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High Tc Superfluidity in a Crystalline Surrounding
Peter Wachter, Laboratorium für Festkörperphysik, ETH Zürich, 8093 Zürich
Abstract
The highest Tc in superfluidity was until recently 2.17 K in
normal 4He. One of the characteristics of superfluidity is a
nearly infinite conductivity of heat. We measured in a specific rare earth compound, TmSe0.45Te0.55 single crystals, the
onset of superfluidity at 20 K by means of heat conductivity
under pressure. In these crystals an incredible amount of
excitons with nex = 3.9·1021/cm3 can be permanently created
which condense into a Bose liquid. These excitons have a
large hole mass of about 50 me and couple to phonons, thus
are really polarons, which are nearly local modes because
of the heavy mass. The phonon dispersion is thus very unusual and the specific heat has been measured at high pressures. The crystals become extremely hard with the condensed excitons, harder than diamond. The compressibility
has also been measured.

is named intermediate valence, since the valence of rare
earth ions is defined by the occupation of the f-state and
thus, TmSe has a valence between 3+ and 2+, in fact 2.85+.
This can only be achieved if the 4f state is a narrow band,
which is partially filled with electrons [2].

Introduction
In classical rare earth compounds the 4f state is only partially filled with electrons and this inner atomic state is strictly
localized. More outside in ions or atoms are broad bands
like 5d and 6s. If the uppermost electronic state is a localized 4f state and the lowest empty band state is a 5d band
an exciton can be created by shining a light beam on the
compound with enough energy to transfer a 4f electron into
the 5d band. The Coulomb attraction between the 4f hole
and 5d electron will lower the 5d electron just below the bottom of the 5d band. But since the hole in the 4f state is localized the whole exciton remains localized and is not mobile.
However, if the localized 4f state can be transformed into a
narrow band, the exciton becomes mobile, but not resulting in an electric current, since the exciton is a bound electron-hole pair.
In Fig. 1 we show the electronic structure of 3 Thulium mono-chalcogenides, TmS, TmSe and TmTe, with different
anion radii, different lattice parameter and thus different
crystal field splitting of 5d bands into t2g and eg sub-bands.
This electronic structure is a result of XPS (X-ray Photoelectron Spectroscopy) measuring the occupied electronic
states and BIS (Bremsstrahlung Isochromat Spectroscopy)
[1] measuring the empty electronic states. Tm3+S2- + e- is
a trivalent metal with one free electron in the 5d conduction band. The occupied 4f12 level is about 6.5 eV below
the Fermi energy EF and the empty 4f13 is little above EF.
Tm2+Te2- on the other hand is a divalent semiconductor with
an occupied 4f13 level 0.3 eV (300 meV) below the bottom of
an empty 5d band. TmSe with an intermediate anion radius
between sulfide and telluride has such a crystal field splitting of the 5d band that the bottom of this band overlaps with
the 4f13 level. This f-d hybridization on the one hand leads
to some d-character of the f state and as a consequence to
a narrow f-band and on the other hand to some f-character
of the bottom of the d-band. It has been conventional to describe the new hybridized f-state as 4f13-4f125d, consisting of
a quantum mechanically mixed state [2]. This phenomenon

Figure 1. Electronic structure and density of states of the Tm chalcogenides, normalized to the Fermi level EF

