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Possibility of a superfluid phase in a Bose condensed excitonic state

P. Wachter, B. Bucher,* and J. Malar
Laboratorium für Festkörperphysik, ETH Zu¨rich, 8093 Zürich, Switzerland

~Received 11 March 2003; revised manuscript received 1 December 2003; published 2 March 2004!

In the condensed excitonic phase of intermediate valent TmSe0.45Te0.55 the thermodynamic properties have
been measured. The heat conductivity and the thermal diffusivity have been obtained between 300 K and 1.5
K and between ambient pressure and 17 kbar~1.7 GPa!, as a first experiment of its kind. Pressure and
temperature are used to navigate in three different phases of the material, the intermediate valent semiconduct-
ing phase, the condensed excitonic phase, and the intermediate valent metallic phase. In the condensed exci-
tonic phase the heat conductivityl increases strongly below about 20 K, suggesting a superfluid phase for the
lowest temperatures. In a solid under equilibrium conditions this has never been seen before. Also the thermal
diffusivity a strongly increases below 20 K, giving evidence for second sound. The quotientl/ra represents
the specific heat, which thus can be calculated, for the first time as a function of pressure. When entering the
condensed excitonic phase under pressure and from high temperatures~100 K–250 K!, the Dulong-Petit value
of the specific heat drops precipitously to about half its value. Also this phenomenon is unprecedented. The
entropy has been calculated from the heat capacity and the Debye temperature has been obtained as a function
of pressure. In addition the longitudinal sound velocity has been measured under pressure and as a function of
temperature. Entering the excitonic phase the sound velocity drastically increases by about a factor 2.

DOI: 10.1103/PhysRevB.69.094502 PACS number~s!: 67.90.1z, 63.20.Kr, 65.40.2b, 65.40.Ba
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I. INTRODUCTION

TmSe and TmTe are some well known rare earth cha
genide compounds1 which crystallize in the fcc rocksal
structure and, with the exception of a narrow miscibility g
between 0.2,x,0.4, can be alloyed in the whole concentr
tion range2,3 of TmSe12xTex . It has been found4–6 that for a
certain region 0.5,x,0.68 these compounds exhibit und
pressure and at low temperature the phenomenon of exc
condensation in the sense of an excitonic insulator, as
dicted by Mott7 ~1961!. The Tm chalcogenides are not th
only system in which this phenomenon has been obser
also in Sm12xLaxS,8–10 Sm12xTmxS,10,11 YbO, and YbS.8

This type of exciton condensation~after 1990! is so far only
observed in rare earth compounds.

The phenomenon of exciton condensation has b
sought for more than 30 years and the literature is full
claims that exciton condensation has been found. But th
were always other, conventional explanations possible. A
in our first publication on this topic,4 besides exciton conden
sation, an alternative explanation of the experimental fi
ings was offered. There it was found that the resistivity
some TmSe12xTex alloys at low temperatures increased w
increasing pressure. But only a Hall effect measurement
der pressure in a large magnetic field, to separate the no
from the anomalous Hall effect,5 revealed that the resistivity
increase was due to a freezing out of charge carriers,
porting the proposal of exciton formation and condensat
under pressure. In the meantime the finding of new mater
and measurements of the transport, lattice and magn
properties have become routine. The prerequisites for exc
condensation are an intermediate valent condition5 ~usual
found in rare earths! and a certain range of carrier conce
tration prior to exciton condensation. This carrier concen
tion should not be too high to avoid screening the Coulo
interaction between electrons and holes, and not too low
0163-1829/2004/69~9!/094502~10!/$22.50 69 0945
-

on
e-

d,

n
f
re
o

-
f

n-
al

p-
n
ls
tic
on

-
b
to

enable the formation of enough excitons which then can c
dense. This is usually achieved by alloying an intermedi
valent metal with a semiconductor, such as TmSe and Tm
to form TmSe12xTex . Within the range 0.5,x,0.68
TmSe0.45Te0.55 has shown the largest effects, so we conc
trate on the following in this composition.

Intermediate valence provides us due tof –d hybridiza-
tion with a narrowf valence band and as consequence wit
large effective mass (50me– 100me). In exciton formation
this will be a hole mass, reducing the diffusive mobility
excitons and thus increasing their stability.6 We believe that
this is the main reason for this new type of exciton cond
sation. Also an indirect band gap between the 4f band and
5d band is of advantage so the exciton condensation ca
of the Bose-type with the help of phonon interaction.12 Thus
we have a positive and a negative charge coupled via
Coulomb interaction and in principle, a created or destroy
phonon for momentum conservation.

In order to lay a basis for the understanding of the n
thermodynamical properties we show in Fig. 1 the princip
part of the band structure of TmSe0.45Te0.55. The conduction
band in the@100# direction is made up ofD28 5d wave
functions, which for symmetry reasons in the fcc crys
structure have a minimum at the X point of the Brillou
zone. The band is several eV wide and the bottom of
band has some admixture off character. The valence band
an occupied narrow 4f band, which due to hybridization ha
acquired some 5d character. Symmetry considerations sho
that the maximum of thef band is at theG point of the
Brillouin zone. The heavy masses in thef band and the nar-
row gap DE5130 meV ~Ref. 6! ~at ambient conditions!
make the material behave like an indirect semiconduc
which also has an activated electrical resistivity. We ha
measured an excitonic state, which basically also has a
calized 5d character, with a binding energyEB570 meV
~Ref. 6! below the 5d conduction band. The full line repre
©2004 The American Physical Society02-1
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sents the band structure of TmSe0.45Te0.55 at ambient condi-
tions.

