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2.5 Macroscopic Quantum State

Josephson Effects

20 2 Superfluid 4He – Helium II

happen, because, unless special care is taken, temperature gradients between
the inside and the outside of the beaker occur, leading to dissipation and thus
to a rapid damping of the oscillation.

2.1.3 Thermomechanical Effect

The thermomechanical effect is another unique property of helium II. A
schematic illustration of an experimental setup to observe this effect is shown
in Fig. 2.6. Two vessels (A and B), both containing helium II are connected
via a very thin capillary. Temperature and pressure are equal in both vessels
at the beginning of the experiment and thus the helium levels in the two
vessels are the same. Increasing the pressure in A results in a flow of helium
towards B. Surprisingly, this causes a difference in temperature in the two
vessels. The temperature in B decreases somewhat, whereas it increases in A.
Equalizing the pressure difference again brings the system back to its starting
condition indicating that this is a reversible process. This experiment clearly
shows that there is mass flow in helium II associated with the heat flow. How-
ever, the fact that the direction of heat flow is actually opposite to the flow
of mass is very peculiar.
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Fig. 2.6. Schematic illustration of the
principle of the thermomechanical effect

The reversal of the experiment discussed above, namely generation of
a pressure difference by heating makes possible the observation of a very
attractive phenomenon, the so-called fountain effect (Fig. 2.7). It was first
observed by Allen and Jones in 1938 in connection with thermal transport
measurements [46]. The fountain effect can be realized by using a flask with
a thin neck immersed in helium at T < Tλ. The lower part of the flask is
filled with a fine compressed powder and is open at the bottom. Above the
powder tablet an electrical heater is located in the flask. Without heating,
the flask fills up with helium until the level of the bath is reached. Heating
the helium in the flask results in a fountain of helium ejected from the top
of the flask due to the thermomechanical effect. Stationary fountains with
heights up to 30 cm have been achieved in this way. Usually, such fountains
show turbulent flow. However, under certain conditions (low heater power,
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2.5 Macroscopic Quantum State

Josephson Effects

50 nm-thick silicon nitride membrane

measurement directly
after pressure applied
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2.6 Excitation Spectrum of He-II: Landau Model

Is the occurrence of the condensate equivalent to superfluidity ?
superconductivity in metals is 
related to an energy gap

nature of excitations is important

comment:

ideal Bose gas:   

arbitrary energy transfer possible 
no superfluidity !

Idea of Landau 1941

► at low temperatures: only longitudinal phonons 
with linear dispersion

► at “high” temperatures: more and other kinds of 
excitations contribute, but with energy gap

p

E

phonons
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2.6 Excitation Spectrum of He-II: Landau Model

Landau’s modification in 1947:  
common dispersion curve  

roton dispersion:

Feynman 1954:

►QM calculation of dispersion curve
from symmetry considerations

►improved by Feynman  and Cohen in 1955

2.5 Excitation Spectrum of Helium II 61
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p0 Fig. 2.40. Dispersion curve of helium II,
after a suggestion of Landau in 1947
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Figure 2.41 shows the normal-fluid component as a function of temper-
ature. The data have been obtained in second-sound measurements. At low
temperatures (T < 0.6K) the phonon contribution dominates, and !n ∝ T 4

is observed as expected. At higher temperatures, the normal-fluid component
rises more steeply due to the roton contribution. Above T = 1.2K the data
are identical to the data shown in Sect. 2.2.3. As we have seen, in this range
the temperature dependence can be approximated by !n ∝ (T/Tλ)5.6.
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Fig. 2.41. Temperature dependence of
the normal-fluid component !n/!λ of
helium II [97]

In 1953 Feynman showed that the excitation spectrum postulated by
Landau can be derived – at least qualitatively – from quantum-mechanical
considerations [36]. In addition, he suggested the investigation of the energy

Feynman

Feynman 
and 

Cohen

experimental result
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2.6 Excitation Spectrum of He-II: Landau Model

