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Possibility of a superfluid phase in a Bose condensed excitonic state
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In the condensed excitonic phase of intermediate valent FrE® 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 kidar 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 conductivityincreases 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 qubtjeatrepresents
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 tempefa@ds—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.
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I. INTRODUCTION enable the formation of enough excitons which then can con-
dense. This is usually achieved by alloying an intermediate
TmSe and TmTe are some well known rare earth chalcovalent metal with a semiconductor, such as TmSe and TmTe
genide compoundswhich crystallize in the fcc rocksalt to form TmSe_,Te,. Within the range 0.5x<0.68
structure and, with the exception of a narrow miscibility gap TmMSe 45T€; 55 has shown the largest effects, so we concen-
between 0.2 x<0.4, can be alloyed in the whole concentra-trate on the following in this composition.
tion rangé> of TmSq _, Te, . It has been fourfti® that for a Intermediate valence provides us duefted hybridiza-
certain region 0.5:x<0.68 these compounds exhibit under tion with a narrowf valence band and as consequence with a
pressure and at low temperature the phenomenon of excitdarge effective mass (%0.—100m,). In exciton formation
condensation in the sense of an excitonic insulator, as préhis will be a hole mass, reducing the diffusive mobility of
dicted by Motf (1961). The Tm chalcogenides are not the excitons and thus increasing their stabifitwe believe that
only system in which this phenomenon has been observedhis is the main reason for this new type of exciton conden-
also in Sm_,La,S.2 % Ssm,_,Tm,S,**! YbO, and YbS®  sation. Also an indirect band gap between tHfeb&and and
This type of exciton condensatidafter 1990 is so far only ~ 5d band is of advantage so the exciton condensation can be
observed in rare earth compounds. of the Bose-type with the help of phonon interactféhus
The phenomenon of exciton condensation has beewe have a positive and a negative charge coupled via the
sought for more than 30 years and the literature is full ofCoulomb interaction and in principle, a created or destroyed
claims that exciton condensation has been found. But thepghonon for momentum conservation.
were always other, conventional explanations possible. Also In order to lay a basis for the understanding of the new
in our first publication on this topitpesides exciton conden- thermodynamical properties we show in Fig. 1 the principal
sation, an alternative explanation of the experimental findpart of the band structure of TmggTe, s5. The conduction
ings was offered. There it was found that the resistivity ofband in the[100] direction is made up ofA,, 5d wave
some TmSe_,Te, alloys at low temperatures increased with functions, which for symmetry reasons in the fcc crystal
increasing pressure. But only a Hall effect measurement urstructure have a minimum at the X point of the Brillouin
der pressure in a large magnetic field, to separate the normapne. The band is several eV wide and the bottom of the
from the anomalous Hall effeétrevealed that the resistivity band has some admixture btharacter. The valence band is
increase was due to a freezing out of charge carriers, sugn occupied narrow #band, which due to hybridization has
porting the proposal of exciton formation and condensatioracquired some & character. Symmetry considerations show
under pressure. In the meantime the finding of new materialthat the maximum of thd band is at thel’ point of the
and measurements of the transport, lattice and magnetirillouin zone. The heavy masses in thdand and the nar-
properties have become routine. The prerequisites for excitorow gap AE=130 meV (Ref. 6 (at ambient conditions
condensation are an intermediate valent conditiarsual make the material behave like an indirect semiconductor,
found in rare earthsand a certain range of carrier concen- which also has an activated electrical resistivity. We have
tration prior to exciton condensation. This carrier concentrameasured an excitonic state, which basically also has a lo-
tion should not be too high to avoid screening the Coulomixalized 5 character, with a binding energgz=70 meV
interaction between electrons and holes, and not too low toRef. 6 below the % conduction band. The full line repre-
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tate.
state FIG. 2. The excitonic phase diagram of TrgSde, 55. Experi-

mental points designated by symbols. “Isobars” in the semicon-
sents the band structure of Tm3€eTe, 55 at ambient condi-  ducting and semimetallic phase are shown as dotted lines, whereas
tions. an “isobar” entering the excitonic phase is shown by a full line.

The result of external pressure can be viewed as to widehhe short dashed line separates semiconductor from semimetal.
the 5d band with respect to its center of gravity and it thus
reduces the energy gapE. We assume in first approxima- in the fcc phase upon exciton formation as has been checked
tion that the exciton binding energis remains constant explicitly on Sm_,Tm,S (Refs. 10, 11and YbO and Yb$?
when the bottom of the & band is moving. in the latter case even up to 300 kbar.