The result of external pressure can be viewed as to wi
the 5d band with respect to its center of gravity and it th
reduces the energy gapDE. We assume in first approxima
tion that the exciton binding energyEB remains constan
when the bottom of the 5d band is moving.

At low temperature and with increasing pressure a fi
anomaly can be expected whenDE5EB which is at about 5
kbar. The dashed curve in Fig. 1 is appropriate for this pr
sure. A 4f electron at theG-point can enter the excitoni
state at X with the same energy and can create the bo
state of an exciton with the remaining heavy hole atG. Of
course the momentumG–X must be supplied by an interac
tion with a phonon. With further increase of pressure m
and more excitons are formed. At 8 kbar this process is c
pleted and the excitonic level has reached the bottom of
dispersingf band at X. At 8 kbar essentially onef electron
per formula unit has the chance to become an exciton
with this large concentration of excitons an overlap of ex
ton orbits and exciton condensation can and will occur.
course, individual excitons have only a short lifetime. At 8
kbar e.g., and at low temperatures we have estimated
concentration of excitons to be about 3.931021 cm23, about
25% of the atomic density.6 The simultaneous formation an
condensation of so many excitons leads to a new gro
state of matter, the excitonium, an expression coined
Mott,7 inasmuch as no excitation e.g., with light is necess
to form the excitons. At the same pressure and tempera
where excitons condense one observes a large lattice ex
sion of 1.6%,4,6 which presumably is due to the formation
a huge amount of excitonic 5d orbits, which are much large
than the 4f orbits prior to exciton formation.6 Besides, exci-
tons as electric dipoles repel each other at short distan
i.e., at high concentration, augmenting the former argum
It is thus that the material becomes extremely hard dur
exciton formation and condensation.6 This lattice expansion
is isostructural,4 i.e., the fcc structure is pertained and n
superstructure is observed. Also other rare earth compou
in which exciton condensation has been observed8–11 remain

FIG. 1. The main points of the band structure of TmSe0.45Te0.55

in the @100# direction.EB is the exciton binding energy andDE is
the energy required to promote a quasilocalizedf -electron into a 5d
state.
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in the fcc phase upon exciton formation as has been chec
explicitly on Sm12xTmxS ~Refs. 10, 11! and YbO and YbS,13

in the latter case even up to 300 kbar.
A further increase of pressure above 8 kbar first co

presses only the excitonic state until a new situation
achieved~dotted curve in Fig. 1! when the bottom of the 5d
band at X approaches the top of the 4f band atG. More and
more of the remainingf electrons now spill into the 5d band,
screening the Coulomb interaction between the electrons
holes until finally the excitons destabilize, suddenly incre
ing the electron concentration in the 5d band in a first order
transition. The hybridization between the 4f and 5d band
results in an intermediate valent semimetallic state.

In Fig. 2 we show the temperature–pressure phase
gram of the condensed excitonic phase. At temperatu
above about 250 K, e.g., 300 K, one crosses with increas
pressure~upper scale going towards the left! between 10 and
11 kbar the ~short!-dashed line, separating the semico
ductor–semimetallic phase. At lower temperatures inste
one enters with increasing pressure at first the conden
excitonic state~above 5 kbar! and leaves the excitonic stat
between 11 and 15 kbar to enter the semimetallic pha
Such a phase diagram has been predicted by Mott7 and
Kohn.14 In the lower abscissa the energy gapDE is plotted,
negative values refer to the metallic state.6 Either the pres-
sure scale~top! or the energy gap scale~bottom! is nonlinear.
Of interest and experimentally simply accessible are the
bars, where in a clamped pressure cell at a chosen pres
the temperature is decreased and thus one navigates i
pressure–temperature phase diagram.

An isobar should be a vertical line in the diagram of F
2. However, upon cooling the pressure transmitting medi
contracts and the pressure relaxes somewhat. The press
monitored in the cell and thus an isobar at 12 kbar at 300
looks like the full line in Fig. 2. It will be of relevance in the
whole paper that e.g., an isobar, starting at about 7 kba

FIG. 2. The excitonic phase diagram of TmSe0.45Te0.55. Experi-
mental points designated by symbols. ‘‘Isobars’’ in the semico
ducting and semimetallic phase are shown as dotted lines, whe
an ‘‘isobar’’ entering the excitonic phase is shown by a full lin
The short dashed line separates semiconductor from semimeta
2-2
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POSSIBILITY OF A SUPERFLUID PHASE IN A BOSE . . . PHYSICAL REVIEW B 69, 094502 ~2004!
below at 300 K, will not enter the excitonic phase but rem
in the semiconducting phase. An isobar starting at abou
kbar or above at 300 K will remain in the metallic phas
This is indicated by two dotted lines in the phase diagram