Experimental determination of the dispersion 

Feynman’s idea: inelastic neutron scattering

62 2 Superfluid 4He – Helium II

spectrum of excitations in helium II by inelastic neutron-scattering experi-
ments. A spectrum obtained with this technique is shown in Fig. 2.42. At
small energies one finds ordinary sound waves, i.e. phonons. This part of the
dispersion curve can be approximated by E = p v, where v = 238m s−1 is the
sound velocity and p the quasimomentum of the phonons. The excitations in
the range of the maximum of E(p) are often called maxons. As mentioned
above, the excitations near the minimum were named rotons by Landau.
The regions of the dispersion curve around the roton minimum and maxon
maximum, where ∂E/∂k is small, have a high density of states and hence
motivated their naming. The microscopic nature of the rotons is still, to a
large extent, unknown today, therefore the name has no obvious meaning,
contrary to early suggestions.

The fact that well-defined excitations exist up to high wave numbers is
very astonishing, and distinguishes helium II from ordinary liquids. Of course,
at low frequencies sound waves do also exist in ordinary liquids, but at high
wave numbers the lifetime of phonons becomes very short and collective exci-
tations are overdamped in ordinary liquids. Besides, one finds single-particle
excitations in all other liquids, which do not occur in helium II.

If we look at the dispersion curve in more detail, we find that its behavior
is remarkable, even at small wave numbers. Helium seems to be the only liq-
uid for which the sound velocity initially increases with increasing frequency.
This effect is very small, however, and not visible in Fig. 2.42. Nevertheless,
this has considerable consequences for the damping of sound waves, since this
anomalous dispersion makes three-phonon scattering processes much easier.
For a long time the unusual slope of the dispersion curve was not generally
accepted. The proof of its existence was finally established by very precise
ultrasonic measurements (Fig. 2.43). First, the phase velocity increases at
small wave numbers passes through a maximum at 0.42 Å−1, and then de-
creases again at higher wave numbers. This anomaly disappears for pressures
higher than 20 bar [101].
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Fig. 2.43. Phase velocity of phonons
in helium II at small wave numbers [99,
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2.5.2 Specific Heat

The discussion of the specific heat of helium II can be subdivided into three
temperature ranges, each being dominated by different excitations.
T < 0.6K In this range, only longitudinal phonons having long wavelengths
are excited in liquid helium. These phonons can be described by the Debye
model (see Sect. 6.1). According to this theory, the specific heat is expected
to follow

Cph =
2π2k4

B

15"!3v3
1

T 3 , (2.89)

i.e., the temperature dependence should be Cph ∝ T 3, as in solids. Note that,
in contrast to solids, only one phonon branch exists in helium. As shown in
Fig. 2.44a this temperature dependence has indeed been observed experi-
mentally below 0.6 K. This conclusion is confirmed by measurements of the
thermal conductivity Λ in the so-called Casimir regime (see Sect. 6.2.4) where
the relation

Λ =
1
3

Cph v d ∝ T 3 (2.90)

holds. In this regime, the temperature dependence of the conductivity is
exclusively determined by the specific heat because the mean free path $ of
the phonons is given by the diameter d. The results of such measurements
on helium II at very low temperatures are shown in Fig. 2.44b. The two data
sets belong to measurements with capillaries with different diameter. The
T 3 dependence is found in both experiments below T ≈ 0.6 K in agreement
with the specific heat data. The absolute value of the thermal conductivity
is determined by the diameter of the capillaries, as expected.
0.6 < T < 1.2K In this temperature range, the specific heat of helium II is
dominated by the contribution of rotons. This contribution can be calculated

► good agreement with qmin, qmax
► linear dispersion with v = 238 m/s

► sharp excitations even at high q vectors

► single particle excitations are suppressed

phonons

maxons

rotons

► dispersion not perfectly linear
► anomaly at low wave vectors

causes damping by three phonon 
scattering
anomaly disappears at  p > 20 bar
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2.6 Excitation Spectrum of He-II: Landau Model

