated based on Eq. (4) and are separately shown by
orange and green dashed lines respectively. The calculations
use the measured pressure in Fig. 2(a) and volume thermal
expansion coefficient αv (T ) from Ref. [29]. Combining these
two contributions gives the red dashed line in Fig. 2(b), show-
ing that Eq. (4) describes the data well. The pressure change
along the melting curve dominates the capacitance change
below 0.6 K; thermal expansion effects are more significant
above 0.7 K, where αv (T ) is large. It is worth noting that the
thermal expansion coefficient of 4He on the melting curve is
negative above 0.6 K [29–31], effectively causing contraction
and increasing the liquid’s density as the temperature rises.

The results of pure 4He on melting curve demonstrate that
our technique can precisely measure density variation due to
both compression and thermal expansion. It enables us to eval-
uate these two effects and correct for them when applying this
technique to monitor the concentration of isotopic impurities.

III. DISTRIBUTION OF 3He IN LIQUID-SOLID
COEXISTING SAMPLES

We then applied this technique to study the concentrations
and motion of 3He impurities when liquid and solid helium
coexist. It is well known that when liquid and solid phases
coexist, the equilibrium impurity concentrations in the two
phases are different. This is the basis for the “zone refining”
process used to produce very high purity metal or semicon-
ducting crystals. For helium, a 3He atom’s energy is lower
in liquid than in solid 4He, so its equilibrium concentration
is smaller in the solid. The relative binding energy in the
liquid is 1.36 K, so the ratio of equilibrium concentrations in
the liquid and solid, x3l/x3s, increases rapidly as temperature
decreases, becoming larger than 1020 at 20 mK [32]. At such
temperatures, equilibrium coexistence is essentially between a
pure 4He solid and a liquid in which all the 3He impurities are
dissolved. 3He impurities’ binding to liquid-solid interfaces
is even stronger, and their local areal concentration could be
extremely high. However, its influence on the bulk liquid and
solid concentrations is negligible due to the small number of
binding sites on the interfaces.

To apply the capacitive technique to measure variations
of 3He concentration, we prepared liquid-solid coexisting
samples with higher concentrations x3 of 1000, 2000, and
3000 ppm. For each concentration, samples were prepared
with two different solid fractions. To prepare each sample, the
experimental cell was first emptied by pumping at 20 K for
24 h to remove 3He before cooling to 1 K. After a calibrated
amount of 3He gas was dosed into the cell, it was filled
with pure liquid 4He (x3 = 120 ppb), kept at 2.4 K, and
pressurized to between 30 and 35 bar. It was then rapidly
cooled to 1 K in order to form a solid block in the capillary
which prevented 3He impurities from exiting the cell. The
cell was further cooled by operating the dilution refrigerator
to its base temperature (16 mK). The initial liquid pressure
(between 30 and 35 bar) determined the final solid fraction
(between 20% and 52% by volume). All samples were held
at 16 mK for more than 4 h before being slowly warmed up.

The temperature was slowly ramped from 16 to 850 mK at a
rate of dT

dt = 2.5 mK/min, and the entire process took about
6 h. It has been shown in previous NMR experiments that
diffusion of 3He impurities in solid 4He can be slow, lasting
for more than 10 h at 8 mK [33]. Therefore, the samples in our
experiments were not necessarily at equilibrium during the
temperature ramps. However, we did not conduct extremely
slow temperature ramps to ensure equilibrium since our goal
is to apply this technique in monitoring 3He’s concentration
change and their migration, which are already obvious before
equilibrium is reached.

Figure 3(a) shows the liquid pressure during temperature
ramps for different samples. Melting pressures are signif-
icantly changed from that for pure 4He and share some
common features: (1) Melting pressures at the lowest temper-
ature are shifted relative to that for pure 4He; (2) they increase
with temperature, reaching a broad maximum at around
300 mK, and then decrease up to 850 mK; (3) they drop below
the value for pure 4He at T > ≈600 mK. These features are
more prominent for larger x3 and for higher solid fraction f .