II. EXPERIMENTAL ARRANGEMENT

To measure the heat conductivityl and the thermal diffu-
sivity a, bar shaped single crystals of TmSe0.45Te0.55of about
1.5 mm length were placed in a Cu–Be pressure cell w
standing pressures up to 20 kbar. Either small evapor
minute Au–Chromel or Au–Ni calibrated thermocoupl
were used between one end of the crystal and the other
in contact with a Cu heat sink, thus creating also a differ
tial thermometer of 0.1 K precision at the lowest tempe
tures. A Mäander-type thin film heater was placed at one e
of the crystal. The pressure inside the cell was monitored
a calibrated manganin coil. The thermovoltage per degre
the most insensitive liquid He temperatures is only about
mV/K, which yields for 0.1 K temperature difference on
about 20 nV. After an amplification of 105 the signal was
about 2 mV with a large noise background. The noise
been reduced by a designed and homebuilt active unity
Bessel low pass filter of eighth order. This means that
higher frequencies than the desired one the amplitudes
diminished asf 28 instead of asf 21 like in a conventional
passive R–C filter. After that the noise level was apprecia
less than the signal. The heat inputDT of typically less than
1 K was periodically with the so-called ‘‘temperature wa
method’’ ~Berman15 and references quoted therein! which,
for the thermal diffusivity, quantitatively eliminates the e
fect of radial heat loss into the pressure fluid. A longitudin
shunting of the heat conductivity of the crystal by the pr
sure fluid is negligible since the heat conductivity of t
liquid is lower by orders of magnitudes. Details of the a
rangement are described in Ref. 16. The pressure cell c
be cooled in a bath cryostat down to about 1.5 K. Howev
not all measurements~practically at each kbar! were carried
to this low temperature because of the high He and t
consumption. Heat conductivity and thermal diffusivity we
measured automatically in steps of 1 K. Pressure was app
at room temperature in a power press and the cell
clamped at the desired pressure. To our knowledge it is
first time that heat conductivity and thermal diffusivity ha
been measured under pressure and down to low temp
tures.

The heat conductivityl is obtained in a measureme
where the temperature difference between both ends of
crystal with lengthL and cross sectionA is monitored for a
certain rate of heat input:Q/t5l A DT/L, with DT.0
~steady state equation of heat flow!. The thermal diffusivitya
is measured essentially with the same arrangement, but i
dynamical method. The sample is heated also periodic
and the temperature along the sample varies with the s
period but with diminished amplitude. Moreover, as the te
perature wave travels along the sample with finite veloc
there is a varying phase relationship. Measurement of
amplitude decrement and the phase difference with a loc
technique enables the diffusivitya to be determined. As the
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temperature distribution throughout the sample varies w
time, the complete differential equation of heat flow is i
volved: ] T/] t5a* ¹2T, with a5l/rcv,r being the den-
sity andcv the specific heat. The heat conductivity had go
precision and a good reproducibility. The error bars in Figs
and 4 refer only to the absolute value of heat conductiv
and thermal diffusivity at low temperatures, respectively. T
relative precision is much higher. Both types of measu
ments were taken point by point, but automatically at ea
degree.

The longitudinal sound velocityv has been measured i
the same clamped pressure cell as a function of pressure
temperature. An ultrasound transducer was glued to one
of the bar shaped crystal and in a pulse-multiple echo exp
ment over the length of the crystal the sound velocity h
been determined.

III. RESULTS AND DISCUSSION

A. Heat conductivity and thermal diffusivity

The motivation to measure heat conductivity and therm
diffusivity in the phase of excitonic condensation is due to
long-standing controversy amongst theorists. Keldish a
Kopaev 196517 and Kozlov and Maximov 196618 proposed
that in a condensed excitonic phase at low temperature
superthermal current could exist. They used an analog
superconductivity where, as in our case, two charged p
ticles strongly couple to a phonon. This was opposed
Zittartz 1968,19 who claimed that the heat conductivity in
condensed excitonic state would be quite normal. Since o

FIG. 3. The thermal diffusivitya of TmSe0.45Te0.55 for various
pressures as a function of temperature. Dotted and full line in
excitonic region, dashed in the metallic region, and dashed–do
in the semiconducting phase.
2-3
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in recent years the phenomenon of a stable exciton con
sation was realized4–6,8–11 the time has come to settle th
dispute.

The equation of heat conductivity is]Q/]t52l gradT
with l51/3 Cv,; C is the heat capacity per volumeC
5rcv with r the density andcv being the specific heat fo
constant volume.v is the velocity of sound and, the mean
free path. Thusl51/3rcvv , or l51/3rcvv2t, t being the
collision time. The thermal diffusivitya5l/rcv so thata
51/3v ,. The independent measurement ofl and a thus
permits the evaluation ofcv5l/ar. In reality we should use
cp instead ofcv , but the volume change in a solid is sma
and in this case complex~the volume expands when enterin
the excitonic phase6!, so we refrain from doing so. Sinc
both entitiesl anda are measured with pressure we obta
also for the first time in a solid the specific heat under pr
sure in the whole temperature range from 1.5 K towards
K ~see below!.

Generally speaking the various contributions to the h
conductivity l are additive:l tot5lel1lph1lex. lel is the
metallic part given by the Wiedemann-Franz ratio,lph is the
phonon part, andlex the excitonic contribution. The soun
velocity v and the densityr will not have an excessive tem
perature dependence outside the excitonic region, thus
temperature dependence of the heat conductivity due
phonons,lph, is mainly depending on the specific heatcv
and on the mean free path for phonon scattering,ph. With
the same argumentation the thermal diffusivitya will be
mainly proportional to the mean free path,ph. The depen-
dence of the mean free path and heat conductivity on t

FIG. 4. The heat conductivityl of TmSe0.45Te0.55 for various
pressures as a function of temperature. Dotted and full line in
excitonic region, dashed in the metallic region, and dashed–do
line in the semiconducting phase. The inset shows the heat con
tivity at 14 kbar in a linear scale. The actual points of measurem
are shown in the curve for 13 kbar, measured automatically a
degrees.
09450
n-

-
0

t

he
to

-

perature is described in many textbooks, e.g., Ref. 20
short,,ph will increase with decreasing temperature beca
the density of phonons decreases and we have Umklapp
cesses involving 3 phonons. At low temperatureslph reaches
the geometrical dimensions of the sample and becomes
perature independent.