At low temperature and with increasing pressure a first A further increase of pressure above 8 kbar first com-
anomaly can be expected whAlE=Eg which is at about 5 presses only the excitonic state until a new situation is
kbar. The dashed curve in Fig. 1 is appropriate for this presachieved(dotted curve in Fig. 1when the bottom of the ®
sure. A 4f electron at thel-point can enter the excitonic band at X approaches the top of thé dand atl”. More and
state at X with the same energy and can create the boundore of the remaining electrons now spill into thedband,
state of an exciton with the remaining heavy hold'atOf  screening the Coulomb interaction between the electrons and
course the momentufi—-X must be supplied by an interac- holes until finally the excitons destabilize, suddenly increas-
tion with a phonon. With further increase of pressure mordng the electron concentration in thel ®and in a first order
and more excitons are formed. At 8 kbar this process is comiransition. The hybridization between thé 4nd & band
pleted and the excitonic level has reached the bottom of theesults in an intermediate valent semimetallic state.
dispersingf band at X. At 8 kbar essentially orfeelectron In Fig. 2 we show the temperature—pressure phase dia-
per formula unit has the chance to become an exciton angram of the condensed excitonic phase. At temperatures
with this large concentration of excitons an overlap of exci-above about 250 K, e.g., 300 K, one crosses with increasing
ton orbits and exciton condensation can and will occur. Ofpressurgupper scale going towards the elfietween 10 and
course, individual excitons have only a short lifetime. At 8.511 kbar the (shor)-dashed line, separating the semicon-
kbar e.g., and at low temperatures we have estimated thductor—semimetallic phase. At lower temperatures instead,
concentration of excitons to be about 8.90?* cm™3, about  one enters with increasing pressure at first the condensed
25% of the atomic densifyThe simultaneous formation and excitonic statgabove 5 kbarand leaves the excitonic state
condensation of so many excitons leads to a new grountdetween 11 and 15 kbar to enter the semimetallic phase.
state of matter, the excitonium, an expression coined byuch a phase diagram has been predicted by ‘Maid
Mott,” inasmuch as no excitation e.g., with light is necessarykohn* In the lower abscissa the energy gaf is plotted,
to form the excitons. At the same pressure and temperaturgegative values refer to the metallic statBither the pres-
where excitons condense one observes a large lattice expasure scaldtop) or the energy gap scalbottonm) is nonlinear.
sion of 1.6%%° which presumably is due to the formation of Of interest and experimentally simply accessible are the iso-
a huge amount of excitonicdborbits, which are much larger bars, where in a clamped pressure cell at a chosen pressure
than the 4 orbits prior to exciton formatiofi.Besides, exci- the temperature is decreased and thus one navigates in the
tons as electric dipoles repel each other at short distancepressure—temperature phase diagram.

i.e., at high concentration, augmenting the former argument. An isobar should be a vertical line in the diagram of Fig.

It is thus that the material becomes extremely hard durin@. However, upon cooling the pressure transmitting medium
exciton formation and condensatibhis lattice expansion contracts and the pressure relaxes somewhat. The pressure is
is isostructuraf, i.e., the fcc structure is pertained and no monitored in the cell and thus an isobar at 12 kbar at 300 K
superstructure is observed. Also other rare earth compoundsoks like the full line in Fig. 2. It will be of relevance in the

in which exciton condensation has been obsétvEdemain  whole paper that e.g., an isobar, starting at about 7 kbar or
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below at 300 K, will not enter the excitonic phase but remain 10 L B R AL L) B
in the semiconducting phase. An isobar starting at about 14
kbar or above at 300 K will remain in the metallic phase.
This is indicated by two dotted lines in the phase diagram.

T rraT

p= 7 kbar
p = 13 kbar
p = 14 kbar
p =15 kbar

II. EXPERIMENTAL ARRANGEMENT

-

To measure the heat conductivityand the thermal diffu-
sivity a, bar shaped single crystals of TmS€le, 55 of about
1.5 mm length were placed in a Cu—Be pressure cell with-
standing pressures up to 20 kbar. Either small evaporated
minute Au—Chromel or Au-—Ni calibrated thermocouples
were used between one end of the crystal and the other end
in contact with a Cu heat sink, thus creating also a differen-
tial thermometer of 0.1 K precision at the lowest tempera-
tures. A Mander-type thin film heater was placed at one end
of the crystal. The pressure inside the cell was monitored by
a calibrated manganin coil. The thermovoltage per degree at
the most insensitive liquid He temperatures is only about 0.2
uV/K, which yields for 0.1 K temperature difference only 0.01 R AT R SR
about 20 nV. After an amplification of 2the signal was 1 10 100 : 1000
about 2 mV with a large noise background. The noise has TEMPERATURE (K)
been reduced by a designed and homebuilt active unity gain g\ 3. The thermal diffusivitya of TmSe ,cTe, s for various
Bessel low pass filter of eighth order. This means that fofyressures as a function of temperature. Dotted and full line in the
higher frequencies than the desired one the amplitudes ggkcitonic region, dashed in the metallic region, and dashed—dotted
diminished asf 8 instead of asf~* like in a conventional in the semiconducting phase.
passive R—C filter. After that the noise level was appreciably
less than the signal. The heat in@liT of typically less than
1 K was periodically with the so-called “temperature wave
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o
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temperature distribution throughout the sample varies with

method” (Bermart® and references quoted thereiwhich, time, the complete dziﬁereqtial equation of heat flow is in-
for the thermal diffusivity, quantitatively eliminates the ef- Volved: d T/d t=a* V=T, with a=\/pc,,p being the den-
fect of radial heat loss into the pressure fluid. A longitudinalSity andc, the specific heat. The heat conductivity had good
shunting of the heat conductivity of the crystal by the presrecision and a good reproducibility. The error bars in Figs. 3
sure fluid is negligible since the heat conductivity of theand 4 refer only to the absolute value of heat conductivity
liquid is lower by orders of magnitudes. Details of the ar-and thermal diffusivity at low temperatures, respectively. The
rangement are described in Ref. 16. The pressure cell coulglative precision is much higher. Both types of measure-
be cooled in a bath cryostat down to about 1.5 K. Howeverments were taken point by point, but automatically at each
not all measurementgractically at each kbamwere carried degree.
to this low temperature because of the high He and time The longitudinal sound velocity has been measured in
consumption. Heat conductivity and thermal diffusivity were the same clamped pressure cell as a function of pressure and
measured automatically in steps of 1 K. Pressure was appligg¢mperature. An ultrasound transducer was glued to one end
at room temperature in a power press and the cell wasfthe bar shaped crystal and in a pulse-multiple echo experi-
clamped at the desired pressure. To our knowledge it is thenent over the length of the crystal the sound velocity has
first time that heat conductivity and thermal diffusivity have been determined.
been measured under pressure and down to low tempera-
tures.