FIG. 3. (a) Liquid pressure measured during temperature ramps
for solid-liquid coexisting samples. Numbers in the parentheses label
the overall average 3He concentration (in ppm) and the solid fraction
for each sample. Inset: Calculated normalized 3He concentrations
in the liquid phase, x3l/x3, as a function of the solid fraction for
various temperatures. (b) Simultaneous measurements of capacitance
during the temperature ramps. The anomalous increases and sudden
decreases for the sample (2000 ppm, 52%) above 0.6 K are likely due
to temporary crystallization of solid within the capacitor gap.
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3He impurities are known to affect the melting curve of
4He. At zero temperature, the 3He atoms move to the liquid,
where they form a dilute Fermi liquid in equilibrium with
a pure 4He solid. The 3He produces an osmotic pressure in
the liquid that raises the melting curve pressure, even at zero
temperature [20]. At low temperatures, the entropy Sl of dilute
3He is linear in T and is much larger than the T 3 phonon
entropy Ss of the solid 4He. This produces a melting curve
with a pressure increase proportional to T 2. At higher tem-
peratures, 3He dissolves into the solid, giving it an increasing
3He spin entropy in addition to its phonon entropy. At about
300 mK, the melting curve has a maximum where the solid
and liquid entropies are equal, and then has a negative slope at
higher temperatures where Ss > Sl . At about 0.6 K the melting
pressure drops below that of pure 4He, reaching a minimum
around 1 K and then increasing again at higher temperatures.

The data in Fig. 3(a) show these features and are qualita-
tively consistent with earlier melting curve experiments with
larger 3He concentrations [18–20]. Those experiments in-
volved samples with very small solid fractions, f . This meant
that the “zone refining” in solid has negligible effect, and the
3He concentration in liquid, x3l , was essentially equal to the
nominal (overall average) concentration, x3, and independent
of temperature. Because of the larger solid fractions in our
experiments (between 20% and 52%), the concentration in
the liquid phase x3l increases significantly when 3He leaves
the solid at low temperatures. At zero temperature, all the 3He
would be in the liquid, with a concentration x3l = x3

(1− f ) . In
the sample with the largest solid fraction, f = 0.52, and an
overall 3He concentration of 3000 ppm, x3l is about 6250 ppm
at the lowest temperature. When the temperature is raised,
3He migrates from the liquid to the solid and x3l decreases,
approaching x3 at high temperature. This means that x3l is not
constant in our measurements so the temperature dependences
of the pressure cannot be quantitatively compared to earlier
work at constant x3l [18–20].

The increase in the melting pressure at low temperature can
be compared to the values in the work of Samela et al. [20].
Their lowest 3He concentration was 6200 ppm, nearly the
same as the low temperature concentration in the liquid for our
highest 3He concentration sample with 52% solid. However,
the pressure shift in Fig. 3(a) for this sample (27 mbar) is
much larger than the corresponding value in Ref. [20], about
7 mbar. The pressure shifts for samples with 20% solid are
in much better agreement with the earlier work. It should be
noted that, with dP/dT > 0, cooling to its lowest temperature
freezes partial liquid to solid. Under a constant-density condi-
tion, crystallization can take place not necessarily from the
solid surface but anywhere as long as nucleation condition is
locally met. Thus, the liquid pressure gauge could be partially
or fully covered by the solid even though the average solid
fraction is controlled below (but close to) 60%. Previous stud-
ies have shown that solid helium can sustain certain amount
of stress [34]. Thus, the discrepancy between our results and
Ref. [20] could be ascribed to the stress gradients in the
larger solid fraction sample that create pressure offsets at low
temperature.

The results of simultaneous measurements of the capac-
itance in the liquid phase are shown in Fig. 3(b). Because
of the larger effective atomic volume of 3He impurities, the

dielectric constant (capacitance) is reduced by an amount
proportional to x3l . The capacitance decreases are larger for
samples with larger solid fractions, as expected given the
higher 3He concentrations when 3He atoms migrate from the
solid to the liquid. In addition to these 3He concentration
effects, the capacitance curves have broad maxima around
0.3 K, reflecting the compression of the liquid due to the
pressure maxima in Fig. 3(a). Aside from this pressure effect,
the capacitances increase monotonically with temperature, re-
flecting the decrease in x3l as 3He impurities migrate from the
liquid back to the solid phase as the temperature rises.