In Fig. 3 we show the thermal diffusivitya as a function
of temperature. At 7 kbar~dashed–dotted curve! we remain
in the semiconducting phase outside the excitonic region~see
dotted curve in Fig. 2!. The curve follows the description
above and is mainly proportional to the mean free path,ph
for phonon scattering, reaching for temperatures below ab
20 K the linear dimensions of the crystal. At 15 kbar we st
in the metallic ~semimetallic! phase~dashed curve!, again
outside the excitonic region. The thermal diffusivity follow
also the temperature dependence of the mean free path
time for electron–phonon scattering. Since the concentra
of electrons in a metal is largely temperature independen
is again the phonon scattering which determinesa. The weak
maximum near 30 K in the thermal diffusivity has no expl
nation at present.

Before discussing the excitonic region ofa in Fig. 3 we
look at Fig. 4 for the heat conductivityl, also outside the
excitonic region. We have derived above that the heat c
ductivity follows mainly the temperature dependence ofcv
and,ph. Sincecv definitely will go towards zero forT→0,
the heat conductivity outside the excitonic region genera
displays a maximum near 50 K, as well for the insulati
case at 7 kbar as also for the metallic case at 15 kbar.
difference of the heat conductivity near 300 K for both cas
is due to the electronic part of the heat conductivity in t
metallic state and it corresponds roughly to the Wiedema
Franz relation. Thus the heat conductivity and the therm
diffusivity behave as expected with pressure, as well in
insulating as in the metallic phase, which gives confidence
the experimental method and shows that possible heat lo
into the pressure fluid are indeed negligible.~We show only
a selection of curves in order not to overload the pictures
the reader.!

We continue the discussion of the heat conductivity
Fig. 4, but now in the excitonic region at 13 kbar and
kbar. The first thing which is unexpected are the downw
jumps in a first order transition when entering the excito
phase. Consulting Fig. 2 it is obvious that at different pr
sures one enters the excitonic phase at different temp
tures. At these temperatures and pressures one enters th
sulating excitonic phase mainly from the semimetallic pha
thus with a metal–insulator transition. It is conceivable th
the downward jumps inl reflect the loss of the electroni
part of the heat conductivity. But measuring an isobar at
kbar one enters the excitonic region from the semicondu
phase~see Fig. 2!, but the downward jump inl is of the
same size as the jumps when entering the excitonic reg
from the semimetal. Here we have to realize that many p
nomena occur simultaneously at the excitonic phase tra
tion. We have stated above, thatl tot is the sum of many
contributions, all of which can and will change at the pha
transition, such aslex, when excitons suddenly appea
and simultaneously condense with a density of abo6
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431021 cm23. Also lph may change due to a renormaliz
tion of the phonon spectrum when certain phonons get bo
or coupled in the formation of the excitons. On the oth
hand the thermal diffusivitya in Fig. 3 displays at the sam
temperatures an upward jump. Sincea51/3 ,phv, we may
wonder which of the two entities dominates the upwa
jumps. In fact it is the sound velocityv which increases
sharply when entering the excitonic phase, as a separate
surement reveals~see below!. So in the above formulal
5rcva, when entering the excitonic phasel jumps down-
wards,a jumps upwards, thuscv must also jump downward
and not because of the metal–insulator transition. We p
pose that many phonons suddenly get absorbed or boun
the formation and condensation of excitons and no lon
carry heat as independent oscillators or running waves. T
creates a new quasiparticle, the exciton–polaron with a d
sity of about 1021 cm23. However, there are still enoug
other phonons present at each temperature to ensure a
duction of heat. This will be discussed later on in connect
with the specific heat.

We may speculate what are the heat carriers in the var
regions of the phase diagram? For temperatures above
phase boundary of exciton condensation certainly phon
or in case of a metal, also electrons will carry the heat. At
temperatures and pressures of exciton condensation the
conductivityl becomes strongly reduced in a first order tra
sition, and this in spite of the fact that now in addition
phonons also excitons may carry some heat. In our opin
this is only possible when the phonons, as main carrier
the heat, are strongly reduced in their number because m
phonons are absorbed or bound by the excitons. In the t
perature range 20 K to 250 K the exciton–polarons~possibly
self-trapped! as quasiparticles do not yet contribute sign
cantly to the heat conductivity. In the region of condens
excitons but above about 20 K the heat is carried now by
free phonons and the quasiparticles, but the phonons are
dominant, as shown in Fig. 4. Herel still displays its maxi-
mum due to the competition of an increase in mean free p
of phonons and a decrease of the specific heat. But be
about 20 K the heat conductivity and its increase towa
lower temperatures is not at all phononlike and we have
assume that now the exciton–polaron quasiparticles
over completely.

An increase in heat conductivity forT going to zero is
certainly very new and unexpected. In the inset of Fig. 4
show in a linear scale the heat conductivity for 14 kbar a
the rise at low temperatures is spectacular. There is only
case prior to these results where the heat conductivity r
just as drastically and this is in the case of superfluidity
4He ~and in 3He),21 but there in a first order transition, ac
companied by the famousl-anomaly in the specific heat a
2.2 K. We propose that in our case we also have a super
mal current in the two-fluid model, where the superfluid p
increases gradually towards zero temperature. Howeve
l-anomaly in the specific heat as in the first order Bo
Einstein transition in4He is here not to be expected and al
not found. Thus in the whole phase diagram we have in
two condensation phenomena, at first an exciton conde
tion which forms a liquid and then below about 20 K a
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increasing part of superfluidity. At the moment it is n
known how much heat input the superfluid phase supp
before it quenches. In superconductivity a large current w
also destroy the superconducting state.