The heat conductivityn is obtained in a measurement [ll. RESULTS AND DISCUSSION
where the temperature difference between both ends of the
crystal with lengthL and cross sectioA is monitored for a
certain rate of heat inputQ/t=x A AT/L, with AT>0 The motivation to measure heat conductivity and thermal
(steady state equation of heat flowhe thermal diffusivitya  diffusivity in the phase of excitonic condensation is due to a
is measured essentially with the same arrangement, but it islang-standing controversy amongst theorists. Keldish and
dynamical method. The sample is heated also periodicalliKopaev 1965’ and Kozlov and Maximov 1968 proposed
and the temperature along the sample varies with the santhat in a condensed excitonic phase at low temperatures a
period but with diminished amplitude. Moreover, as the tem-superthermal current could exist. They used an analogy to
perature wave travels along the sample with finite velocitysuperconductivity where, as in our case, two charged par-
there is a varying phase relationship. Measurement of thécles strongly couple to a phonon. This was opposed by
amplitude decrement and the phase difference with a lock-iZittartz 1968'° who claimed that the heat conductivity in a
technique enables the diffusivity to be determined. As the condensed excitonic state would be quite normal. Since only

A. Heat conductivity and thermal diffusivity
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0.6 —r—1—rr 1 perature is described in many textbooks, e.g., Ref. 20. In
' short, £, will increase with decreasing temperature because
the density of phonons decreases and we have Umklapp pro-
. cesses involving 3 phonons. At low temperaturgsreaches
the geometrical dimensions of the sample and becomes tem-
perature independent.
- In Fig. 3 we show the thermal diffusivitg as a function
of temperature. At 7 kbafdashed—dotted curyeve remain
in the semiconducting phase outside the excitonic re(gen
- dotted curve in Fig. 2 The curve follows the description
above and is mainly proportional to the mean free
for phonon scattering, reaching for temperatures below about
| 20 K the linear dimensions of the crystal. At 15 kbar we stay
in the metallic(semimetalli¢ phase(dashed curve again
outside the excitonic region. The thermal diffusivity follows
also the temperature dependence of the mean free path, this
. ; time for electron—phonon scattering. Since the concentration
Wi ) of electrons in a metal is largely temperature independent, it
0l 1 e L R is again the phonon scattering which determiac$he weak
10 100 maximum near 30 K in the thermal diffusivity has no expla-
TEMPERATURE (K) nation at present.

o . Before discussing the excitonic region afin Fig. 3 we

FIG. 4. The heat conductivitk of TmSg 4sTess for various |, Fig. 4 for the heat conductivity, also outside the
pressures as a function of temperature. Dotted and full line in the” " . . . .

chnonlc region. We have derived above that the heat con-

excitonic region, dashed in the metallic region, and dashed—dotte ivity foll inlv th d d f
line in the semiconducting phase. The inset shows the heat condu uctivity follows mainly the temperature dependencecp

tivity at 14 kbar in a linear scale. The actual points of measurement&nd € pn- Sincec, _d_efinitely_ will go tovv_ard_s Z€ro folf —0,
are shown in the curve for 13 kbar, measured automatically at afn€ heat conductivity outside the excitonic region generally
degrees. displays a maximum near 50 K, as well for the insulating

case at 7 kbar as also for the metallic case at 15 kbar. The

in recent years the phenomenon of a stable exciton condegifference of the heat conductivity near 300 K for both cases
sation was realizéd>®~*'the time has come to settle the is due to the electronic part of the heat conductivity in the
dispute. metallic state and it corresponds roughly to the Wiedemann-

The equation of heat conductivity #Q/dt=—AgradT  Franz relation. Thus the heat conductivity and the thermal
with A=1/3 Cv¢{; C is the heat capacity per volum& diffusivity behave as expected with pressure, as well in the
=pc, with p the density and, being the specific heat for insulating as in the metallic phase, which gives confidence in
constant volumew is the velocity of sound and the mean the experimental method and shows that possible heat losses
free path. Thus.=1/3pc,v € or A\=1/3pc,v?r, Tbeing the into the pressure fluid are indeed negligibié/e show only
collision time. The thermal diffusivitta=\/pc, so thata  a selection of curves in order not to overload the pictures and
=1/3v €. The independent measurement)ofand a thus  the readey.
permits the evaluation af,=\/ap. In reality we should use We continue the discussion of the heat conductivity in
cp instead ofc,, but the volume change in a solid is small Fig. 4, but now in the excitonic region at 13 kbar and 14
and in this case complexhe volume expands when entering kbar. The first thing which is unexpected are the downward
the excitonic pha$e so we refrain from doing so. Since jumps in a first order transition when entering the excitonic
both entitiesh anda are measured with pressure we obtainphase. Consulting Fig. 2 it is obvious that at different pres-
also for the first time in a solid the specific heat under pressures one enters the excitonic phase at different tempera-
sure in the whole temperature range from 1.5 K towards 30@ures. At these temperatures and pressures one enters the in-
K (see below sulating excitonic phase mainly from the semimetallic phase,