The 3He concentrations in the liquid and solid phases can
be estimated as

x3l ( f , T ) = x3
1

R(T ) f + (1 − f )
, (5)

x3s( f , T ) = x3
R(T )

R(T ) f + (1 − f )
, (6)

where R(T ) = x3s/x3l . Although 3He atoms in liquid 4He are
fermionic quasiparticles, our measurements were made above
the Fermi temperatures of such dilute mixtures, and the 3He
can be treated using a Boltzmann distribution with R(T ) =
e�E/kBT , where �E/kB = −1.36 K. The inset of Fig. 3(a)
shows the normalized 3He concentrations in the liquid, x3l/x3,
calculated as a function of solid fraction for different temper-
atures. These show that x3l increases with f and decreases
as the temperature increases. We can correct the capacitance
curves for the melting curve pressure effect and roughly es-
timate x3l in liquid phase. For the sample with the largest
changes (3000 ppm 3He, 52% solid), the resulting 3He con-
centration x3l is ≈ 8000 ppm at 16 mK, and it decreases to
≈ 5000 ppm at 0.7 K. This is in rough agreement with the
values predicted by Eqs. (5) and (6): 6240 and 5400 ppm at
16 mK and 0.7 K, respectively.

IV. MIGRATION OF 3He IN LIQUID-SOLID
COEXISTING SAMPLES

Our main goal in these experiments was to measure the
dynamics of 3He migration in samples with coexisting solid
and liquid phases. Since the equilibrium distribution of 3He
impurities is temperature dependent, they move between the
solid and the liquid when the temperature is varied, changing
x3l . We can monitor the migration process by measuring the
evolution of the melting curve pressure and the capacitance in
the liquid phase. However, during the slow temperature ramps
described in the previous section, the capacitance changes due
to impurity migration are mixed with contributions from pres-
sure changes and thermal expansion. Although it is possible
to subtract the pressure contribution using the simultaneous
measurements of the melting curve pressure, there is no direct
and independent measurement of thermal expansion, so it is
hard to correct for it or to distinguish it from the temperature
dependence of the 3He concentration in the liquid. To avoid
this difficulty, we rapidly warmed the samples from the 16 mK
base temperature where essentially all the 3He is in the liq-
uid to a higher temperature setpoint, and then monitored the
evolution of the pressure and capacitance once temperature
stabilized. The thermal expansion and melting curve pres-
sure changes directly related with temperature change occur
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FIG. 4. Evolutions of pressure and capacitance after rapid warm-
ing. [(a), (b)] Trajectories of fast warmings followed by slow
evolutions for the sample (3000 ppm, 52%). Pressure and capacitance
data are the same as in Fig. 3, plotted here for reference. Red arrows
represent the rapid warmings from 16 mK to higher temperature set
points (500 and 700 mK); green arrows represent the slow evolutions
after thermal equilibrium is reached. Evolutions of pressure and
capacitance are plotted in panels (c) and (d) for T = 500 mK and in
panels (e) and (f) for T = 700 mK. Reference values for the pressure
changes in panels (c) and (e) are arbitrarily chosen; the capacitance
changes are plotted with respect to the values immediately before
the rapid warmings (t = 0). Red dashed lines in panels (d) and (f)
are fittings by Eq. (7).

rapidly during heating. The 3He migration is much slower
so the concentration in the liquid, x3l , is initially close to its
low temperature value, i.e., larger than the equilibrium value
at the higher temperature. The evolution of the pressure and
capacitance after the temperature is raised reflects the time
dependence of x3l as some of the 3He migrates from the liquid
back to the solid to re-establish equilibrium.