Material Tailoring
One can now make mixtures between the semiconducting
TmTe and the metallic intermediate valence TmSe. These
mixtures will have a smaller lattice constant than TmTe
alone and thus the crystal field split 5d band becomes wider
and the gap 4f13 –bottom 5d band becomes smaller. Thus
one can tune the energy gap ΔE between 300 meV and
zero (metal) [2,3]. Semiconducting TmSe1-xTex single crystals have been grown with x = 0.40, 0.55, 0.68, corresponding to ΔE of 40 meV, 110-120 meV and 170 meV. For these
compositions the f state is so close to the 5d band that appreciable hybridization occurs between the tails of the wave
functions and the originally localized f-sate will become a
narrow band with a width of some tens of meV. Now 4f-5d
excitons, with the exciton level in the small gaps, will be mobile because the hole in the narrow 4f band is mobile. Since
the f-band is very narrow the effective mass of the hole, and
thus of the exciton, is mh ≈ 50 me. These excitons have a low
concentration at low temperatures because thermal excitation into the excitonic state is rare. Complete measurements
have been performed only on TmSe0.45Te0.55, therefore we
concentrate on this composition.
By optical reflectivity measurements between 6 eV and
1 meV, also at 6 K, we measured a static dielectric constant of ε = 34 and a gap ΔE = 120 meV in agreement with
electrical measurements [3, 4, 5]. Also the binding energy
EB ≈ 60 meV for the excitons could be obtained from the
optical measurements [4]
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The electronic dispersion in the fcc rocksalt crystal structure
shows that the narrow 4f13 band has a maximum at the C
point of the Brillouin zone and a minimum at the X point as in
Fig. 2. The 5d band dispersion has its minimum also at the
X point. An optical transition between the maximum of the 4f
and the minimum of 5d band would be an indirect transition
and requires maximal the assistance of a C - X phonon for k
conservation (black curve in Fig. 2).

Figure 2. Schematic band structure of TmSe0.44Te0.55. Due to 4f5d hybridization the 4f13-state becomes a narrow band and has a
dispersion. The exciton level with binding energy EB is indicated
below the bottom of the 5d conduction band (black curve) The red
curve represents the band structure at 5 kbar with the exciton level
at X at the same height as the 4f level at C. In green is the C-X
phonon [6]

Figure 3. Isotherms of the electrical resistivity in TmSe0.45Te0.55 [4].

Exciton Condensation
Since for the exciton creation no energy is needed their
number is enormous. But not all 4f electrons can form excitons, because as electric dipoles and according to the Pauli
principle [8, 9] they repel each other. This goes so far that
the formation of this incredible high concentration of excitons forces the whole crystal lattice to expand against the
applied pressure. We show this in Fig. 4 where we measure
the lattice constant (4a) (with strain gauges) and the expansion coefficient (4b) of the crystal in an isobar at 11.9 kbar.
We observe that at about 230 K the lattice expands by
1.6 % isostructurally, an enormous amount. The expansion
coefficient becomes negative, of course. We even think that
the expansion is of first order (dashed – dot line), but the
point by point measurement cannot reproduce this exactly,
because we go from the semimetallic state to the excitonic
state.

Creation of Excitons
Under hydrostatic pressure the bottom of the 5d band at X
with its exciton level will be lowered with respect to its center
of gravity (5dt2g-5deg) and shown for 5 kbar the exciton level
is exactly at the energy of the 4f-state at C (red curve). Now
the highest energy electrons in the 4f13 -band can spill without energy loss into the excitonic state at X leaving behind
a positive hole. This transition needs the emission or absorption of C – X phonons, which couple to the excitons. So
in fact we are dealing with an exciton-polaron. With higher
pressure the bottom of the 5d band at X will approach the
energy of the 4f13 -state at C and the 4f electrons will enter
directly the 5d band and perform a first order semiconductor
– metal transition.
In Fig. 3 these transitions can be observed directly with resistivity in the isotherms versus pressure for TmSe0.45Te0.55.
We look at first at room temperature (300 K) and find a
classical pressure dependence of a resistivity, namely
the resistivity of a semiconductor decreases with increasing pressure, because the energy gap ΔE decreases with
pressure and bands widen and finally the metallic state is
achieved (above 11 kbar). Starting with about 5 kbar and
best observed at 5 K the resistivity now increases by about
3 orders of magnitude with pressure. This is in contrast with
expectations. But it is exactly the pressure where excitons
become stable states and electrons from the f-band, which
have been thermally excited into the 5d conduction band,
drop into the excitonic state and are no longer available for
electric conduction. We have created an excitonic insulator,
or excitonium, a term coined by Sir Nevil Mott [6]. With further pressure increase the resistivity drops again, until now
the 4f electrons can enter the 5d band directly, which leads
to a first order semiconductor-metal transformation.