Generally speaking the various contributions to the heathus with a metal—insulator transition. It is conceivable that
conductivity  are additive:\=Neit Apnt Aex- Ag is the  the downward jumps in reflect the loss of the electronic
metallic part given by the Wiedemann-Franz rahgy is the ~ part of the heat conductivity. But measuring an isobar at 11
phonon part, and ., the excitonic contribution. The sound kbar one enters the excitonic region from the semiconductor
velocity v and the density will not have an excessive tem- phase(see Fig. 2, but the downward jump i is of the
perature dependence outside the excitonic region, thus tleame size as the jumps when entering the excitonic region
temperature dependence of the heat conductivity due tfrom the semimetal. Here we have to realize that many phe-
phonons,\ ,;,, is mainly depending on the specific hegt ~ nomena occur simultaneously at the excitonic phase transi-
and on the mean free path for phonon scattefipg With  tion. We have stated above, thef, is the sum of many
the same argumentation the thermal diffusivaywill be  contributions, all of which can and will change at the phase
mainly proportional to the mean free path,. The depen- transition, such as\e,, when excitons suddenly appear
dence of the mean free path and heat conductivity on temand simultaneously condense with a density of about

p = 14 kbar
0.5

""""""

041

— .. p= 7 kbar
p = 13 kbar
........... p=14 kbar
— === p=15kbar

0.2

HEAT - CONDUCTIVITY (WK o)

0.1
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4x 10 cm 3. Also X\, may change due to a renormaliza- LN - B B S B B B
tion of the phonon spectrum when certain phonons get bound TmSe, ;. Te, o
or coupled in the formation of the excitons. On the other ) ’
hand the thermal diffusivity in Fig. 3 displays at the same
temperatures an upward jump. Singe 1/3¢,v, we may
wonder which of the two entities dominates the upwards
jumps. In fact it is the sound velocity which increases
sharply when entering the excitonic phase, as a separate mea-
surement revealgésee below. So in the above formula
=pc,a, when entering the excitonic phasejumps down-
wards,a jumps upwards, thus, must also jump downwards
and not because of the metal—insulator transition. We pro-
pose that many phonons suddenly get absorbed or bound in
the formation and condensation of excitons and no longer
carry heat as independent oscillators or running waves. This
creates a new quasiparticle, the exciton—polaron with a den- T
sity of about 16* cm™ 3. However, there are still enough 005 010 015 020 0.25
other phonons present at each temperature to ensure a con- ( TEMPERATURE '
duction of heat. This will be discussed later on in connection
with the specific heat. FIG. 5. Excitonic part of the heat conductiviy,, at 13 kbar,

We may speculate what are the heat carriers in the varioudown in an Arrhenius plot.
regions of the phase diagram? For temperatures above the
phase boundary of exciton condensation certainly phonongicreasing part of superfluidity. At the moment it is not
or in case of a metal, also electrons will carry the heat. At the&known how much heat input the superfluid phase supports
temperatures and pressures of exciton condensation the hdgfore it quenches. In superconductivity a large current will
conductivityh becomes strongly reduced in a first order tran-also destroy the superconducting state.
sition, and this in spite of the fact that now in addition to  The proposed evidence of superfluidity within the con-
phonons also excitons may carry some heat. In our opiniodensed excitonic state necessitates a certain excitation spec-
this is only possible when the phonons, as main carriers offum of (othe) quasiparticle$! namely rotons or vortices. In
the heat, are strongly reduced in their number because martiye low temperature excitonic region below about 2Q §
phonons are absorbed or bound by the excitons. In the ten=A,nt Nex, Whereh,, represents the heat conductivity due
perature range 20 K to 250 K the exciton—polar@msssibly  to uncoupled phonons. The heat conductivity due to phonons
self-trappedl as quasiparticles do not yet contribute signifi- alone is proportional t@® and can be neglected compared to
cantly to the heat conductivity. In the region of condensed\, at low temperatures, having only an influence near 20 K
excitons but above about 20 K the heat is carried now by théwhere it is not important Thus we obtain foi,, the ex-
free phonons and the quasiparticles, but the phonons are stilitonic part of the heat conductivity, an Arrhenius law for the
dominant, as shown in Fig. 4. Hekestill displays its maxi- increase of the heat conductivity towards zero temperature
mum due to the competition of an increase in mean free path,<expA/kgT. This is shown in Fig. 5 at 13 kbar. We find
of phonons and a decrease of the specific heat. But beloan activation energy or gap of 0.5 meV or about 5 K. The
about 20 K the heat conductivity and its increase towardspplication of heat in the heat conductivity experiment can
lower temperatures is not at all phononlike and we have t@xcite quasiparticles, e.g., rotons, in which case the roton gap
assume that now the exciton—polaron quasiparticles takerould be 5 K, which is the right order of magnitude. In
over completely. superfluid “He the roton gap is 8.65 R So the exciton—