We studied the 3He migration for two samples (2000 ppm,
52%, and 3000 ppm, 52%), respectively. Figure 4 shows the
results for the 3000-ppm sample. As indicated by the dashed
red arrows in Figs. 4(a) and 4(b), at time t = 0 the temper-
ature was quickly raised from 16 mK, reaching the higher
temperature [either 500 mK in Figs. 4(c) and 4(d) or 700 mK
in Figs. 4(e) and 4(f)] within 2 min. The endpoints of the red
arrows in Figs. 4(a) and 4(b) schematically indicate the pres-
sures and capacitances corresponding to the low-temperature
3He concentrations, which are off from the equilibrium con-
centrations at 500 or 700 mK. There are sudden jumps of
pressure and capacitance due to temperature changes. Once

FIG. 5. Temperature dependence of migration time constant τ

for samples (2000 ppm, 52%) and (3000 ppm, 52%). τ is extracted
by fitting capacitance evolutions using Eq. (7). Inset: Arrhenius plot
of τ vs 1/T . The dashed line represents fitting τ = τ0eEa/kBT , with an
activation energy is extracted Ea/kB = 3.45 K.

the temperature stabilizes, these jumps are followed by slow
relaxations toward their equilibrium values at each tempera-
ture, as indicated by the green arrows in Figs. 4(a) and 4(b).

The capacitance following each jump increases with time
for all temperatures, reflecting the decrease in x3l as 3He mi-
grates from the liquid to the solid. The pressure decreases with
time at 500 mK but increases at 700 mK, the expected evolu-
tion toward the equilibrium melting curve as x3l decreases.
Similar measurements were performed with temperature set-
points at 400 and 600 mK, with results consistent with the
description above. In principle, it would also be possible to
monitor 3He migrating in the opposite direction, from the
solid to liquid after a sudden reduction in temperature. How-
ever, this is not feasible in practice because of the relatively
slow cooling rate of the dilution refrigerator.

Except for the initial jumps due to rapid heating, the
pressure changes are less than 5 mbar for all temperatures.
The capacitance changes corresponding to liquid compres-
sion or expansion by a 5-mbar pressure change are less than
10 aF, much smaller than the capacitance changes shown in
Figs. 4(d) and 4(f). This implies that the observed capacitance
evolutions at 500 and 700 mK are dominated by variations
of x3l . The relaxation of the 3He concentrations can be
described by

δC(t ) = δC0(1 − e−(t−t0 )/τ ), (7)

where C0 is a fitting parameter, and t0 is the time for samples
to reach thermal equilibrium—shorter than 5 min for all fits.
The characteristic time constant τ for 3He migration can be
extracted from the fits. The temperature dependence of τ is
shown in Fig. 5 for the two samples. The time constants
are essentially the same for the two different 3He concentra-
tions and decrease from ≈320 min at 400 mK to ≈30 min at
700 mK. This trend is qualitatively consistent with previous
NMR studies which showed that it takes tens of hours for
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3He impurity concentrations to equilibrate within solid 4He
at 8 mK [33]. A longer time constant would be expected in
these NMR experiments, given their much lower temperature.
Temperature dependence of τ above 0.5 K can be fitted by a
thermally activated process (see inset of Fig. 5). The activation
energy Ea/kB = 3.45 K is smaller but still comparable with
previous NMR experiments [35,36] on 3He diffusion in solid
4He above 1 K. τ deviates from the trend of thermal activation
at 0.4 K, also similar to NMR experiments which show a
constant diffusion rate at lower temperatures, due to quantum
tunneling.

Note that, given these long time constants, it is unlikely
that the melting pressure and capacitance curves in Fig. 3
correspond to equilibrium 3He concentrations, particularly at
low temperatures and for the samples with the largest solid
fraction.

The long time constants for 3He migration are not as-
sociated with diffusion in the liquid. Neutron scattering
experiments measured diffusion coefficients for 3He in liq-
uid 4He (with x3 ≈ 1000 ppm). They had roughly a T −7

dependence, with values ranging from ≈1 cm2/s at 1 K to
≈100 cm2/s at 0.5 K [37]. Given the dimension of our exper-
imental cell (L ≈ 1 cm), the diffusion equilibrium time within
the liquid phase, t = L2

2D , is less than 1 s. This is several orders
of magnitude faster than our observed relaxation rates, so the
bottleneck for 3He migration must either be in the solid phase
or at the liquid-solid interface.