The proposed evidence of superfluidity within the co
densed excitonic state necessitates a certain excitation s
trum of ~other! quasiparticles,21 namely rotons or vortices. In
the low temperature excitonic region below about 20 Kl tot
5lph1lex, wherelph represents the heat conductivity du
to uncoupled phonons. The heat conductivity due to phon
alone is proportional toT3 and can be neglected compared
lex at low temperatures, having only an influence near 20
~where it is not important!. Thus we obtain forlex, the ex-
citonic part of the heat conductivity, an Arrhenius law for th
increase of the heat conductivity towards zero tempera
lex}expD/kBT. This is shown in Fig. 5 at 13 kbar. We fin
an activation energy or gapD of 0.5 meV or about 5 K. The
application of heat in the heat conductivity experiment c
excite quasiparticles, e.g., rotons, in which case the roton
would be 5 K, which is the right order of magnitude.
superfluid 4He the roton gap is 8.65 K.22 So the exciton–
polaron quasiparticles seem to exhibit a similar phenome
as phonons alone in a classical superfluid.

Now we discuss the thermal diffusivitya in the excitonic
region at low temperatures. Here we go back to Fig. 3. At
same temperature wherel increases below about 20 K, als
a increases, even faster thanl. We have argued before tha
the reason for a largely temperature independent thermal
fusivity below about 20 K in thenon-excitonic region is that
the mean free path for phonon scattering,ph has reached the
geometrical dimensions of the sample.20 Why then, in the
excitonic region at 13 kbar and 14 kbar, the dimensions
the crystal do not seem to be important now? Just as in a
superfluid ~but not only there! heat can be transferred no
only via phonon–phonon scattering in a diffuse manner,
ballistically via a highly directional quantum mechanic
wave, the second sound, aimed in the direction of the te

FIG. 5. Excitonic part of the heat conductivitylex at 13 kbar,
shown in an Arrhenius plot.
2-5
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perature gradient. This can also be the reason that the
mal diffusivity a can increase strongly in the excitonic sta
at low temperatures, where heat is now carried by
exciton–polaron quasiparticles. And in facta has to increase
strongly becausecv , which is proportional tol ~see above!
still has to go to zero forT→0 even in the excitonic phase
Sincecv5l/ra, so a must rise faster with decreasing tem
perature thanl. Thus we propose a strong similarity betwe
the properties of a classical superfluid as in He II, where h
is being carried by phonons, with our solid system consist
of a condensed exciton–polaron quasiparticle liquid.

Thus we have three independent pieces of evidence
the appearance of a superfluid phase in the condensed
tonic phase: The heat conductivity seems to become q
large with deceasing temperature, even infinite forT→0. A
roton spectrum with a gap of about 0.5 meV seems to ex
and the second sound may be responsible for the shar
crease of the mean free path below about 20 K. In any c
the phenomena are unprecedented in a solid, but not u
pected theoretically.17,18

B. Specific heat and Debye temperature

The specific heat curves are computed from the indep
dent measurements ofl and a as cv5l/ra and they are
actually obtained from point by point measurements ofl and
a. We have used above in simplified terms the heat cond
tivity l51/3rcvv ,. If we concentrate on the insulatin
phase we havelph51/3rcv,ph. cv and,ph depend onT and
Q, the Debye temperature, and a more explicit modified f
mula of the heat conductivity is given by Berman15 as

lph53nkBvS T

Q D 3E
0

Q/T

,~x!ph

x4ex

~ex21!2 dx,

with n beingN/V andx beingu/T. Closer inspection of this
formula reveals that it corresponds exactly to the simp
formula even without the standard low and high temperat
approximations in the derivation of the~Debye! specific heat.
The problem is that,ph appears in the integral and in fact,ph
stands for the sum of all mean free paths of the vari
carriers of heat. Even if they exchange heat fast enoug
establish a local temperature, it is by no means trivial to p
,ph in front of the integral. In order to test the effect of,ph in
front of the integral we made a worst case scenario and c
putedcv5l/ra even of a metal. Here the problem is th
heat is mainly carried by the electrons, but the specific h
is dominated by the phonons. The electron contribution
the specific heat is only manifest in theg term at very low
temperatures. We have taken the data of copper from
tabulated and measured values ofl and a.23 The result is
shown in Fig. 6~the original data even go above the melti
point of copper!. In the figure we also have plotted the we
known specific heat of copper from a classicalcv measure-
ment from textbooks. The agreement is impressive. Bu
shows that also in the thermal diffusivity the same mec
nisms work as in the heat conductivity.

In fact we are not the only ones who have computed
specific heat from the measuredl anda. The specific heatcv
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in a function of pressure up to 30 kbar, but only at 300 K, h
been computed for polytetrafluoroethylene~Teflon!.24 Hav-
ing gained confidence in the method we compute the spe
heatcv5l/ra from the combination of the values indepe
dently measured for TmSe0.45Te0.55 in Figs. 3 and 4 and plot
them in Fig. 7. At first we discuss the results outside
excitonic region, i.e., at 7 kbar for the semiconducting ph
and at 15 kbar for the metallic case.

The specific heat turns out to be quite normal, having
Dulong-Petit value at 300 K of about 50 J/mol K, which
the expected value for a solid with diatomic molecules. Sin
there exists the possibility of a magnetic order

FIG. 6. Comparison of the calculated heat capacity of coppe
cv5l/ar with a directly measured heat capacity~Ref. 22!.

FIG. 7. Calculated heat capacity of TmSe0.45Te0.55. Dashed–
dotted curve from a direct measurement of the heat capacity~Ref.
24!, also shown in a log–log scale in the inset.
2-6
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POSSIBILITY OF A SUPERFLUID PHASE IN A BOSE . . . PHYSICAL REVIEW B 69, 094502 ~2004!
TmSe0.45Te0.55 below about 1 K in the insulating phase, we
had a conventional specific heat measurement at amb
pressure being made (p50 kbar in Fig. 7! ~Ref. 25! as a
calibration for high and low temperatures. Although it turn
out that there is a magnetic order near 0.2 K as defined
peak in the specific heat, the influence of magnetic orde
300 K is remarkably small. The expected theoretical Dulo
Petit value of 49,88 J/mol K is experimentally very well o
tained. Our calculatedcv values at 7 kbar and 15 kbar need
only a small adjustment, near 100 K which we take in
account by an error bar.