An increase in heat conductivity foF going to zero is  polaron quasiparticles seem to exhibit a similar phenomenon
certainly very new and unexpected. In the inset of Fig. 4 weas phonons alone in a classical superfluid.
show in a linear scale the heat conductivity for 14 kbar and Now we discuss the thermal diffusivity in the excitonic
the rise at low temperatures is spectacular. There is only onegion at low temperatures. Here we go back to Fig. 3. At the
case prior to these results where the heat conductivity risesame temperature whekeincreases below about 20 K, also
just as drastically and this is in the case of superfluidity ina increases, even faster thanWe have argued before that
“He (and in®He) 2! but there in a first order transition, ac- the reason for a largely temperature independent thermal dif-
companied by the famous-anomaly in the specific heat at fusivity below about 20 K in th@on-excitonic region is that
2.2 K. We propose that in our case we also have a superthethe mean free path for phonon scatterihg has reached the
mal current in the two-fluid model, where the superfluid partgeometrical dimensions of the sampfeWhy then, in the
increases gradually towards zero temperature. However, excitonic region at 13 kbar and 14 kbar, the dimensions of
N-anomaly in the specific heat as in the first order Bosethe crystal do not seem to be important now? Just as in a He
Einstein transition irfHe is here not to be expected and alsosuperfluid (but not only therg heat can be transferred not
not found. Thus in the whole phase diagram we have in facbnly via phonon—phonon scattering in a diffuse manner, but
two condensation phenomena, at first an exciton condenséallistically via a highly directional quantum mechanical
tion which forms a liquid and then below about 20 K an wave, the second sound, aimed in the direction of the tem-

p =13 kbar

e
=

GapA = 0.5meV = 5K

T

EXCITONIC HEAT CONDUCTIVITY (WK cm)

0.01

TTTT]
114

094502-5



P. WACHTER, B. BUCHER, AND J. MALAR PHYSICAL REVIEW B59, 094502 (2004

perature gradient. This can also be the reason that the ther-
mal diffusivity a can increase strongly in the exciFonic state o 25~ S
at low temperatures, where heat is now carried by the 3 o
exciton—polaron quasiparticles. And in fachas to increase 2 //
strongly because, , which is proportional to\ (see above x 20F 4
still has to go to zero fof—0 even in the excitonic phase. & caloulated oy
Sincec,=\/pa, soa must rise faster with decreasing tem- 3 »//measured cy,
perature tham. Thus we propose a strong similarity between Ky /4
the properties of a classical superfluid as in He Il, where heat /4
is being carried by phonons, with our solid system consisting : i =35
of a condensed exciton—polaron quasiparticle liquid. = or A Cu: = 342K
Thus we have three independent pieces of evidence for§ i
the appearance of a superfluid phase in the condensed exci-g 5L ';/
tonic phase: The heat conductivity seems to become quite § //
large with deceasing temperature, even infinite fes 0. A * J
roton spectrum with a gap of about 0.5 meV seems to exist, = | | ! | L |
and the second sound may be responsible for the sharp in- 0 100 200 300 400

crease of the mean free path below about 20 K. In any case TEMPERATURE (K)

the phenomena are unprecedented in a solid, but not unex-

pected theoretically'm FIG. 6. Comparison of the calculated heat capacity of copper as

¢, =M\ ap with a directly measured heat capaciief. 22.

B. Specific heat and Debye temperature in a function of pressure up to 30 kbar, but only at 300 K, has

The specific heat curves are computed from the indepereen computed for polytetrafluoroethyle(igeflon).?* Hav-
dent measurements of and a as c,=\/pa and they are ing gained confidence in the method we compute the specific
actually obtained from point by point measurements ahd  heatc,=\/pa from the combination of the values indepen-
a. We have used above in simplified terms the heat condugdently measured for TmgesTe, s5in Figs. 3 and 4 and plot
tivity N=1/3pc,v €. If we concentrate on the insulating them in Fig. 7. At first we discuss the results outside the
phase we havi ;= 1/3pc,{ .. ¢, and<€,, depend orl and  excitonic region, i.e., at 7 kbar for the semiconducting phase
0, the Debye temperature, and a more explicit modified forand at 15 kbar for the metallic case.
mula of the heat conductivity is given by Berntams The specific heat turns out to be quite normal, having a

Dulong-Petit value at 300 K of about 50 J/mol K, which is
T\3 reiT xAeX the expected value for a solid with diatomic molecules. Since
Nph=3N ka(> fo f(X)phde, there exists the possibility of a magnetic order in

with n beingN/V andx being 6/T. Closer inspection of this 60 ' ' '

formula reveals that it corresponds exactly to the simpler
formula even without the standard low and high temperature
approximations in the derivation of tliBebye specific heat.
The problem is that , appears in the integral and in f

stands for the sum of all mean free paths of the various
carriers of heat. Even if they exchange heat fast enough to
establish a local temperature, it is by no means trivial to pull
€onin front of the integral. In order to test the effect&f, in

front of the integral we made a worst case scenario and com-
putedc,=\/pa even of a metal. Here the problem is that

ey
o
T

W
(=)
T

heat is mainly carried by the electrons, but the specific heat
is dominated by the phonons. The electron contribution to
the specific heat is only manifest in theterm at very low
temperatures. We have taken the data of copper from the
tabulated and measured values)fnd a.?® The result is
shown in Fig. 6(the original data even go above the melting
point of coppey. In the figure we also have plotted the well-
known specific heat of copper from a classicalmeasure-
ment from textbooks. The agreement is impressive. But it
shows that also in the thermal diffusivity the same mecha-
nisms work as in the heat conductivity.

HEAT CAPACITY ¢, (J/mole K)

Ny
o

10

11 kbar
15 kbar

{J/imoteK) _,

0.1

)
100

200

TEMPERATURE (K)

FIG. 7. Calculated heat capacity of TmSele, 5. Dashed—

In fact we are not the only ones who have computed thelotted curve from a direct measurement of the heat capéRi.

specific heat from the measurednda. The specific heat,
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POSSIBILITY OF A SUPERFLUID PHASE INABOS. ..