Experimental Determination of the Dispersion 

new high-precision measurement
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2.6 Excitation Spectrum of He-II: Landau Model

Normalfluid component:

2.5 Excitation Spectrum of Helium II 61
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is observed as expected. At higher temperatures, the normal-fluid component
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In 1953 Feynman showed that the excitation spectrum postulated by
Landau can be derived – at least qualitatively – from quantum-mechanical
considerations [36]. In addition, he suggested the investigation of the energy

Rotons

Phonons

► at low temperatures                  due to phonons
► rotons dominate between 0.5 K and 1.2 K
► above 1.2 K nature of excitations more complex
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2.6 Excitation Spectrum of He-II: Landau Model

Specific heat:

a) low temperatures 
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2.5.2 Specific Heat

The discussion of the specific heat of helium II can be subdivided into three
temperature ranges, each being dominated by different excitations.
T < 0.6K In this range, only longitudinal phonons having long wavelengths
are excited in liquid helium. These phonons can be described by the Debye
model (see Sect. 6.1). According to this theory, the specific heat is expected
to follow

Cph =
2π2k4
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i.e., the temperature dependence should be Cph ∝ T 3, as in solids. Note that,
in contrast to solids, only one phonon branch exists in helium. As shown in
Fig. 2.44a this temperature dependence has indeed been observed experi-
mentally below 0.6 K. This conclusion is confirmed by measurements of the
thermal conductivity Λ in the so-called Casimir regime (see Sect. 6.2.4) where
the relation

Λ =
1
3

Cph v d ∝ T 3 (2.90)

holds. In this regime, the temperature dependence of the conductivity is
exclusively determined by the specific heat because the mean free path $ of
the phonons is given by the diameter d. The results of such measurements
on helium II at very low temperatures are shown in Fig. 2.44b. The two data
sets belong to measurements with capillaries with different diameter. The
T 3 dependence is found in both experiments below T ≈ 0.6 K in agreement
with the specific heat data. The absolute value of the thermal conductivity
is determined by the diameter of the capillaries, as expected.
0.6 < T < 1.2K In this temperature range, the specific heat of helium II is
dominated by the contribution of rotons. This contribution can be calculated

only long wavelength phonons contribute 

Debye model

measurement of thermal conductivity

Casimir regime
capillary cross section
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2.6 Excitation Spectrum of He-II: Landau Model

b) intermediate temperatures 
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measured at a pressure of 2 bar [103]

from the free energy Fr = −kBTnr, with nr being the number density of
rotons:

nr =
2p2

0

3!!3

√
m∗kBT

(2π)3
e−∆r/kBT . (2.91)

According to (2.91) the number of rotons increases rapidly with temperature.
With the entropy of the roton gas Sr = −∂Fr/∂T , the specific heat of the
rotons Cr = T∂Sr/∂T is given by

Cr =
2kBp2
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e−∆r/kBT . (2.92)

This relation describes the experimental results in this temperature range
very well.
1.2 K < T < Tλ At high temperatures, the broadening of the roton states
due to lifetime shortening becomes large enough to be comparable with the
splitting of the energy levels. Besides that, additional excitations, other than
phonons and rotons, appear at these temperatures. The dispersion curve
changes and the concepts presented here are not meaningful in this regime.

2.5.3 Concept of a Critical Velocity

For a long time it was generally believed that the occurrence of supercon-
ductivity is intimately connected with the presence of an energy gap (see
Sect. 10.3). Therefore, the question had to be answered whether a similar

c) high temperatures 

additional excitations contribute: maxons
lifetime of rotons becomes very short

free energy

number density of rotons

excitations are not well-defined
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2.6 Excitation Spectrum of He-II: Landau Model

Landau’s concept of critical velocity

superconductors             energy gap 

superfluid He-II               no energy gap, but velocity gap! 

phonons can be excited at
arbitrary small energies

comment:

Landau’s Gedankenexperiment: dropping a massive sphere in He-II at T = 0 

20 2 Superfluid 4He – Helium II

happen, because, unless special care is taken, temperature gradients between
the inside and the outside of the beaker occur, leading to dissipation and thus
to a rapid damping of the oscillation.