Figure 4. a,b. Isobar lattice constant and expansion coefficient.
48

Communications de la SSP No. 59

We can estimate the maximal number of excitons with the
help of Fig. 4 a and we observe that the lattice expansion
occurs spontaneously when entering the excitonic phase.
There must be an energy balance between the lattice energy causing the expansion and the electronic energy of the
excitons. The energy balance can be described by the first
equation in Fig. 5. We take the lattice constant change from
Fig. 4 a to go from 5.93 Å to 6.03 Å, compute Δl/l and ΔV/V.
We choose a pressure of 8.5 kbar and an EB of 70 meV
and compute the number of excitons nex = 3.9·1021 cm-3 (red
field). We also can compute the number of Tm ions in the
crystal in the fcc structure and it is nTm = 1.8·1022 cm-3 (yellow field). In other words the exciton concentration is about
22 % of the atomic density, an enormous amount of excitons. An exciton orbit can be computed from Bohr's radius
for hydrogen and the dielectric constant aex = 0.53ε = 18 Å.
It is quite clear that for such a large orbit we have an exciton overlap, an exciton band or an exciton condensation.
Since the exciton couples to a phonon the condensation is
a Bose condensation, not a Bose – Einstein condensation.
We can also estimate the Bose condensation temperature
shown in Fig. 5, where the general accepted formula yields
TB = 130 K the right order of magnitude. The holes of the exciton are in a narrow 4f-band and with a pressure change of
5 to 8 kbar (Fig. 3) one scans the width of the 4f-band [10].
The closing rate of the semiconductor gap has been measured to be dΔE/dp = -11 meV/kbar [3], so 3 kbar · 11 meV/
kbar = 33 meV for the width of the narrow 4f-band. From
this in turn we use the general estimate that a band width
of 1.5 eV yields an effective mass of me and derive that a
band width of about 30 meV corresponds to an effective
hole mass mh ≈ 50 me. The excitons are thus heavy bosons.
Here we want to make some remarks about this exciton
condensation. Nobody in the world (to the best of our know
ledge) has a comparable concentration of excitons, which
exist as long as we can sustain the pressure and as the

liquid Helium lasts, this means for days. We can make all
kind of experiments in this condition, such as electrical
conductivity, Hall effect, compressibility, heat conductivity,
superfluidity, ultrasound velocity, phonon dispersion and
specific heat [5]. Nobody else has these possibilities. But
the experiments are very demanding, low temperature and
simultaneous pressure and doing the experiment which one
wants to make.
Phase diagram of semiconductor, excitonic insulator
and semimetal
We plot in Fig. 6 the coexistence ranges of the intermediate valence semiconductor, the excitonic insulator and the
intermediate valence semimetal. We see that the highest
temperature for which the excitonic insulator exists is about
260 K and the pressure range is between 7 and 13 -14 kbar
(pressures applied at room temperature). Experimentally
one can only measure isobars in a clamped pressure cell.
However, the isobars in Fig. 6 are no straight lines, because
the pressure applied at room temperature relaxes somewhat
at low temperatures. In the inset of Fig. 6 we see the Hall effect, which measures the free electron concentration in the
5d band. In the semimetallic state (curve M) at 13 kbar the
electron concentration is about 3·1021 cm-3. For the excitonic
insulator at 8 kbar the free electron concentration is about
1018 cm-3 because now the free electrons condense into the
excitons and do not contribute anymore to the Hall effect.
In fact we observe that the carrier concentration reduces
by about 3 orders of magnitude, the same as has been observed in Fig. 3 for the electrical resistivity. The change in
resistivity is thus mainly an effect in the carrier concentration
though the mobility changes also somewhat [11]. The concentration of the excitons is then 3·1021 cm-3 – 1018 cm-3 =
3·1021 cm-3, about the same as has been obtained in Fig. 3.
We can consider in an analogy a pot with soup. The pot is
the hard surrounding of the crystal and inside is a soup of
liquid excitons.