TmSe 45Tey 55 below aboti 1 K in the insulating phase, we
had a conventional specific heat measurement at ambient
pressure being made 0 kbar in Fig. 7 (Ref. 25 as a
calibration for high and low temperatures. Although it turned
out that there is a magnetic order near 0.2 K as defined by a
peak in the specific heat, the influence of magnetic order at
300 K is remarkably small. The expected theoretical Dulong-
Petit value of 49,88 J/mol K is experimentally very well ob-
tained. Our calculated, values at 7 kbar and 15 kbar needed

PHYSICAL REVIEW B 69, 094502 (2004

10
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0.5
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0.3
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only a small adjustment, near 100 K which we take into
account by an error bar.

However, in the excitonic phase with, e.g., 11 kbar again
something unexpected takes place. We recall the unusual
jumps downwards in the heat conductivity curves in Fig. 4
when entering the excitonic phase and the upward jumps in
the thermal diffusivity at the same temperatures in Fig. 3. In
the quotient forc, these jumps add and result in the large
drop of about a factor 2 in the specific heat when entering the
excitonic phase in a first order transition. This jumpcinis
of about the same size for all pressures measured in the ex-
citonic phase. We have chosen to show the specific heat at 11
kbar in the excitonic region, because generally the point by
point measurement is not always so good as to reveal a small
\-like anomaly, which seems to exist before the drof of
It is also observed that in the low temperature region the

o . . o . FIG. 8. Direct measurement af, at ambient pressurgound
specific heat in the excitonic region is shifted towards Iowersymbols (Ref. 24. Dotted curve extrapolation f6=0. Dotted and

rr;pera:jurels, Indltcatlng 6}[ shift _?:] the D‘?f‘f’yeh te;nperaturgmau dashed curve magnetic contributioncio(Ref. 27. Dotted—
owards lower temperatures. € Specilc heat Curve iy, qsheq curve is the Schottky anomaly contribution of crystal field

the excitonic region is certainly yery unusqal. We mlghtIevels toc, . Long dashed curve is the measugdRef. 24 minus

add, that a plot ofc,/T vs T, being proportional to the  magnetic contribution minus Schottky contribution and is thus the

entropy, reveals that the missing area, e[g,(0kbar)  phonon part of, alone. In the inset is the phonon contribution in a
—C, (11 kbar)]/T between 170 K and 50 K is about the samec/T versusT? plot with ® =117 K. The other curve in the inset is

as the additional arefc, (11 kbar)—c, (0 kbar)]/T between  from the directly measured, (Ref. 24.

50 K and 1.5 K, thus there is no loss of entropy in the

excitonic transition. nificantly to the heat conductivity, but the remaining free
The specific heat is a very basic measurement and one hatonons still can carry the@educed heat conductivity. The

no room for exotic interpretations. The Dulong-Petit valuesame reduction in phonons or modes as free oscillators due

depends only(in a nonmagnetic materjalon ¢c,=3Nkg to the formation of the exciton quasiparticles, is responsible

=49.88 J/mol K for a solid consisting of diatomic molecules. for the drop in the specific heat.

The drop ofc, by nearly a factor of 2 when entering the  Already by visual inspection of Fig. 7 we see that at 0

excitonic phase occurs still in the Dulong-Petit region. Forkbar, 7 kbar, and 15 kbar the Debye tempera@®ris about

temperatures above the excitonic phase this region is domthe same, whereas with 11 kbar, and generally for pressures

nated by phonons. However, a metal—insulator transitiorn the excitonic phase) is much lower. To estimat® from

when entering the excitonic phase from the semimetallidhe specific heat measured at ambient pressure down to 0.3 K

state at 13 kbar and 14 kbar is not manifest in the specifi€Ref. 25 is not so simple, because there is a magnetic order

heat. At the excitonic phase transition excitons simulta-at about 0.2 K, which is probably of the antiferromagnetic

neously appear and condense. At 8.5 kbar we have estimatégbe, as expected for an intermediate valent compb(sek

the exciton density to be about<4l0?* cm 3, 25% of the inset of Fig. 7.

atomic density. At 11 kbar as in Fig. 7 the density of exci- In Fig. 8 we show the low temperature part of the mea-

tons is even larger and the excitons are already compresseglired specific heat at ambient pressure for Tgnge, ss

We proposed for the heat conductivity that every appearingpetween 0.3 K and 20 R In spite of the fact that in a

exciton absorbs a phonon and forms an exciton—polaron quaouble log plot as in the inset of Fig. @, is linear between

siparticle, at first phonons with a wave vecioeX (see Fig. 5 K and 13 K with slope 3, a closer inspectiongff T vs T2

1), then with decreasing wave vector the more excitons apreveals(inset Fig. 8 upper curyehat the straight line would

pear. In this situation less and less phonons apparently act ast go through zero. The reason is, of course, the magnetic

free oscillators. If the excitons—polarons have a very lowcontribution and the Schottky anomaly due to crystal field

mobility due to the large inertia of the heavy hole mass, it iseffects in the Tm ions. TAT as in TmTe has a well-known

thus possible and it is our proposal, that these quasiparticlesystal field splitting*I"g(0)— 2I"7(10 K)—2I"(16 K) of the

(in the temperature range 20—250 #o not contribute sig- J=7/2 ground state and By of 0.23 K28 A fit of the mea-

Tm?* fee structure
CEF ‘L,-°r, -°T,
Schottky anomaly € = 25K

Specific Heat (J/mol K)
ExN

i
15
Sample Temperature (K)