However, in the excitonic phase with, e.g., 11 kbar ag
something unexpected takes place. We recall the unu
jumps downwards in the heat conductivity curves in Fig
when entering the excitonic phase and the upward jump
the thermal diffusivity at the same temperatures in Fig. 3
the quotient forcv these jumps add and result in the lar
drop of about a factor 2 in the specific heat when entering
excitonic phase in a first order transition. This jump incv is
of about the same size for all pressures measured in the
citonic phase. We have chosen to show the specific heat a
kbar in the excitonic region, because generally the point
point measurement is not always so good as to reveal a s
l-like anomaly, which seems to exist before the drop ofcv .
It is also observed that in the low temperature region
specific heat in the excitonic region is shifted towards low
temperatures, indicating a shift of the Debye temperat
Q towards lower temperatures. The specific heat curve
the excitonic region is certainly very unusual. We mig
add, that a plot ofcv /T vs T, being proportional to the
entropy, reveals that the missing area, e.g.,@cv(0 kbar)
2cv(11 kbar)#/T between 170 K and 50 K is about the sam
as the additional area@cv(11 kbar)2cv(0 kbar)#/T between
50 K and 1.5 K, thus there is no loss of entropy in t
excitonic transition.

The specific heat is a very basic measurement and one
no room for exotic interpretations. The Dulong-Petit val
depends only~in a nonmagnetic material! on cv53NkB
549.88 J/mol K for a solid consisting of diatomic molecule
The drop ofcv by nearly a factor of 2 when entering th
excitonic phase occurs still in the Dulong-Petit region. F
temperatures above the excitonic phase this region is do
nated by phonons. However, a metal–insulator transi
when entering the excitonic phase from the semimeta
state at 13 kbar and 14 kbar is not manifest in the spec
heat. At the excitonic phase transition excitons simu
neously appear and condense. At 8.5 kbar we have estim
the exciton density to be about 431021 cm23, 25% of the
atomic density.6 At 11 kbar as in Fig. 7 the density of exc
tons is even larger and the excitons are already compres
We proposed for the heat conductivity that every appea
exciton absorbs a phonon and forms an exciton–polaron
siparticle, at first phonons with a wave vectorG–X ~see Fig.
1!, then with decreasing wave vector the more excitons
pear. In this situation less and less phonons apparently a
free oscillators. If the excitons–polarons have a very l
mobility due to the large inertia of the heavy hole mass, i
thus possible and it is our proposal, that these quasipart
~in the temperature range 20–250 K! do not contribute sig-
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nificantly to the heat conductivity, but the remaining fre
phonons still can carry the~reduced! heat conductivity. The
same reduction in phonons or modes as free oscillators
to the formation of the exciton quasiparticles, is responsi
for the drop in the specific heat.

Already by visual inspection of Fig. 7 we see that at
kbar, 7 kbar, and 15 kbar the Debye temperatureQ is about
the same, whereas with 11 kbar, and generally for press
in the excitonic phase,Q is much lower. To estimateQ from
the specific heat measured at ambient pressure down to 0
~Ref. 25! is not so simple, because there is a magnetic or
at about 0.2 K, which is probably of the antiferromagne
type, as expected for an intermediate valent compound1 ~see
inset of Fig. 7!.

In Fig. 8 we show the low temperature part of the me
sured specific heat at ambient pressure for TmSe0.45Te0.55
between 0.3 K and 20 K.25 In spite of the fact that in a
double log plot as in the inset of Fig. 7,cv is linear between
5 K and 13 K with slope 3, a closer inspection ofcv /T vs T2

reveals~inset Fig. 8 upper curve! that the straight line would
not go through zero. The reason is, of course, the magn
contribution and the Schottky anomaly due to crystal fie
effects in the Tm ions. Tm21 as in TmTe has a well-known
crystal field splitting4G8(0)22G7(10 K)22G6(16 K) of the
J57/2 ground state and aTN of 0.23 K.26 A fit of the mea-

FIG. 8. Direct measurement ofcv at ambient pressure~round
symbols! ~Ref. 24!. Dotted curve extrapolation toT50. Dotted and
small dashed curve magnetic contribution tocv ~Ref. 27!. Dotted–
dashed curve is the Schottky anomaly contribution of crystal fi
levels tocv . Long dashed curve is the measuredcv ~Ref. 24! minus
magnetic contribution minus Schottky contribution and is thus
phonon part ofcv alone. In the inset is the phonon contribution in
c/T versusT2 plot with Q5117 K. The other curve in the inset i
from the directly measuredcv ~Ref. 24!.
2-7
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suredcv of TmTe using these data is not too successful.27 In
our case with TmSe0.45Te0.55 we have first a smaller lattice
constant than in pure TmTe~which can be taken into accoun
for the crystal field splitting using ana5 power law!, and
second we have an admixture of Tm31 in the sense of inter-
mediate valence. Thus we take an experimentally determ
crystal field splitting« of 25 K and compute a Schottk
anomaly due to crystal field splitting, plotted in Fig. 8. Als
a magnetic exchange contribution to the specific heat ca
calculated,28 using a magnetic ordering temperature of 0.
K as in TmTe,26 which is also shown in Fig. 8. Thus sub
tracting the Schottky and the exchange contribution from
measuredcv and plotting the remaining specific heat ascv /T
versusT2 ~inset of Fig. 8 lower curve! a Debye temperature
Q of about 117 K can be computed for TmSe0.45Te0.55.