2.1.3 Thermomechanical Effect

The thermomechanical effect is another unique property of helium II. A
schematic illustration of an experimental setup to observe this effect is shown
in Fig. 2.6. Two vessels (A and B), both containing helium II are connected
via a very thin capillary. Temperature and pressure are equal in both vessels
at the beginning of the experiment and thus the helium levels in the two
vessels are the same. Increasing the pressure in A results in a flow of helium
towards B. Surprisingly, this causes a difference in temperature in the two
vessels. The temperature in B decreases somewhat, whereas it increases in A.
Equalizing the pressure difference again brings the system back to its starting
condition indicating that this is a reversible process. This experiment clearly
shows that there is mass flow in helium II associated with the heat flow. How-
ever, the fact that the direction of heat flow is actually opposite to the flow
of mass is very peculiar.
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The reversal of the experiment discussed above, namely generation of
a pressure difference by heating makes possible the observation of a very
attractive phenomenon, the so-called fountain effect (Fig. 2.7). It was first
observed by Allen and Jones in 1938 in connection with thermal transport
measurements [46]. The fountain effect can be realized by using a flask with
a thin neck immersed in helium at T < Tλ. The lower part of the flask is
filled with a fine compressed powder and is open at the bottom. Above the
powder tablet an electrical heater is located in the flask. Without heating,
the flask fills up with helium until the level of the bath is reached. Heating
the helium in the flask results in a fountain of helium ejected from the top
of the flask due to the thermomechanical effect. Stationary fountains with
heights up to 30 cm have been achieved in this way. Usually, such fountains
show turbulent flow. However, under certain conditions (low heater power,
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to a rapid damping of the oscillation.

2.1.3 Thermomechanical Effect

The thermomechanical effect is another unique property of helium II. A
schematic illustration of an experimental setup to observe this effect is shown
in Fig. 2.6. Two vessels (A and B), both containing helium II are connected
via a very thin capillary. Temperature and pressure are equal in both vessels
at the beginning of the experiment and thus the helium levels in the two
vessels are the same. Increasing the pressure in A results in a flow of helium
towards B. Surprisingly, this causes a difference in temperature in the two
vessels. The temperature in B decreases somewhat, whereas it increases in A.
Equalizing the pressure difference again brings the system back to its starting
condition indicating that this is a reversible process. This experiment clearly
shows that there is mass flow in helium II associated with the heat flow. How-
ever, the fact that the direction of heat flow is actually opposite to the flow
of mass is very peculiar.
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Fig. 2.6. Schematic illustration of the
principle of the thermomechanical effect

The reversal of the experiment discussed above, namely generation of
a pressure difference by heating makes possible the observation of a very
attractive phenomenon, the so-called fountain effect (Fig. 2.7). It was first
observed by Allen and Jones in 1938 in connection with thermal transport
measurements [46]. The fountain effect can be realized by using a flask with
a thin neck immersed in helium at T < Tλ. The lower part of the flask is
filled with a fine compressed powder and is open at the bottom. Above the
powder tablet an electrical heater is located in the flask. Without heating,
the flask fills up with helium until the level of the bath is reached. Heating
the helium in the flask results in a fountain of helium ejected from the top
of the flask due to the thermomechanical effect. Stationary fountains with
heights up to 30 cm have been achieved in this way. Usually, such fountains
show turbulent flow. However, under certain conditions (low heater power,
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2.6 Excitation Spectrum of He-II: Landau Model

let’s test this: square (2) and divide by 

comparison with (1) results in:
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situation also exists in helium II. Although rotons cannot be excited with
energies below ∆r, phonons can be excited with arbitrary small energies and,
therefore, no energy gap exists in helium II. The reason why helium II is, nev-
ertheless, a superfluid can be explained with the concept of a critical velocity
introduced by Landau.