Figure 6. Temperature – pressure diagram of TmSe0.45Te0.55 with
3 regions: intermediate valence semiconductor, excitonic insulator
(A, B), intermediate valence semimetal. The lines K, L, M, N represent isobars, which are curved since the pressure applied at 300 K
relaxes somewhat at low temperatures. The inset shows the 5d
free carrier concentration from a Hall effect in function of pressure
and at 5 K [6, 11]. The red squares indicate the first order transitions into the semimetallic state.

Figure 5. Calculation of the exciton concentration.
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Isotherm and compressibility
How can we get direct evidence for the condensed excitonic state? Typical for any liquid is its incompressibility. We
can, for instance at 1.5 K, apply an increasing pressure to
TmSe0.45Te0.55 and this is shown in Fig. 7 [10]. At first we
cool at zero pressure from 300 K to 1.5 K and volume and
lattice constant decrease. Then we increase pressure and
measure the lattice constant with elastic neutrons through
the pressure cell. Of course, lattice constant and volume
decreases further, corresponding to a Birch-Mournaghan
equation (red curve). This is a very time consuming experiment, because for each pressure change the pressure cell
had to be heated to room temperature to change to a higher
pressure and then cooled down again to adjust the sample in the neutron beam and wait for beam time. Therefore
this experiment has only 4 points, but at the relevant pressures. As can be seen in Fig. 7 when entering the excitonic
state the lattice constant remains unchanged with increasing pressure, which means a compressibility of zero. Taking
experimental uncertainties into account, we have at least a
compressibility just as for diamond. Thus we can take this
experiment as evidence of an excitonic liquid.

curve and stays outside the excitonic region. In contrast, the
red curve in Fig. 8 corresponds to curve K in Fig. 6, which
enters the excitonic region at 250 K. And it is exactly at this
temperature and below (indicated with an arrow) where the
red curve strongly deviates form a Debye curve. Nobody
has ever seen such a specific heat curve. The red curve in
Fig. 8 is in fact a computer simulation of the specific heat
of the experimental curve K in Fig. 6 under the assumption
of a linear decrease of the optical phonon density of states,
as shown in the inset of Fig. 8 [6]. So the optical phonons
contribute really less and less with decreasing temperature
to the specific heat. The acoustic phonons more or less stay
the same, but with a small change in the Debye temperature
Θ.

Figure 8. The specific heat along curve N (semimetallic) in Fig.
6 (blue) and along curve K (excitonic). in Fig. 6 (red). The inset
shows an assumed linear temperature dependence of the optical
phonon density of states [6].

Figure 7. Isotherm at 1.5 K at relevant pressures. In brackets values at 300 K [10].

The specific heat
We are still describing the unexpected properties of the exciton liquid, inasmuch as nobody else in the world has such a
large and permanent concentration of excitons: as 3.9·1021
cm-3. As we have stated already several times above, the
excitons in this indirect semiconductor couple strongly to
phonons in a triple particle entity of hole-electron and phonon as an exciton-polaron. But when the phonons couple
to the heavy excitons with effective masses of the holes
around mh ≈ 50 me they become more or less localized like
a local mode and do no longer contribute significantly to the
specific heat. The phonon spectrum must get renormalized.
An essential part of the Debye spectrum of the specific heat
is missing.
So in Fig. 8 (blue curve) we show the measured specific
heat under pressure corresponding to curve N in Fig. 6, in
the semimetallic region. It represents practically a Debye
50