Such a detailed analysis of the specific heat as in the
of ambient pressure for a directly measuredcv cannot be
made for the computed high pressure specific heat curve
in Fig. 7. But here we learn from the inset of Fig. 8~upper
curve! that between 5 K and 13 K the specific heat as me
sured is linear in acv /T versusT2 plot yielding the correct
Debye temperatureQ. Thus we can show in Fig. 9 the Deby
temperature of TmSe0.45Te0.55 as a function of pressure.

How can Q change so drastically in one and the sa
material? Here we have to look at Fig. 1 again. The fi
excitons appear whenDE5EB , which occurs at a pressur
of about 5 kbar. But at the same time and with increas
pressure and the generation of more and more conde
excitons, phonons with smaller and smaller wave number
absorbed or couple to the excitons forming excito
polarons. But the heat conductivity at low temperatures,
above 20 K, is still assured because it is carried mostly
low energy-lowk phonons. But we have another proble
with the lowering ofQ in the excitonic region. In the Deby
approximationQ is connected withvmax, so this entity de-
creases also. In the simplest modelv5( f /m)1/2, and since
we cannot change the masses, a decreasingv means a reduc

FIG. 9. Computed Debye temperatures from the calculated
capacity curves. Round symbol from the direct measurement ocv
at ambient pressure~Ref. 24!.
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tion of the spring constantsf , resulting in a softening of the
material. However, we have shown6 that during exciton con-
densation the compound hardens appreciably, the comp
ibility tending to zero. These two incompatible results for
us to leave the simplified Debye model. We have to us
more realistic phonon dispersion, than the simplev}k.
Thus, as we have stated already in the chapter of heat
ductivity and thermal diffusivity, a strong renormalization
the phonon spectrum occurs in the condensed excitonic s

C. Sound velocity

The longitudinal sound velocity of TmSe0.45Te0.55 has
been measured in the same pressure cell and with the s
bar shaped single crystal as used in the other thermodyna
measurements. An ultrasound transducer has been glue
one end of the crystal and with a multiple echo from t
other end of the crystal over the known length of the crys
the sound velocity could be obtained. For various pressu
this is shown in Fig. 10. The main features are that the so
velocity vL for pressures outside the excitonic phase, i.e.
0 kbar, 7 kbar, and 18 kbar exhibits no special tempera
dependence, except in the semimetallic phase at 18 kbar
somewhat larger than in the insulating phases. However,
seen for 12 kbar when entering the excitonic phase aro
180 K the sound velocity increases sharply by about a fa
2. With 10 kbar we enter the excitonic phase near 240 K~see
Fig. 2!. We observe again the jump with an increase of ab
a factor 2, but near 90 K the pressure loss in the cell was
the size to have a re-entrant transition to the nonexcito
phase, a unique phenomenon, which gives support to
measurement.

It thus becomes clear, as stated already in the cha
about thermal diffusivity, that the upward jumps in the the
mal diffusivity a in Fig. 3 when entering the excitonic phas
indeed are caused by the jumps in the sound velocity

at

FIG. 10. Sound velocity measurements of TmSe0.45Te0.55 for
various pressures as a function of temperature.
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POSSIBILITY OF A SUPERFLUID PHASE IN A BOSE . . . PHYSICAL REVIEW B 69, 094502 ~2004!
addition the maximum in the sound velocity at 12 kbar a
similar pressures directly contributes to the maximums of
thermal diffusivity in the excitonic phase in Fig. 3. Here w
have to remark, that the sound velocityv used in the formu-
las for heat conductivity and thermal diffusivity is in reality
weighted average of sound velocities 1/3(vL12vT). But
sincevL is about a factor 3 larger thanvT it is mainly vL

which dominatesv.
The sound velocity is closely related to the bulk modu

B and its inverse the compressibilityk. For a cubic material
the bulk modulusB depends on the elastic modulici j as
B5 1

3 (c1112c12). On the other hand the elastic modul
c115r vL @100#

2 and c125r (vL @100#
2 22vT2 @110#

2 ). Assuming
again that in generalvL is about 3 timesvT2 we get the
simplified relation B;rvL

2. In the excitonic phase o
TmSe0.45Te0.55 we get a two times larger sound velocityvL

and therefore a four times larger bulk modulusB or a 4 times
smaller compressibilityk. The material indeed gets appreci
bly harder in the excitonic state.

In Ref. 6 ~Fig. 4! we have shown with a measurement
the lattice constant as a function of pressure at 1.5 K~elastic
neutron scattering through the pressure cell! that between 5
kbar and 8 kbar the lattice constant remained practically
changed during exciton condensation. This means that
compressibility would be close to zero. Putting a maxim
error bar through the points of measurement a bulk modu
of B520 GPa outside the excitonic region and a bulk mo
lus of 70 GPa in the excitonic region could be obtained. W
the results from the sound velocity measurements of Fig
we calculate a bulk modulus ofB524 GPa outside the exci
tonic region and a bulk modulus of 100 GPa in the excito
region. So both types of measurements agree reasonably
and confirm the fact that during exciton condensation
material becomes extremely hard.

We have offered above two explanations for this pheno
enon: the electron of the exciton enters a 5d-like orbit, which
is much larger than the original 4f orbit it came from, and
this against increasing pressure. Or the excitons, being e
tric dipoles, repel each other at short distances, especially
large concentrations, creating a counter pressure to the
plied pressure.