Diffusion of 3He within solid 4He is highly dependent on
temperature and molar volume. It is also limited by scattering
from 3He impurities and other defects. For solid 4He close
to its melting pressure, D can vary by over four orders of
magnitude below 0.5 K, from 10−7 cm2/s for x3 = 60 ppm
to 10−11 cm2/s for x3 = 5% [36]. Ballistic motion of 3He
atoms via quantum tunneling is the main diffusion mecha-
nism for low temperatures and dilute concentrations [38]. At
higher concentrations, 3He - 3He scattering via their elastic
interactions becomes important and reduces diffusion [35,36].
For T > 1.5 K, 3He-phonon interactions dominate and the
diffusion constants for different 3He concentrations converge.
In this range, D decreases with increasing temperature [36].

For the sample of Fig. 4 (3000 ppm, 52%), the 3He concen-
tration in the solid phase can be estimated as x3s < 200 ppm
in the temperature range between 400 and 700 mK. This is in
the dilute scattering region (the same for the sample with 2000
ppm, 52%) where D would be on the order of 10−7 cm2/s
[36]. The corresponding diffusion time t = L2

2D in the solid
would then be about 5×106 s, two orders of magnitude longer
than our observed relaxation times in the liquid. However, 3He
diffusion in solid can be facilitated by defects. 3He atoms tend
to bind to dislocation cores as the lattice mismatch provides
larger volume to accommodate 3He atoms [2,3,39,40]. It has
been pointed out that 3He atoms can transport along cores
more rapidly than in pristine lattices [41]. Such a “pipe dif-
fusion” effect is not unique to solid helium but has also been
observed in classical solids [42]. However, given a typical dis-
location density of 106 cm−2, dislocations in 1-cm3 solid 4He
can only accommodate 5×10−11 mol 3He atoms, accounting
for only 1 ppb of 3He concentration, more than 105 times
lower than the actual 3He concentration in solid. Therefore, an

extremely high diffusion speed (about 0.5–5 m/s) is required
for pipe diffusion to be the dominant mechanism, which is
not likely in our experiments. In comparison, grain boundaries
can accommodate many more impurities and are well known
to facilitate impurity motion as “sheet diffusion” [43]. It has
been proposed that grain boundaries as well as interfaces
between solid helium and walls are in two-dimensional liquid
nature [44,45]. They provide interconnecting channels for 3He
to penetrate into solid, effectively multiplying solid-liquid in-
terfaces. Taking 50 μm as a typical grain size (in cubic shape),
the area of grain boundaries in a 1-cm3 solid 4He is 600 cm2.
It can accommodate 1 mmol 3He, equivalently 20 ppm. This
fraction is non-negligible in comparison with the total 3He
concentration in solid, making “sheet diffusion” along grain
boundaries a possible mechanism for the diffusion of 3He in
solid. Our results hint at a thermal activation energy smaller
than that seen in NMR experiments above 1 K, suggesting that
the diffusion of 3He is not just via exchange with vacancies in
the bulk solid.

The liquid-solid interface could also be a bottleneck for
3He diffusion. The interface strongly attracts 3He atoms (with
a binding energy of 2–10 K relative to liquid [46]). The local
3He concentration on an interface is about 25% for the first
adsorbed layer at ≈1 K [46], and could be close to unity at
lower temperatures. Given its fermionic statistics, such a 3He
layer creates a barrier, potentially slowing down the migra-
tion of 3He from liquid to solid. Also, 3He atoms behave as
narrow-band quasiparticles in solid phase and there could be
a significant reflection probability at the interface, reducing
their chance of entering the solid. However, it is not possible
to extract a time constant for 3He atoms to cross the interface
from our data, given the uncertainties about diffusion times
within the solid.

V. SUMMARY

To summarize, we developed a convenient technique to
monitor 3He concentration in liquid 4He. By developing a
concentric cylindrical capacitor and using a commercial ca-
pacitance bridge, we are able to resolve 40 ppm change in
3He concentration. Using this technique, we successfully ob-
served 3He impurities concentrating in the liquid phase at low
temperatures in liquid-solid coexisting samples and monitored
their migration from liquid to solid phase when the temper-
ature was raised. The migration process became faster as
the temperature increased, with a characteristic time constant
ranging from ≈320 min at 0.4 K to ≈30 min at 0.7 K. The
slow migration process is due to diffusion of 3He impurities
within the solid 4He and there may be an additional bottleneck
for transmission through liquid-solid interfaces.
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