Heat conductivity and superfluidity in the excitonic
liquid.
Above we have described the properties of the condensed
exciton-polaron liquid, the unique way of creating such a
large number of excitons that they interact with each other.
With this huge concentration, nex= 3.9·1021 cm-3 the excitons
as electric dipoles repel each other to such an extent that
they refuse to come any closer and thus exhibit the phenomenon of a zero compressibility for increasing pressure.
In addition, since every exciton couples to an optical phonon
and the excitons have such a large hole mass as mh ≈ 50 me
that the optical phonons no longer are running waves but
become quasi a local mode. In this case their dispersion is
no longer ~ = ck and the Debye theory of specific heat will
be very unusual. Nevertheless the material is still transporting heat, e.g. with acoustic phonons or exciton-polarons.
To measure the heat conductivity under pressure is not a
simple task and we believe that we made such a measurement for the first time. The experimental setup is described
in detail in Ref. [12]. But the motivation to measure the heat
conductivity and also the thermal diffusivity (not discussed
in this paper) are some long standing theories, which never
have been proven experimentally. They are from Ref. [9]
and Kozlov and Maksimov, [13]. To state the essence of the
theory: an excitonic liquid has the possibility to become a
superfluid. The argument in simple terms is the following.
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There is a similarity between pairs of particles: two electrons
can condense and produce superconductivity, an electron
hole pair (exciton) can upon condensation result in superfluidity, just as in 4He [14]. A positron pair should also result
in superconductivity, but no such experiment is known. The
experimental test for superfluidity is a divergence of the heat
conductivity, which, for zero temperature becomes infinite.
The onset of superfluidity will be, however at some reasonable temperature.

tivity in the excitonic region at 13 and 14 kbar. We observe
an unexpected downward jump in a first order transition
when entering the excitonic phase. Consulting Fig. 6 it is
obvious that at different pressures one enters the excitonic
phase at different temperatures. At these temperatures and
pressures one enters the insulating excitonic phase mainly
from the semimetallic phase, thus with a metal – insulator
transition (red squares in Fig. 6). The downward jumps in
the heat conductivity m reflect the loss of the electronic part
of the heat conductivity. The fascinating aspect of the heat
conductivity in the excitonic region is the sharp increase of
m below about 20 K, quite in contrast with the m outside the
excitonic region. Since m follows mainly the specific heat
cv and the phonon mean free path lph, and cv nevertheless
must go to zero for T"0, it is the phonon mean free path
which goes faster to infinite than cv towards zero. Finally it
means that the phonon mean free path becomes infinite.
When one makes a heat pulse at one end of the crystal the
excited phonon transports its energy without scattering on
other phonons to the other side of the crystal, meaning an
infinite heat conductivity. Instead of phonon scattering in a
diffuse manner the heat conductivity occurs ballistically via
a highly directional quantum mechanical wave, the second
sound. This is, however, only possible if the concentration
of phonons as running waves is substantially reduced, because most of them couple to the heavy excitons as exciton-polarons, as we have seen before and thus more or less
correspond to local modes. The fact that the heat conductivity in the excitonic region does not go towards zero for zero
temperature means that the heat conductivity in this range
does not follow classical physics, but quantum mechanics.
Unfortunately the measurements were limited to 4.2 K, because at the time of the measurements one did not realize
the implications. In any case 20 K, the onset of the sharp
increase of m with decreasing temperature can be considered as the onset of superfluidity, which, however, is different from the one of 4He, inasmuch as there the onset of superfluidity is a first order transition [14]. For our exciton case
we propose a superthermal current in the two – fluid model,
where the superfluid part increases gradually towards zero
temperature [14]. A m-anomaly in the specific heat as in the
first order Bose-Einstein transition in 4He is here not to be
expected and also not found [14].
The proposed evidence of superfluidity within the condensed excitonic state necessitates an additional excitation
spectrum of other quasiparticles, namely rotons or vortices
[14]. mtot is the sum of individual contributions and below
about 20 K mtot = mph + mex. mph is the heat conductivity due
to uncoupled phonons, which is proportional to T3 and can
be neglected compared to mex at low temperatures. Thus we
obtain for mex an Arrhenius law for the increase of the heat
conductivity towards zero temperature λex " exp Δ/kBT. The
activation energy or the gap Δ is 1 meV or about 10 K. The
application of heat in the heat conductivity experiment can
excite quasiparticles, e.g. rotons with gap energy of about
10 K, which is the right order of magnitude. In superfluid 4He
the roton gap is 8.65 K [15].