20
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FIG. 9. Computed Debye temperatures from the calculated heat TEMPERATURE (K)

capacity curves. Round symbol from the direct measuremeoj of

at ambient pressuriRef. 24. FIG. 10. Sound velocity measurements of Tm&8e, ss for
various pressures as a function of temperature.
suredc, of TmTe using these data is not too successfi
our case with TmSgsTey s5 We have first a smaller lattice tion of the spring constants resulting in a softening of the
constant than in pure TmT&vhich can be taken into account material. However, we have shofvimat during exciton con-
for the crystal field splitting using ar® power law, and  densation the compound hardens appreciably, the compress-
second we have an admixture of ¥min the sense of inter- ibility tending to zero. These two incompatible results force
mediate valence. Thus we take an experimentally determinedls to leave the simplified Debye model. We have to use a
crystal field splittinge of 25 K and compute a Schottky more realistic phonon dispersion, than the simplek.
anomaly due to crystal field splitting, plotted in Fig. 8. Also Thus, as we have stated already in the chapter of heat con-
a magnetic exchange contribution to the specific heat can béuctivity and thermal diffusivity, a strong renormalization of
calculated?® using a magnetic ordering temperature of 0.23the phonon spectrum occurs in the condensed excitonic state.
K as in TmTe?® which is also shown in Fig. 8. Thus sub-
tracting the Schottky and the exchange contribution from the
measured, and plotting the remaining specific heatagT
versusT? (inset of Fig. 8 lower curvea Debye temperature The longitudinal sound velocity of Tmg§gTeyss has
O of about 117 K can be computed for TmSele, ss. been measured in the same pressure cell and with the same
Such a detailed analysis of the specific heat as in the cadsar shaped single crystal as used in the other thermodynamic
of ambient pressure for a directly measuredcannot be measurements. An ultrasound transducer has been glued to
made for the computed high pressure specific heat curves ase end of the crystal and with a multiple echo from the
in Fig. 7. But here we learn from the inset of Fig(@per other end of the crystal over the known length of the crystal
curve that betwea 5 K and 13 K the specific heat as mea- the sound velocity could be obtained. For various pressures
sured is linear in &, /T versusT? plot yielding the correct this is shown in Fig. 10. The main features are that the sound
Debye temperatur®. Thus we can show in Fig. 9 the Debye velocity v, for pressures outside the excitonic phase, i.e., at
temperature of TmQ@sley ss as a function of pressure. 0 kbar, 7 kbar, and 18 kbar exhibits no special temperature
How can® change so drastically in one and the samedependence, except in the semimetallic phase at 18 kbar it is
material? Here we have to look at Fig. 1 again. The firstsomewhat larger than in the insulating phases. However, best
excitons appear wheAE=Eg, which occurs at a pressure seen for 12 kbar when entering the excitonic phase around
of about 5 kbar. But at the same time and with increasingl80 K the sound velocity increases sharply by about a factor
pressure and the generation of more and more condens@dWith 10 kbar we enter the excitonic phase near 248d¢
excitons, phonons with smaller and smaller wave number gefig. 2). We observe again the jump with an increase of about
absorbed or couple to the excitons forming exciton—a factor 2, but near 90 K the pressure loss in the cell was just
polarons. But the heat conductivity at low temperatures, buthe size to have a re-entrant transition to the nonexcitonic
above 20 K, is still assured because it is carried mostly byhase, a unique phenomenon, which gives support to the
low energy-lowk phonons. But we have another problem measurement.
with the lowering of® in the excitonic region. In the Debye It thus becomes clear, as stated already in the chapter
approximation® is connected withw,,,4, SO this entity de- about thermal diffusivity, that the upward jumps in the ther-
creases also. In the simplest modet (f/m)¥?, and since mal diffusivity a in Fig. 3 when entering the excitonic phase
we cannot change the masses, a decreasimgans a reduc- indeed are caused by the jumps in the sound velocity. In

C. Sound velocity

094502-8
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addition the maximum in the sound velocity at 12 kbar and

3800

PHYSICAL REVIEW B 69, 094502 (2004

T T T T

similar pressures directly contributes to the maximums of the
thermal diffusivity in the excitonic phase in Fig. 3. Here we
have to remark, that the sound velocityused in the formu-

TmSe ,5Teg 5

T=300K ~

las for heat conductivity and thermal diffusivity is in reality a %’\

weighted average of sound velocities /3¢ 2v+). But ~ 3600 n

sincev, is about a factor 3 larger thayy it is mainly v E 5

which dominates . I |
The sound velocity is closely related to the bulk modulus m

B and its inverse the compressibiligy For a cubic material z

the bulk modulusB depends on the elastic moduj; as £ 3400 A -

B=3(cy;+2Cy,). On the other hand the elastic modulus 9 U\\ /’