Consider a macroscopic sphere with mass M falling with velocity v
through a column of liquid helium at temperature T = 0. The question
is: at which velocity does the sphere cause dissipation by the creation of ex-
citations? In the following, we shall assume that the sphere has created one
excitation with energy E and momentum p. The energy conservation for this
process can be expressed by

1
2
Mv2 =

1
2
Mv′

2 + E . (2.93)

Here, v′ denotes the velocity of the sphere after creating the excitation. Since
momentum conservation is valid for this process, we have a second constraint

Mv − p = Mv′ . (2.94)

The crucial point here is that the two conservation laws cannot be ful-
filled simultaneously for arbitrary combinations of the parameters E and p.
This statement holds even for processes in which the direction of the created
excitation is arbitrary. One can convince oneself of this fact by taking the
square of (2.94) and dividing by 2M. The result is

1
2
Mv2 − v · p +

1
2M p2 =

1
2
Mv′

2
. (2.95)

Comparing this expression with (2.93) results in

v · p − 1
2M p2 = E . (2.96)

This equation can only be fulfilled if the velocity v exceeds a certain
minimum value. We can neglect the second term on the left side of this
equation if we assume for simplicity that the mass of the sphere is very large.
The minimum value of the velocity appears if the momentum of the excitation
is parallel to the velocity of the sphere. The critical velocity vc for creating
an excitation with energy E and momentum p is thus given by

vc =
E
p

. (2.97)

Since in our discussion the nature of the excitations has not been specified,
the critical velocity vc described by (2.97) is valid for all types of excita-
tions. For phonons, rotons and hypothetical single-particle excitations this is
schematically illustrated in Fig. 2.45.

Because of the dispersion relation E = pv, we find a critical velocity of
vc = 238m s−1 for phonons. The critical velocity of rotons is vc ≈ 60m s−1

and therefore significantly smaller than for phonons. The crucial point for the

mass of sphere is large

independent of nature of excitation
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occurrence of superfluidity is that, in contrast to ordinary liquids in helium II
at low energies and small wave numbers, no single-particle excitations with
vc = 0 exist.
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Fig. 2.45. Phonon–roton spectrum
in comparison with the dispersion
of free 4He atoms (dashed-dotted
line). The two dashed lines are
tangents to the dispersion curve
and reflect the critical velocities for
phonons and rotons, respectively

Landau assumed that the critical velocity that is observable in experi-
ments is determined by rotons. It turned out, however, that under ambient
pressure, macroscopic vortices can be created at velocities considerably lower
than the critical velocity of rotons. As we shall see in the following section,
the creation of vortices and rotons in helium II, and in turn their critical ve-
locities, depends on the detailed experimental conditions and can vary over
a wide range. Nevertheless, the occurrence of a critical velocity still means
that at low velocities no energy dissipation takes place and the viscosity is
zero.

2.5.4 Experimental Determination of the Critical Velocity

The basic concept of a critical velocity as described in the previous section is
clear and plausible. However, in general it is very difficult to perform exper-
iments in which the parameters can be chosen in such a way that a simple
theory can be applied. Of the large number of experiments that have been
carried out in this context, we pick out just two and discuss their results.

Motion of Ions in Liquid Helium

The motion of ions has been used frequently in experiments to investigate the
properties of liquid helium. The reason is that the ions can be manipulated
and detected easily because of their electric charge. The behavior of nega-
tive ions – like electrons – and positive ions – like 4He+

2 – is very different.
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free 4He atom: do not exist in He-II
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Since in our discussion the nature of the excitations has not been specified,
the critical velocity vc described by (2.97) is valid for all types of excita-
tions. For phonons, rotons and hypothetical single-particle excitations this is
schematically illustrated in Fig. 2.45.
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