Figure 9. Heat conductivity m of TmSe0.45Te0.55 for various pressures
in function of temperature. Dotted and full line in the excitonic region, dashed in the semimetallic region and dash – dotted line in
the semiconducting phase. The inset shows the heat conductivity
at 14 kbar in a linear scale [12]

The essence to measure heat conductivity are isobars between 4 K and 300 K at various pressures. We show the
results of measurements of the heat conductivity m with
isobars at 4 different pressures, one in the semiconducting
range (compare Fig. 6) with 7 kbar, one in the semimetallic
range at 15 kbar, both outside the excitonic region, and at
two pressures 13 and 14 kbar within the excitonic range.
Temperature has been measured automatically for each degree. The heat conductivity depends on the specific heat cv
and lph in direction x, the mean free path for phonon scattering. In short, for normal materials, lph will increase with
decreasing temperature because the density of phonons
decreases and we have Umklapp processes involving 3
phonons. But the specific heat cv definitely will go towards
zero for zero temperatures, just as the third law of thermodynamic demands. Thus the heat conductivity outside the excitonic region will display a maximum near 50 K, as well for
the semiconducting range (7 kbar) as for the metallic range
(15 kbar) and this is displayed in Fig. 9 and this behavior is
quite normal. The difference of the heat conductivity near
300 K for both cases is due to the electronic part of the heat
conductivity in the metallic state and it corresponds roughly
to the Wiedemann – Franz relation. This gives confidence
to the measurements. We continue with the heat conduc-

Conclusion
By choosing a special rare earth compound, TmSe0.45Te0.55,
which has naturally a small energy gap ΔE ≈ 120 meV between 4f13 and 5d band, so that the tails of the wave func51
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tions overlap somewhat, an intermediate valence semiconductor could be created. The originally localized 4f state
thus becomes a narrow band with width 33 meV and an
excitonic level with binding energy EB ≈ 60 meV can be thermally populated. The hole state in the 4f band has a mass
of about mh ≈ 50 me, thus the exciton is a heavy boson. By
applying external pressure, the bottom of the 5d conduction band with its exciton level can be lowered exactly so
much that the exciton level at X in the Brillouin zone has the
same energy as the uppermost 4f electron at C. Under this
condition electrons from the 4f band can spill without the
need of further energy into the excitonic state and cause an
enormous amount of excitons, 3.9 ·1021/cm3 without any fur-

ther excitation. As mentioned already these excitons have a
heavy hole mass and are not very mobile. For momentum
conservation each exciton must couple to a phonon and is
thus an exciton-polaron. As a consequence, these phonons
become nearly local modes and the phonon dispersion must
be renormalized. In fact the specific heat under pressure in
the excitonic region looks completely different than a normal
Debye distribution.
Since 1965 theories exist that an exciton liquid can become
a superfluid, but these theories have never been verified experimentally, mainly because laser excited excitons in other experiments have orders of magnitude smaller exciton
concentrations than we have. So it needed this large and
constant exciton-polaron concentration to be able to look for
superfluidity. The best test for superfluidity is a measured
divergence of the heat conductivity, which we found to occur
below 20 K and for 13 and 14 kbar. To remind you, the highest Tc for superfluidity was so far limited to 2.17 K in 4He. We
now find a factor 10 higher. And it is remarkable that in the
same experiment, just by varying the pressure, a classical
heat conductivity outside the excitonic region, and a quantum mechanical heat conductivity in the excitonic region can
be created in which the exciton-polaron liquid takes over the
heat conductivity below 20 K and becomes superfluid.
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Theories
There are various theories concerning excitons and exciton
condensation, especially when phonons are involved [1621]. The limited space does not permit to comment them.
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