C11=p V[ (100 @Nd C1o=p (0] (109~ 20%[11g)- ASSuming i
again that in generad, is about 3 timesv, we get the
simplified relation B~pv?2. In the excitonic phase of
TmSe 4Ty ss We get a two times larger sound velocity 3200 — é ' 1|0 ) 1|5 0
and therefore a fogr_ t_imes larger bu_Ik _moduer a4 times_ PRESSURE (kbar)
smaller compressibilitx. The material indeed gets apprecia-
bly harder in the excitonic state. FIG. 11. Sound velocity measurements of Tgge, s5 at 300
In Ref. 6 (Fig. 4 we have shown with a measurement of K as a function of pressure.
the lattice constant as a function of pressure at 1(Bl&stic
neutron scattering through the pressure)ailat between 5  that such a dispersion exists for our special conditions, and it
kbar and 8 kbar the lattice constant remained practically unjust means, as stated already several times, that the phonon
changed during exciton condensation. This means that thgpectrum will be greatly renormalized in the excitonic state.
compressibility would be close to zero. Putting a maximalThis will have to be confirmed by inelastic neutron measure-
error bar through the points of measurement a bulk modulugents under pressure and low temperature.
of B=20 GPa outside the excitonic region and a bulk modu- Looking now in Fig. 10 at an isotherm at 300 K and using
lus of 70 GPa in the excitonic region could be obtained. Withthe given pressures, we obtain Fig. 11. Now this is a mea-
the results from the sound velocity measurements of Fig. 18urement at room temperature and has nothing to do with
we calculate a bulk modulus &= 24 GPa outside the exci- excitonic condensation. Here we find a minimum of the
tonic region and a bulk modulus of 100 GPa in the excitonicsound velocity with increasing pressure, that is inverse to
region. So both types of measurements agree reasonably w&that we have discussed in the excitonic range. The equations
and confirm the fact that during exciton condensation theof bulk modulus and sound velocity now show a softening of
material becomes extremely hard. the bulk modulus with increasing pressure and a minimum of
We have offered above two explanations for this phenomthe bulk modulus near 10 kbar. We recall that the compress-
enon: the electron of the exciton entersdxlke orbit, which  ibility « is the inverse of the bulk modulus, sthas a maxi-
is much larger than the originalf4orbit it came from, and mum at about 11 kbar. This agrees very well with a direct
this against increasing pressure. Or the excitons, being elegreasurement of the compressibility of Tnged ey 55 (Ref.
tric dipoles, repel each other at short distances, especially fdi) (not the same crystglgiving again confidence into the
large concentrations, creating a counter pressure to the apeund velocity measurements. At 300 K the softening of the
plied pressure. bulk modulus is due to a change of the degree of valence
We still have to explain why in the excitonic region the mixing with pressure.
Debye temperature is reducéeg. 9), but the sound velocity
(Fig. 10 is increased. In the Debye model the sound velocity
is the slope of a linear phonon dispersion curve whose maxi-
mum frequencyw ., determines the Debye temperatie In this paper we have measured for the first time the heat
Generally speaking a material with a lower Debye temperaeonductivity\, thermal diffusivitya, and longitudinal sound
ture has a lower sound velocity and a lower bulk modulusvelocity v as a function of pressure and temperature on a
(compare copper and leadn order to explain a lowew,,, ~ material TmSgysTey 55, known to exhibit exciton condensa-
together with a higher sound velocity and a larger bulktion under pressure and at low temperatures. The specific
modulus, we have to leave the simple Debye model. If weheatc, was inferred througle,=N\/ap.
use instead of a dispersion curve for bare LA phonans, For the first time there has been given evidence that in a
«sinka/2), a new dispersion curve of an exciton—polaronBose condensed excitonic state an ever increasing heat con-
guasiparticle we can in the excitonic state simultaneouslygluctivity exists below 20 K with tendency to become infinite
reduce the maximum frequency and increase the initial slopdpr T—0. Such a phenomenon has only been observed for
the sound velocity. The dispersion is then no longer a simpléHe 11, the prototype for superfluidity below 2.2 K. Thus we
sinus function. The dispersion of such an exciton—polaroruse this analogy to postulate superfluidity also in our mate-
quasiparticle is treated in textbooks, e.g., Ref. 29. We thinkial. Our measurements give also evidence for a roton gap of

IV. CONCLUSION
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0.5 meV. The second sound seems to be responsible for dong laser pulse creates excitons. The important experimental
increase ofa, the thermal diffusivity beyond the limit of claims try to proof the exciton condensation by measurement
surface scattering below 20 K. These results are unpre®f the exciton recombination luminescence and its time and
edented and for the first time could mark the stable existencepatial distribution. Superfluidity during these short times is
of a superfluid phase in a solid. mostly stated and brought in connection with shifts in the
In the excitonic phase we propose that phonons stronglyyminescence spectrum, referring to the theoretical paper of
couple to the excitons, forming exciton—polaron quasipartikeldysh and Kopae¥ which predicts superfluidity for a
cles. The specific heat drops precipitously by about a factogondensed excitonic state.
2, presumably due to a corresponding loss in uncoupled The greatest difference to the other mentioned papers is
phonons or modes, which indicates a strong phonon renoghat we have exciton condensation as an equilibrium process
malization, a Unique situation. As a consequence also thgnd we can perform many time Consuming experiments in
Debye temperature drops dramatically in the excitonic statgnis condition. The density of exciton quasiparticles in our
in spite of the fact that the sound velocity, and with it the material system is with about cm™2 (or about 25% of
bulk modulus, sharply increase. The latter is related t0 ghe atomic densityorders of magnitude larger than the typi-
nearly incompressible solid during exciton condensationcally 10'-10 cm™3 in the laser excited materials. This
Thus again, a strong renormalization of the phonon spectrumyrge concentration of condensed excitons even influences

in the excitonic phase is necessary. A coupling of excitonshe heat conductivity and the specific heat, which has never
with phonons, an exciton—polaron quasiparticle, would yieldyeen seen before.

a dispersion which simultaneously has a larger initial slope
(the sound velocityand a lowerw,,, than a conventional
bare phonon dispersion.

At last it should be mentioned that exciton condensation
and superfluidity has also been reported for a Bose-Einstein The authors thank very much H.P. Staub for technical
condensed excitonic gd%.3 Here a strong picoseconds help and preparing the figures.
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