We still have to explain why in the excitonic region th
Debye temperature is reduced~Fig. 9!, but the sound velocity
~Fig. 10! is increased. In the Debye model the sound veloc
is the slope of a linear phonon dispersion curve whose m
mum frequencyvmax determines the Debye temperatureQ.
Generally speaking a material with a lower Debye tempe
ture has a lower sound velocity and a lower bulk modu
~compare copper and lead!. In order to explain a lowervmax
together with a higher sound velocity and a larger b
modulus, we have to leave the simple Debye model. If
use instead of a dispersion curve for bare LA phononsv
}sin(ka/2), a new dispersion curve of an exciton–polar
quasiparticle we can in the excitonic state simultaneou
reduce the maximum frequency and increase the initial slo
the sound velocity. The dispersion is then no longer a sim
sinus function. The dispersion of such an exciton–pola
quasiparticle is treated in textbooks, e.g., Ref. 29. We th
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that such a dispersion exists for our special conditions, an
just means, as stated already several times, that the ph
spectrum will be greatly renormalized in the excitonic sta
This will have to be confirmed by inelastic neutron measu
ments under pressure and low temperature.

Looking now in Fig. 10 at an isotherm at 300 K and usi
the given pressures, we obtain Fig. 11. Now this is a m
surement at room temperature and has nothing to do w
excitonic condensation. Here we find a minimum of t
sound velocity with increasing pressure, that is inverse
what we have discussed in the excitonic range. The equat
of bulk modulus and sound velocity now show a softening
the bulk modulus with increasing pressure and a minimum
the bulk modulus near 10 kbar. We recall that the compre
ibility k is the inverse of the bulk modulus, sok has a maxi-
mum at about 11 kbar. This agrees very well with a dire
measurement of the compressibility of TmSe0.45Te0.55 ~Ref.
1! ~not the same crystal!, giving again confidence into the
sound velocity measurements. At 300 K the softening of
bulk modulus is due to a change of the degree of vale
mixing with pressure.1

IV. CONCLUSION

In this paper we have measured for the first time the h
conductivityl, thermal diffusivitya, and longitudinal sound
velocity v as a function of pressure and temperature o
material TmSe0.45Te0.55, known to exhibit exciton condensa
tion under pressure and at low temperatures. The spe
heatcv was inferred throughcv5l/ar.

For the first time there has been given evidence that
Bose condensed excitonic state an ever increasing heat
ductivity exists below 20 K with tendency to become infini
for T→0. Such a phenomenon has only been observed
4He II, the prototype for superfluidity below 2.2 K. Thus w
use this analogy to postulate superfluidity also in our ma
rial. Our measurements give also evidence for a roton ga

FIG. 11. Sound velocity measurements of TmSe0.45Te0.55 at 300
K as a function of pressure.
2-9
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P. WACHTER, B. BUCHER, AND J. MALAR PHYSICAL REVIEW B69, 094502 ~2004!
0.5 meV. The second sound seems to be responsible fo
increase ofa, the thermal diffusivity beyond the limit o
surface scattering below 20 K. These results are unp
edented and for the first time could mark the stable existe
of a superfluid phase in a solid.

In the excitonic phase we propose that phonons stron
couple to the excitons, forming exciton–polaron quasipa
cles. The specific heat drops precipitously by about a fa
2, presumably due to a corresponding loss in uncoup
phonons or modes, which indicates a strong phonon re
malization, a unique situation. As a consequence also
Debye temperature drops dramatically in the excitonic s
in spite of the fact that the sound velocity, and with it t
bulk modulus, sharply increase. The latter is related t
nearly incompressible solid during exciton condensati
Thus again, a strong renormalization of the phonon spect
in the excitonic phase is necessary. A coupling of excito
with phonons, an exciton–polaron quasiparticle, would yi
a dispersion which simultaneously has a larger initial slo
~the sound velocity! and a lowervmax than a conventiona
bare phonon dispersion.

At last it should be mentioned that exciton condensat
and superfluidity has also been reported for a Bose-Eins
condensed excitonic gas.30–33 Here a strong picosecond

*Permanent address: HSR Hochschule fu¨r Technik Rapperswil/
Switzerland.
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long laser pulse creates excitons. The important experime
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of the exciton recombination luminescence and its time a
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Keldysh and Kopaev17 which predicts superfluidity for a
condensed excitonic state.

The greatest difference to the other mentioned paper
that we have exciton condensation as an equilibrium proc
and we can perform many time consuming experiments
this condition. The density of exciton quasiparticles in o
material system is with about 1021 cm23 ~or about 25% of
the atomic density! orders of magnitude larger than the typ
cally 1016– 1017 cm23 in the laser excited materials. Thi
large concentration of condensed excitons even influen
the heat conductivity and the specific heat, which has ne
been seen before.

ACKNOWLEDGMENT

The authors thank very much H.P. Staub for techni
help and preparing the figures.

19J. Zittartz, Phys. Rev.165, 612 ~1968!.
20K. H. Hellwege, Introduction to Solid State Physics~Springer

Verlag, Berlin, Heidelberg, New York, 1976!.
21D. R. Tilley and J. Tilley, inSuperfluidity and Superconductivity,

edited by D. F. Brewer~Adam Hilger, Bristol and New York,
1990!, p. 35.

22D. G. Henshaw and A. D. W. Woods, Phys. Rev.121, 1266
~1961!.

23Y. S. Touloukian, R. W. Powell, C. Y. Ho, and M. C. Nicolaou,
Thermal Diffusivity~IFI/Plenum, New York, 1973!.

24P. Anderson and G. Ba¨ckström, High Temp. - High Press.4, 101
~1972!.

25The authors are most grateful to Professor A. Junod, Universit
Geneva, Switzerland, (T.1 K) and to Dr. Ch. Bergemann, ETH
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